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High-quality boron nitride nanosheets (BNNs) characterized by large aspect ratios and less defective

surfaces and structures are in demand for thermal management and other uses that exploit the uniquely

advantageous properties of boron nitride, such as being highly thermally conductive yet electrically

insulating and extreme chemical and thermal stabilities. In this study, an ammonia-assisted exfoliation

processing method was developed and applied to the preparation of high-quality BNNs. As

a demonstration of the excellent potential of these nanomaterials, the BNNs were dispersed in

polyethylene polymers for nanocomposite films of superior thermal transport performance at levels

significantly beyond the state of the art in the literature. Effects of crosslinking in the nanocomposite film

structure on thermal transport were also explored and favorable outcomes were achieved.
Introduction

The production and use of high-quality boron nitride nanosheets
(BNNs) have attracted much recent attention.1,2 Unlike their
graphene counterparts, BNNs are thermally conductive yet elec-
trically insulating, and in addition they are known for their
excellent chemical and thermal stabilities and strong resistance
to oxidation even at elevated temperatures.1–4 Most BNNs are
prepared from hexagonal boron nitride (h-BN) by using various
exfoliation methods, similar in principle and practice to the
exfoliation of graphite into few-layer graphene nanosheets.
However, the stronger inter-layer interactions in h-BN, commonly
referred to as “lip–lip” interactions, which are associated with the
slightly ionic bonding characteristics between neighboring B
and N both in plane and out of plane, make exfoliation into high-
quality BNNs signicantly more difficult than peeling off gra-
phene from graphite. Here, “high quality” generally refers to
nanosheets that are thinner and also larger in lateral dimensions,
thus a higher aspect ratio, and also fewer defects in the structure
and on the surface. A number of exfoliation approaches and
associated processing conditions have been pursued, from
simple sonication in a preferred solvent like isopropanol to the
use of strong mechanical force in ball-milling,5–9 and they are all
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driven by the perceived need for supplying sufficient energy
externally to enable exfoliation. However, the energy supplied in
many of the exfoliation methods may break h-BN into nanoscale
pieces, but oen not BNNs of the desired high quality for highly
thermally conductive polymeric nanocomposites. In fact, since
BNNs produced by a simple exfoliation method of sonication in
isopropanol could achieve relatively high thermal conductive
performance in their corresponding nanocomposites,7 one may
argue that relatively “gentler” exfoliation approaches and pro-
cessing conditions for less defective BNNs can be advantageous
in their thermal transport related applications. It has been shown
that amino molecules due to their binding to electron decient
boron sites10 could be used to enhance the exfoliation of h-BN in
solvent dispersions.3,9,11 For such a purpose, smaller molecules
are generally preferred for being able to penetrate the inter-layer
spacing to aid the desired exfoliation. Thus, in this work
ammonia as the smallest aminomolecule was used, coupled with
vigorous sonication in the preferred solvent isopropanol, to
produce targeted high-quality BNNs in stable solvent
suspensions.

The dispersion of BNNs in polymeric matrices, namely the
detailed structural arrangements between the llers and matrix
polymers in nanocomposites, must be equally important to the
observed thermal transport performance. This may explain, to
some extent, the obviously signicant variations in experimen-
tally determined thermal conductivity values for the same or
similar BNNs in different polymer matrices. Specically for
polyethylene (PE) composites, most investigations have been on
the use of boron nitride (BN) without deliberate exfoliation as
the ller. For example, Zhang et al. extruded polyethylene with
BN for somewhat oriented composites with a thermal
Nanoscale Adv., 2020, 2, 2507–2513 | 2507
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conductivity of up to 3.6 W mK�1 at a 40 wt% BN loading.12

Huang, et al. applied the solid-phase extrusion method to the
fabrication of polyethylene composites with h-BN at loadings of
30 vol% and 50 vol%, corresponding to the observed thermal
conductivity values of 8.6 W mK�1 and 12.4 W mK�1, respec-
tively.13 These results suggest the generally poorer thermal
transport performance of PE composites in comparison with
other polymers, such as epoxy and poly(vinyl alcohol) poly-
mers,1,7 which is rather disappointing due to the fact that PE as
an excellent commodity polymer is extensively used across
a number of industries and also in many consumer products. In
addition, while most PE samples are low in thermal conduc-
tivity, more crystalline PE materials or congurations, such as
well-aligned nanobers and nanowire arrays, have exhibited
high thermal conductivity values.14,15 Thus, potential effects on
the crystallinity of matrix PE polymers due to the embedding of
BNNs and the structural arrangements between the llers and
polymers in the nanocomposites are also interesting issues due
to their relationship with the observed thermal transport
properties. With the preparation of high-quality BNNs, their
more homogeneous dispersion in the PE polymer matrix may
represent a major opportunity in the development of highly
thermally conductive PE/BNN nanocomposites, as successfully
explored in the work reported here. Issues and opportunities for
further performance improvements are discussed.
Experimental section
Materials

