
WANG ET AL . VOL. 8 ’ NO. 9 ’ 9081–9088 ’ 2014

www.acsnano.org

9081

August 18, 2014

C 2014 American Chemical Society

Biomass-Directed Synthesis
of 20 g High-Quality Boron Nitride
Nanosheets for Thermoconductive
Polymeric Composites
Xue-Bin Wang,*,†,‡ Qunhong Weng,‡ Xi Wang,‡ Xia Li,‡ Jun Zhang,‡,§ Fei Liu,*,^ Xiang-Fen Jiang,*,‡

Hongxuan Guo, ) Ningsheng Xu,^ Dmitri Golberg,*,‡ and Yoshio Bando‡

†International Center for Young Scientists (ICYS) and ‡World Premier International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for
Materials Science (NIMS), Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan, §School of Materials Science and Engineering, Hebei University of Technology, Tianjin
300130, People's Republic of China, ^State Key Laboratory of Optoelectronic Materials and Technologies, Guangdong Province Key Laboratory of Display Material
and Technology, School of Physics and Engineering, Sun Yat-sen University, Guangzhou 510275, People's Republic of China, and )Global Research Center for
Environment and Energy based on Nanomaterails Science (GREEN), NIMS, Sengen 1-2-1, Tsukuba, Ibaraki 305-0047, Japan

B
oron nitride (BN) nanosheets, structur-
ally analogous to graphenes, are one
of themost popular representatives of

the booming two-dimensional (2D) crystals.
Layered BN materials have been histori-
cally developed together with correspond-
ing graphitic systems from fullerenes1 via

nanotubes2 to nanosheets.3 BN nanosheets
are preferable over standard SiO2 substrates
for graphene-based electronics to bring
exciting physics to the forefront. Ultraflat
BN substrates are able to enhance the car-
rier mobility and to tune the band gap
of graphenes.4 BN nanosheets can either
serve as high-antibreakdown dielectric gate
layers or be tailored into semiconductors
through doping or cutting.3 They are also
prominent spacers for tunneling devices,5 ro-
bust protectors for graphene transistors, and
good platforms for demonstrating Anderson

localization,6 Coulomb drag,7 and strain
engineering.8 Insulating BN nanosheets
are considered as the perfect companions
of semimetallic graphenes. Strong in-plane
and weak out-of-plane bonding further
enables BN nanosheets to present a high
Youngmodulus (∼1 TPa), superb thermal con-
ductivity (∼1000 W/mK), deep-ultraviolet
luminescence,9 impressive lubrication,10 and
meaningful ion sorption11 and hydrogen
uptake.12

2D BN nanosheets possess higher average
thermal conductivity than 0D nanoparticles
and 1D nanotubes, since the two dimension-
alities peculiar to the planes of nanosheets
are free. Therefore, BN nanosheets are the
ideal fillers for making thermoconductive
polymeric composites. Currently, polymers
such as epoxy, bismaleimide, and polyimide
are popular electronic packaging materials,
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ABSTRACT Electrically insulating boron nitride (BN) nanosheets possess thermal

conductivity similar to and thermal and chemical stabilities superior to those of

electrically conductive graphenes. Currently the production and application of BN

nanosheets are rather limited due to the complexity of the BN binary compound

growth, as opposed to massive graphene production. Here we have developed the

original strategy “biomass-directed on-site synthesis” toward mass production of high-

crystal-quality BN nanosheets. The strikingly effective, reliable, and high-throughput

(dozens of grams) synthesis is directed by diverse biomass sources through the

carbothermal reduction of gaseous boron oxide species. The produced BN nanosheets

are single crystalline, laterally large, and atomically thin. Additionally, they assemble themselves into the same macroscopic shapes peculiar to original

biomasses. The nanosheets are further utilized for making thermoconductive and electrically insulating epoxy/BN composites with a 14-fold increase in

thermal conductivity, which are envisaged to be particularly valuable for future high-performance electronic packaging materials.
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but they supply insufficient heat release speed due
to their low thermal conductivity (0.1�0.5 W/mK).
BN-nanosheet-filled polymeric composites can offer
better thermal conduction while preserving the
merits of insulation and easy molding of polymers.
Furthermore, BN nanosheets are beneficial for
the composites with respect to limiting thermal
expansion and improving mechanical properties
and chemical stability. The features complemen-
tary to graphene-based composites would enable
their advanced applications and rival those of gra-
phenes. BN nanosheets have been highlighted as
candidates for high-performance electronic pack-
aging, protective coatings, skincare, and functional
ceramics.13�18