The hexagonal boron nitride (h-BN) sample (99.5%) and benzil
(98%) were purchased from Alfa Aesar, aqueous ammonia
solution (�28%) and isopropanol (99%) from Fisher Scientic,
and trans-decalin (98%) from Beantown Chemical. Polyethylene
was sourced from sandwich bags manufactured and marketed
by S. C. Johnson & Son, Inc. Polyvinylidene uoride (PVDF)
membrane lters were acquired from Fisher Scientic, and
carbon- and holey carbon-coated copper grids for electron
microscopy analyses from SPI Supplies. Water was deionized
and puried by being passed through a Labconco WaterPros
water purication system.
Measurements

X-ray powder diffraction measurements were carried out on
a Scintag XDS-2000 powder diffraction system. Scanning elec-
tron microscopy (SEM) imaging was performed on a JOEL
JSM7600F eld-emission scanning electron microscope (FE-
SEM). A thin gold coating was applied to the electrically insu-
lating boron nitride samples to mitigate any charging effect in
SEM. Transmission electron microscopy (TEM) images were
acquired on a Hitachi HD-2000 scanning-TEM system and
Hitachi H-9500 TEM system, with the specimens on carbon- or
holey carbon-coated copper grids. In the preparation of speci-
mens for cross-sectional TEM analyses, a sample was embedded
in epoxy resin, followed by microtoming with the use of
a Reichert-Jung Ultracut E Microtome with a 30� angle diamond
2508 | Nanoscale Adv., 2020, 2, 2507–2513
knife at room temperature for slices of less than 100 nm in
thickness.

The in-plane thermal diffusivity in thin lms (30–50
microns) was determined on an Ulvac LaserPIT thermal
diffusivity/conductivity meter operated at room temperature in
a vacuum of 0.01 Pa. The lm specimen was about 30 mm �
5 mm in size, with one surface (facing the laser in the instru-
ment) coated with a thin layer of graphite. At least three
frequencies were used in the measurement of each lm sample,
and the readings were averaged for the specic specimen. The
densities and specic heats of the nanocomposite lms were
estimated from those of the polymer and ller in terms of the
simple mixing rule:

composite ¼ wpolymerpolymer + wfillerfiller,

where w denotes weight fractions.

Exfoliation

The as-supplied h-BN sample (1 g) in a mixture of aqueous
ammonia solution (�28%) and isopropanol (3/2 v/v, 125 mL)
was sonicated (VWR-250D, 120 W) for 48 h. The resulting
suspension was centrifuged at 3000g to collect the supernatant.
Upon vacuum ltration (0.45 micron Nylon EZFlow membrane
lter) and then removal of the solvent, a solid sample of BNNs
was obtained and used for characterization and the preparation
of polymeric nanocomposites.

Nanocomposite lms

Polyethylene (PE, 70 mg) was added to decalin and stirred at
95 �C overnight. The resulting solution was concentrated to
obtain a PE polymer blend, which was cast onto a preheated (95
�C) etched glass slide. Upon solvent evaporation, a neat PE thin
lm could be peeled off the slide to be free-standing, and then
the lm was further dried in a vacuum oven at�60 �C before its
use as a blank in characterization and measurements.

For PE/BNN nanocomposite lms, the BNN sample (200 mg)
obtained from the exfoliation was dispersed in isopropanol (20
mL) via sonication for 30 min. Separately, a hot (95 �C) solution
of PE in decalin was prepared. The solution was mixed with the
BNN dispersion in various volume ratios, and the mixtures were
stirred and sonicated at 65 �C. Upon concentration of the
mixtures via solvent removal, the resulting blends were cast
onto preheated glass slides. The free-standing PE/BNN nano-
composite lms were obtained in the same way as the PE blank
lm described above.