The synthesis of BN nanosheets can be traced back
to the early 1990s, when epitaxial deposition was
tried.19 Recently BN monolayers/few layers have been
produced via mechanical cleavage,20 ball milling,21

solution exfoliation,13,14,22 high-energy irradiation,23

direct reaction of boric compounds,24,25 unwrapping
nanotubes,3 chemical vapor deposition,26,27 substitu-
tion reaction of graphites,28 and the reaction of boron
oxideandmelaminemixtures,29 yet thesemethods have
hardly realized the mass production of BN nanosheets.
The chemical-blowing method recently developed
could yield large quantities of BN nanosheets, but they
exhibit rather low crystal quality.30 The tens-of-grams

production of high-quality well-structured BN nano-
sheets is still a great challenge.
Herein we have developed an effective and reli-

able biomass-directed on-site synthesis for high-
throughput production of high-crystal-quality BN nano-
sheets. The synthesis is a variant of a carbothermal
reduction reaction coupled with prevapor-transport
and postnitridation processes. A throughput of ca.

20 g per single production run was documented. Single-
crystalline, morphologically pure BN nanosheets were
spatially converted just on the sites where biomass
precursors had existed. They assembled in line with
the original flowerlike, leaflike, or paperlike appear-
ances. The achieved high throughput enables us to
effectively utilize BN nanosheets for fabricating highly
thermoconductive and electrically insulating epoxy/BN
composites expected for electronic packaging.

RESULTS AND DISCUSSION

Initially, BN nanosheets were created through a
separated-space reaction scheme (Figure 1a�e), in
which nanosheets assembled a BN “dandelion para-
chute”. The dandelion parachute was heated in an
upper crucible upon B2O3 powders contained in a
bottom crucible under a N2 atmosphere at 1500 �C
for producing BN nanosheets. The produced morpho-
logically pure and thin BN nanosheets are clearly
shown in Figure 1f. There were no BN byproducts such

Figure 1. (a) Experimental scheme for biomass-directed on-site synthesis of BN nanosheets. (b, c) A dandelion parachute and
scanning electron microscopy (SEM) image of a pappus fiber with barbs. (d, e) BN-nanosheet-assembled “dandelion
parachute”. (f) SEM image of a BN-nanosheet-assembled barb (taken from the marked region in (e)). (g) A fleabane flower.
(h, i) BN-nanosheet-assembled “fleabane” flower and “petal”.
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as wires, rods, or tubes. The reaction occurred spatially
just on the original positions/sites where the dandelion
had existed, so that BN nanosheets assembled them-
selves to take the whole “dandelion parachute” shape
with perfect copies of the achene, beak, pappi, and
barbs. The copies benefit their facile transfer and may
illuminate specific biomimetic potentials.
The synthesis was repeated upon the fleabane

flower and pine needles to produce the BN-nanosheet-
assembled “fleabane” and “pine needles”, respectively,
as shown in Figure 1g,h and Figure S1 (Supporting
Information). Graphite could also replace the biomass
for producing BN nanosheets (Figure S2, Supporting
Information), but the similar process typically occurred
at a higher temperature (ca. 1600 �C) even using
graphite powders. The completely sp2 hybridized
graphite is much more stable than the biomass-
derived carbon (an amorphous coke phase); thus, the
biomass needs to overcome a smaller energy barrier
to react with B2O3. Moreover, graphite might prefer a
substitution reaction route at 1500 �C,28 different from
the carbothermal route discussed here for biomass.
In addition, the inexpensive biomass will promote a
decrease in the cost of BN nanosheets.
Large-mesh wiper papers (Figure S3, Supporting

Information) were selected as a readily available car-
bon source for low-cost and large-scale production of
BN nanosheets. A 20 g amount of snowlike BN nano-
sheets was successfully fabricated per single experi-
mental run (Figure 2a�c). The nanosheets took regular

morphologies of hexagons, truncated hexagons, trian-
gles, and polygons (Figure 2d). From the statistics
based on SEM images, the thickness varied from 2 to
60 nm; 23 nm was an average figure. The width of the
nanosheets varied from 0.1 to 3 μm; the average value
was 1 μm, which is larger than those obtained via

a liquid exfoliation method.13,14

Typical truncated-hexagon-outlined BN nanosheets
were further analyzed to clarify the atomic structures.
The spacious nanosheet possesses only four atomic
layers and perfect 150� interior angles, as shown by
transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images (Figure 3a,b). The (100)
fringes are clearly seen. The periodic dots in Figure 3c
correspond to the honeycomb-like lattice. The BN nano-
sheet is a perfect single crystal, as confirmed by HRTEM
(Figure 3b and Figure S4a, Supporting Information)
and electron diffraction (Figure 3d). The (100) spacing
is measured as 0.217(5) nm, in agreement with the
standard h-BN lattice. The dark-field TEM also indicates
the single-crystal nature without grain boundaries
(Figure S4b�d, Supporting Information). Pure BN
nanosheets with good crystalline quality were also
characterized by Raman and infrared spectra as well
as intrinsic cathodoluminescence and photolumines-
cence and revealed with an optical band gap of 5.6 eV
(Figures S5 and S6, Supporting Information). In this BN
nanosheet, the major frontier faces are symmetrically
related {100} crystal planes of ca. 500 nm length.
According to the periodic bond chain (PBC) theory,31

Figure 2. (a) A 20 g amount of BN nanosheets converted from wiper papers (in the inset). (b�d) SEM images of
morphologically pure BN nanosheets and a nanosheet taking a truncated hexagon morphology.
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the strong PBCs are zigzag N�B�N chains parallel to
the Æ100æ orientation. By definition, flat {001} faces
contain six interconnected PBCs which would keep
themselves atomically flat, with the lowest growth
speed determined by the large nucleation barrier for
the new layer growth. This phenomenon constricts the
thickness increase along the [001] direction and ac-
counts for the observed thin-sheet-like morphology.
Stepped {100} faces containing one PBC can grow
quicker by random addition of the zigzag BN PBCs
rows; thus, {100} faces are the major residual frontier
sides constructing the hexagon morphology. Kinked
{110} faces are predicted to be atomically rough, so
that the nucleation barrier is 0, and their growth is the
fastest one. The residual minor {110} frontier faces, e.g.
the (�210) face with a ca. 50 nm length in Figure 3a,
might be attributed to kinetic factors or local exhaus-
tion of the growth precursors.
Atomic force microscopy (AFM) was further utilized

to characterize a BN nanosheet having a 150� interior
corner, as in Figure 3e. The thickness is ca. 2.0 nm,
corresponding to six atomic layers. Layer-to-layer
stacking of BN nanosheets resembles the same sym-
metry of the bulk sample, i.e. mainly AB stacking and
the space group P63/mmc, as determined by X-ray
diffraction (XRD) (Figure 3f). This is governed by the
interlayer partially ionic attraction between neighbor-
ing layers, different from the graphene case. The ratio
of crystal cell parameters c/a is 2.659, a slightly larger
value than that of a standard h-BN (c/a = 2.658, JCPDS
340421), which implies that (002) basal plane spacing
expands by ca. 0.04% (see Figure S7, Supporting
Information). The small-size effect in thin nanosheets
should account for such relaxation of basal layers.

The sheetlike crystal morphology is also indicated
by the broadening effect of XRD peaks, as calculated
in Figure S7. The nearly stoichiometric N/B atomic
ratio is determined as 1.07(6) on the basis of elec-
tron energy loss spectroscopy (EELS) characteriza-
tions of BN nanosheets (Figure 3g). The slightly
higher nitrogen content probably results from
the nitrogen-terminated vacancy edges formed
easily in BN layers.23,32 No carbon impurity was
evidenced by EELS evaluations. Thermogravimetric
(TG) analysis of the products (Figure S8, Support-
ing Information) confirmed that the obtained BN
nanosheets contain tiny carbon impurities in the
snow-white products.
The reaction process in the synthesis includes three

stages: (i) a vapor transfer of B�O species, (ii) carbo-
thermal reduction of B�O- to B-containing intermedi-
ates, and (iii) nitridation of B-intermediates to BN nano-
sheets (Figure 4a,b). Heating a mixture of B2O3 and
carbon in N2 is a traditional route to produce h-BN
powders at 1200�1500 �C. Nevertheless, only a few
studies have been performed with respect to the for-
mation mechanism, due to the complexity of the solid-
phase chemical reactions. In stage i, the gaseous B�O
flow necessary for connecting two solid precursors is
possibly B2O3(g)