The same protocol was applied in the preparation of PE/h-BN
composite lms, in which the as-supplied h-BN sample was
used in place of BNNs.

Crosslinked PE/BNN nanocomposite lms

In the protocol described above, benzil at a level of 3.5 mg per
lm was included in the solution before it was concentrated
into a polymer blend. The resulting nanocomposite lms con-
taining benzil were peeled off the glass slides to be free-
standing and then cured by exposure to ultraviolet light
This journal is © The Royal Society of Chemistry 2020
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(Spectroline high intensity ultraviolet lamp, 120 V and 1.05 A)
for 5 h. Then, the lms were further dried in a vacuum oven at
60 �C.
Results and discussion

In a recent study,9 a series of exfoliation approaches coupled
with different sets of processing conditions were evaluated
systematically for the purpose of preparing high-quality BNNs.
Among the more favorable approaches, exfoliation based on the
use of aqueous ammonia mixed with isopropanol was thus
identied and adopted in this study. Experimentally, the
commercially supplied h-BN sample in the aqueous ammonia –
isopropanol mixture was vigorously sonicated. The resulting
suspension was centrifuged, and the supernatant was collected
for vacuum ltration to remove small BN pieces and all solvent
and other molecules. The lter cake was dried to obtain BNNs
as a solid sample for characterization.

In the X-ray powder diffraction characterization, results of
the precursor h-BN sample were used as the reference. The
diffraction peaks of h-BN were at 2q of 26.8�, 41.7�, 43.9�, 50.2�,
and 55.2�, corresponding to the (002) (d ¼ 0.33 nm), (100) (d ¼
0.22 nm), (101), (102), and (004) (d ¼ 0.16 nm) planes, respec-
tively. For the BNNs, the diffraction peaks corresponding to the
(100), (101), (102), and (004) planes were weak and broader
(Fig. 1), consistent with the sample containing mostly thin
BNNs. The structural changes from the precursor h-BN to the
exfoliated sample were reected by the features of the (002)
peak, which for the BNNs was at 2q of 26.6�, about 0.2� lower
Fig. 1 X-ray diffraction patterns of the h-BN (solid line) and BNN
(dashed line) samples, with the corresponding enlarged (002) peaks in
the inset, and also PE/BNN (dotted line) and crosslinked PE/BNN
(dash-dot-dot line) films.

This journal is © The Royal Society of Chemistry 2020
than that of the precursor h-BN, and signicantly broader
(Fig. 1). The (002) and (004) peaks of the BNNs were also of
relatively higher intensities, consistent with the expected pref-
erential exfoliation along the (002) and/or (004) planes. With the
Scherrer equation,16 the broadening in X-ray diffraction peaks
was used to estimate the average thickness of the BNNs as 10 �
0.4 nm, with the variations reecting the inhomogeneity in
thickness distributions and lateral dimensions of the
nanosheets.

The thickness of BNNs was determined directly by trans-
mission electron microscopy (TEM). The TEM specimens were
prepared by embedding the selected BNN sample in epoxy
resin, followed by microtoming for ultrathin slices of less than
100 nm in thickness. The TEM images for a cross-sectional view
of the nanosheets are shown in Fig. 2. The observed lattice
fringes for the (002) planes allow the determination of a spacing
of 0.334 nm. For average thickness, a limitation of TEM at such
a high resolution is the inclusion of only a few nanosheets in an
image. Thus, many images covering different areas of the TEM
specimens to include about 40 nanosheets were used for
statistical analyses (Fig. 2 inset), yielding an average thickness
of 8.3� 2.8 nm, not far from the estimate based on the Scherrer
equation. The TEM images also suggest that morphologically
the BNNs retain clear lattice structures and have no major
defects, supporting the notion that the use of ammonia in the
processing can achieve effective exfoliation without any signif-
icant damages to the boron nitride 2D structures.9

The labeling of the ammonia-assisted exfoliation as a gentler
approach is also supported by results from the SEM character-
ization of the thus produced BNNs. As shown in Fig. 3, the SEM
images suggest that the nanosheets generally have smooth
surfaces and edges and are less defective with lateral dimen-
sions in the micron range. However, it should be pointed out
that there is no practical metric even at a semi-quantitative level
to measure the “defectiveness” (and the quality for that matter)
of BNNs due to impossible experimental/technical limitations.
Fig. 2 TEM images for cross-sectional views of BNNs in the thin slices
from microtoming. Inset: the thickness distribution analysis based on
multiple TEM images.

Nanoscale Adv., 2020, 2, 2507–2513 | 2509
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Fig. 3 SEM images for the BNN sample. The horizontal lines are scale
bars with their represented lengths indicated in mm.

Fig. 4 Photos of PE/BNN (A) and crosslinked PE/BNN (B) films with
10 wt% (upper) and 30 wt% (lower) BNN loadings.
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For the dispersion of BNNs in the polyethylene (PE) polymer
matrix, the exfoliated sample in an isopropanol suspension was
mixed well with a solution of PE polymers. Upon concentration,
the resulting blend was used for PE/BNN nanocomposite lms
via wet-casting. Aer complete removal of solvents, all the free-
standing lms with different BNN loadings appeared smooth
and exible (Fig. 4). The lms were characterized by X-ray
diffraction analyses, with the results compared with those of
the as-exfoliated BNN sample in Fig. 1. The characteristic
diffraction peak for the (002) plane was only slightly shied,
26.56� in the lms versus 26.62� for free BNNs (Fig. 1), sug-
gesting a minor increase in the average interlayer spacing due
probably to the role of PE polymers. The absence of the (100)
and (101) peaks at higher angles should be consistent with the
preferential dispersion and orientation of BNNs along the (002)
planes in the polymer lm matrix. The average thickness of the
BNNs estimated by the Scherrer equation was largely
unchanged aer their dispersion in PE polymers.

The thermal transport properties of the PE/BNN nano-
composite lms were evaluated in terms of in-plane thermal
diffusivity (TD) measurements on a commercially acquired
instrument based on the modied Angstrom's method.17,18 The
TD is correlated with thermal conductivity (TC) in the following
relationship:

TC ¼ rCpTD (1)
2510 | Nanoscale Adv., 2020, 2, 2507–2513
where r and Cp are the mass density and specic heat of the
material, respectively. As shown in Table 1 and Fig. 5, the TC
values are dependent on the BNN loadings in the nano-
composite lms, increasing monotonically. On comparison
between BNNs and h-BN as llers, the lms with the former
generally have signicantly higher TC values, validating the
widely held understanding that nanosheets are more favorable
llers for polymeric nanocomposite lms of higher thermal
transport performance.1 Also for comparison, at a BNN loading
of 40 wt% in the PE/BNN nanocomposite lm, the experimen-
tally determined TD value (18 mm2 s�1, Table 1) is much higher
than those obtained previously in polymeric epoxy/BNN and
other nanocomposite lms.1,7 The substantial performance
enhancement must be credited predominantly to the higher
quality of the BNNs produced from the ammonia-assisted
exfoliation, despite some expected effects and variations
between different polymer lm matrices.9

As compared in Fig. 5, the TC values of the nanocomposite
lms obtained in this work, including those of the PE/h-BN
lms, are generally higher than those of similar PE/BN
composites reported in the literature (with sources provided
and methods highlighted in the gure caption). To eliminate
any potential artifacts or interference in the TD measurements,
standard specimens of known TD values were used to calibrate
the instrument and experimental protocols, and the calibration
results were excellent. The performance advantages of the PE/h-
BN lms in this work over those reported in the literature might
This journal is © The Royal Society of Chemistry 2020
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Table 1 Thermal transport properties of PE nanocomposite thin films with h-BN and BNNs as fillers

Filler loading
(wt%)

PE/h-BN PE/BNNs Crosslinked PE/BNNs

TD (mm2 s�1) TC (W mK�1) TD (mm2 s�1) TC (W mK�1) TD (mm2 s�1) TC (W mK�1)

0 0.2 0.46
5 0.5 1.2
7.5 1.3 3
10 1.2 2.8 1.8 4.1 2.8 6.4
15 2.5 5.8 4 9.2
20 2.3 5.3 3.6 8.3 8.7 20
25 5.8 13 7.5 17
30 4.5 10 11 25 13 30
40 18 41

Fig. 5 TC results of the PE/h-BN (square), PE/BNN (circle), and
crosslinked PE/BNN (triangle) films compared with those of similar
films reported in the literature (1: ref. 19; 2: ref. 20; 3: ref. 12; 4: ref. 21;
5: ref. 22; 6: ref. 13; and 7: ref. 23).
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be attributed in part to the ller dispersion characteristics in
the lms, as a more homogenous dispersion is known to be
more favorable to thermal transport in the composite lms. In
fact, the effect of the lm structural characteristics on thermal
transport properties is clearly reected by the improved TD/TC
performance of the purposely crosslinked PE/BNN nano-
composite lms.