33 or B2O2(g).
28,34 In our experiments,

the B2O3 solid was found to become liquid and then
to release a massive white smog at 1500 �C. The B2O3

was contained in the space separated fromcarbon, and
it is known that the decomposition fromB2O3 to B2O2 is
difficult under nonreductive conditions;35 therefore,
the gaseous B�O flow is deduced to bemainly B2O3(g)
vaporized directly, containing little gaseous B2O2

or B (see eq 1). This flow carried out the transfer of

Figure 3. (a) TEM image of a truncated-hexagon BN nanosheet and its schematic structure. (b) HRTEM image taken from the
marked region of (a). (c) Enlarged HRTEM image of the BN nanosheet, revealing the peculiar honeycomb lattice with basis
vectors marked. (d) Electron diffraction pattern taken from a region covering the 100 nm scale domain around the two
corners, oriented along the [001] zone axis. (e) AFM image and a corresponding height profile of a BN nanosheet. (f) XRD
profile of BN nanosheets consistent with a standard h-BN. (g) EELS profile of BN nanosheets showing only characteristic B and
N K-edges.
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B2O3 from the bottom crucible to the upper one for
producing BN.

B2O3(s) f
Δ

B2O3(l) f
Δ

B2O3(g) (1)

In stage ii, the B-containing intermediate vacillates
between BCx and B in the literatures.

33,36,37 To show the
B-intermediate product, we carried out a control syn-
thesis experiment in Ar without N2. The product was
huge particles (Figure 4c and Figure S9, Supporting
Information) made of a rhombohedral boron carbide
crystal phase (Figure 4d). Boron carbide is a solid
solution with a carbon fraction ranging from 9 to
21 atom %. Here the B/C atomic ratio was measured
as 6.5(8) by EELS on dozens of samples (Figure 4e);
it is denoted as B12(CBC) or as B13C2. Obviously B13C2
is an easily generated phase, and it is proposed to
be a possible intermediate product predominant in the
reaction given by eq 2. Note that it is also possible that
a B2O3/N2 mixture directly reacts with carbon across
other intermediates, depending on the equilibrium
state of local environments.36,37 These B13C2 clusters
sparsely surround the carbon resources, which are
further surrounded by environmental B2O3 and N2.
Their interfaces are the nitridation sites for forming
BN nanosheets through a vapor�solid deposition
(eq 3). The sheetlike BN morphology is determined
by different growth speeds of crystal planes, as ex-
plained by PBC theory, while the macroscopic shape
of the nanosheet ensembles is kept the same as that
of the preceding carbon sources. In addition, no BN

was ever seen in the case of no carbon addition. The
stepped reactions are written as

13B2O3(g)þ 43C(s) f
Δ

2B13C2(s)� þ 39CO(g) (2)

4B2O3(g)þ 6B13C2(s)�þ 43N2(g) f
Δ

86BN(s)þ 12CO(g)

(3)

The mechanism, as revealed by our simplified reaction
scheme, is clearly different from the substitution reac-
tion in the cases of carbon nanotubes and graphites
treated with B2O3,

28,38 although all their total reactions
are written in the form

B2O3(s)þ 3C(s)þN2(g) f
Δ

2BN(s)þ 3CO(g) (4)

In the biomass-directed synthesis, the utilization rate
of carbon elements is similar for diverse carbon sources,
i.e. ca. 20% for fresh or dry biomasses (consideringwater
and lignocellulose to be their major contents) and ca.

30% for graphite, although their total conversion rates
are different (Figure 4f). The utilization rate of the boron
element is ca. 10%. Byproducts are B2O3 particles
and carbon thin sheets deposited at cold regions
(Figure S10, Supporting Information), which may be
recycled in practical industrial production to improve
the overall utilization rate.
The mass-produced BN nanosheets were then

applied to make polymeric composites using three
designed BN fractions of 1.7, 11, and 40 wt % through
dispersion of BN into an epoxy resin followed by hot
pressing (BN fractions were determined by TG analysis).
The epoxy/BN composites look morphologically flat
(Figure 5a), and no nanosheets protrude from the
surface (Figure 5b). Embedded BN nanosheets were
detected by spatially resolved energy dispersive spec-
troscopy (EDS) mapping (Figure 5c,d and Figure S11,
Supporting Information). The even dispersion of fillers
in the polymer matrix is the key to make decent
composites. 2Dnanosheets are easier to evenly disperse
into composites than high-aspect-ratio 1D fillers, as
seen in the 40 wt % epoxy/BN film after burning out
the epoxy component (Figure 5e,f).
The performances of epoxy/BN composites were

thoroughly evaluated in terms of thermal conductivity,
expansion, and stability. A 40 wt % BN filled epoxy
composite possesses a high thermal conductivity of
6 W/mK, i.e. a 14-fold increase in comparison to blank
epoxy (Figure 5g). The thermal conductivity of compo-
sites shows mutational increase at ca. 8 wt % BN frac-
tion, as determined by the Agari model (Figure S12,
Supporting Information),39 which corresponds to the
formation of conductive networks. A conductive net-
work together with high crystalline quality and aspect
ratio of BN nanosheets contributes to the high reinfor-
cement effect of thermal conductivity, prevailing over
that using conventional fillers, e.g. Al2O3, AlN, and BN
particles (Figure S12). The presented reinforcement

Figure 4. (a) Reaction route of heating B2O3 with carbon in
N2. (b) Schematic reaction mechanism of biomass-directed
on-site synthesis for BN nanosheets. (c) The product
through heating B2O3 and papers in Ar at 1500 �C. (d, e)
XRD and EELS profiles of the B2O3-paper-Ar product
(standard B13C2 is attached, JCPDS 330225). (f) Total and
carbon element utilization rates for diverse precursors in
the biomass-directed syntheses.
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effect has enabled the BN nanosheets to be fairly
promising fillers.
Thermal expansion of packaging materials is

demanded to match the substrates and circuits.
The coefficient of linear thermal expansion (CLTE)
of the composite with 40 wt % BN filling fraction is
21 ppm/K prior to the softening temperature of ca.
80 �C (Figure 5g). This is a value close to those of Si or
Cu electronic materials and much lower than that
of a blank epoxy (110 ppm/K). The constraints to
the polymer chain movements by low-expansion
BN (2�3 ppm/K) phase should be responsible for this
effect.
The thermal durability of composites relates to

their service life and safety in electronic packaging.
TG analysis indicates the high thermal stability of all
three composites studied (Figure 5g and Figure S13a,
Supporting Information). The onset degradation tem-
perature, defined as that corresponding to 10 wt %
loss rate, increases by 85 �C after filling with a 40 wt %
BN fraction. Furthermore, even after the BN part
of the composites is removed in calculations, the
only epoxy component demonstrates a clearly in-
creased 10% degradation temperature (Figure S13b,c).

This substantially indicates the interfacial effect of
BN for the elimination of dangling bonds and radical
termination of epoxy.
Epoxy/BN composites also demonstrate a low dielec-

tric constant (Figure S14a, Supporting Information)
and high breakdown fields (Figure 5g) due to the
insulating nature of epoxy. This is beneficial for the
reduction of parasitic capacitance in downscaling
integrated circuits and crucial for preventing electri-
cal leakage in electronic packaging. In addition, the
tensile strength of epoxy/BN composites decreases
with an increase in the filling fraction, but the tensile
modulus is close to that of neat epoxy (Figure S14b,c).
Even the epoxy composite with 40 wt % BN filling
still sustains decent mechanical properties at a low
density.

CONCLUSION

In summary, biomass-directed on-site synthesis has
been developed for the mass production of BN nano-
sheets. The facile, reliable, andeffective approachutilizes
cheap source materials (B2O3, N2, and diverse plants)
to achieve morphologically pure single-crystalline BN
nanosheets. The abundance of BN nanosheets enables

Figure 5. (a, b) Photos and top-view SEM images of blank epoxy and 1.7, 11, and 40 wt % epoxy/BN composites arranged
in i�iv. The inset of (b-iv) displays EDS profiles of carbon and nitrogen elements along the marked line. (c, d) Carbon
and nitrogen EDS mapping of the region of (b-iv). (e, f) Cross-sectional SEM images of the residue of the 40 wt %
epoxy/BN sample after annealing in air at 600 �C, showing robust and stable BN nanosheets seen at the fracture plane.
(g) Excellent performances of epoxy/BN composites with respect to heat conduction, antiexpansion, thermal stability,
and antibreakdown.
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their applications in composites. The BN-nanosheet-
filled epoxy composites demonstrate 14-fold increased

thermal conductivity and are promising materials for
heat release and insulating packaging.

EXPERIMENTAL SECTION
Synthesis and Characterization of BN Nanosheets. BN nanosheets

were synthesized using diverse carbon sources. Any vegetation
such as dandelion dispersal units (seed-bearing parachutes),
fleabane flowers (erigeron annuus), and pine needles, normal
wiper papers (Kimwipe S-200, Nippon Paper Crecia Co.), and
graphite could serve as the carbon sources. Typically, 120 g of
papers upon 350 g of B2O3 was heated in two detachable
graphitic crucibles (total length, 30 cm; diameter, 8 cm) at
1500 �C for 5 h in an induction furnace under a N2 flow of
2 L/min. The resultant snow-white BN nanosheet assemblies
possessed the paperlike shapes and were located at the same
positions where the preceding papers were placed. BN nano-
sheets were visualized by scanning electron microscopy
(SEM, Hitachi S-4800) equipped with an energy dispersive
X-ray spectrometer (EDS), high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-3000F), and atomic force micro-
scopy (AFM, JEOL JSPM-5200). They were also characterized
by X-ray diffraction (XRD, Rigaku Ultima III with Cu KR radiation),
electron diffraction, energy-loss spectroscopy (EELS, attach-
ments of JEOL TEM), Raman spectroscopy (Horiba-Jovin Yvon
T64000), Fourier transform infrared spectroscopy (FT-IR, Thermo
Nicolet 4700), cathodoluminescence (CL, attachment of SEM
Hitachi S4200), and photoluminescence (PL, Hitachi F-5700)
spectroscopy.

Fabrication of Epoxy/BN Composites. Epoxy/BN composites were
made using the epoxy resin polyepoxide (Araldite 506, epoxy
equivalent 172-185). We used acetone as a nonreactive diluent
to decrease the viscosity of the epoxy resin and to improve
the dispersion of BN nanosheets. A mixture of epoxy resin (2 g)
with acetone (5 g) and ratio-designed BN nanosheets was fed
and stirred for 30 min. Then a curing agent, diethylenetriamine
(0.2 g), was added. The resultant mixture was poured into a
Teflon dish and maintained at 0 �C for 24 h to evaporate
acetone, which was then kept at 20 �C for 5 h for precuring.
The precured composite pieces were pressed at 40 MPa and
heated to 100 �C for 2 h to complete the cross-linking reaction.

Analysis of Epoxy/BN Composites. The composite plastics were
studied by thermogravimetry (TG, Rigaku Thermo plus 8120) at
a 1 �C/min heating rate. The heat capacity of the composites
was measured with respect to sapphire references by differen-
tial scanning calorimetry analysis at a 2 �C/min heating rate
(DSC, Rigaku Thermo plus EVO 8230). Through-thickness ther-
mal diffusivity and thermal conductivity were measured by
ai-Phase Mobile 1u using a temperature-wave-analysis method
according to ISO 22007-3. To measure the coefficient of linear
thermal expansion (CLTE), temperature-dependent variations
of composites were determined by heating rod-shaped speci-
mens at a rate of 2 �C/min applied at a tiny load using a TMA-60
apparatus (Shimadzu Co.) in accordancewithDIN 53752. Tensile
tests were carried out with reference to ISO 527-2 at a rate
of 0.2 mm/min using an EZ-S-100N machine (Shimadzu Co.);
the elastic modulus was determined in a linear range of
the stress�strain curves. The dielectric constant of composites
was determined using dielectric constant analysis (Wayne Kerr
precision component analyzer, West Sussex, England). The
breakdown voltage of composites was measured using a dc
withstand voltage tester (TW-1010DL, Tamadensoku Co.).
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