For the crosslinking, benzil as a commonly employed photo-
initiator was added to the mixture of the suspended BNNs and
PE solution,resulting in the blend and the PE/BNN nano-
composite lms. The lms containing benzil were photo-
irradiated under a UV lamp for being cured and crosslinked.
The X-ray diffraction results of the PE/BNN nanocomposite
lms with and without the crosslinking are largely the same
(Fig. 1). The crosslinked lms were similarly evaluated for
thermal transport properties. The observed TD values are
consistently higher than those of the corresponding lms
without the crosslinking, as compared in Table 1 and Fig. 5. It
seems that the performance enhancement with the crosslinking
This journal is © The Royal Society of Chemistry 2020
is more pronounced at lower BNN loadings, about 50%
improvement in the lms of 10 wt% BNNs versus about 20%
improvement in those with 30 wt% BNNs (Table 1), though
a more systematic and comprehensive investigation is needed
for a more denite conclusion. Nevertheless, the available
results do suggest that the crosslinking, which likely makes the
lm structure more condensed and thus mechanically less
exible (Fig. 4), can generally improve the thermal transport
performance of the PE/BNN nanocomposite lms.

For microscopic/nanoscopic probing of the PE/BNN nano-
composite lms, fractured edges were created by mechanically
ripping apart the lms and also by breaking the lms aer they
were soaked in liquid nitrogen.The results from SEM imaging
analyses of the fractured edges are shown in Fig. 6. The results
are generally supportive of the expectation that the BNNs are
well dispersed in the PE polymer matrix. The fractured edges of
the nanocomposite lms are much rougher than those of neat
PE lms, probably due to the dispersion of BNNs throughout
the PE polymer matrix. In a closer examination, some BNNs
could be found protruding out of the fractured edges across
almost the entire cross-section, aligned parallel to the lm
surface. The patterns of tear marks from themechanical ripping
seem consistent with the presence of strong interactions
between BNNs and their surrounding PE polymer chains in the
nanocomposites, indicating that the BNNs of large aspect ratios
and a relatively smooth surface as llers may enable or facilitate
the polymer chains to stretch and pack along the ller surface in
the nanocomposite lms. Such a microscopic/nanoscopic
structural conguration, which is affected or dictated by the
ller characteristics, must be correlated with the properties of
the nanocomposite lms.

The observed superior thermal transport performance of the
PE/BNN nanocomposite lms could be credited primarily to the
high quality of the ller BNNs, including large aspect ratios and
being less defective in the nanosheets. Due to these favorable
characteristics, the ammonia-assisted exfoliation represents
a relatively gentler yet effective processing method for high-
quality BNNs.9 The good dispersion of the llers in the PE
polymer matrix may also contribute to the performance, as re-
ected by the observed higher thermal conductivities with the
use of h-BN without exfoliation than similar composites re-
ported in the literature (Fig. 5). The signicant improvements in
Nanoscale Adv., 2020, 2, 2507–2513 | 2511
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Fig. 6 SEM images for the crosslinked PE/BNN film with a 30 wt% BNN loading. (A) The film surface; (B) the fractured edge from mechanically
ripping apart the film; and (C & D) fractured cross-sections from breaking the film at liquid nitrogen temperature.
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thermal transport with the crosslinking in the PE/BNN nano-
composite lms suggest that the microscopic/nanoscopic
structures in the lms, including probably the local densities,
also play a meaningful role in the thermal transport. Mecha-
nistically, the thermal conductivity is associated with phonon
transport (vibrational progression), for which ller percolation
may be a factor or even necessary, but hardly a sufficient
condition.1,24 This is very different from the electrical conduc-
tivity in similar nanocomposites with electrically conductive
llers (graphenes or carbon nanotubes, for example), and also
makes the development of highly thermally conductive poly-
meric nanocomposites considerably more challenging. For
desired nanocomposites of high thermal conductivity, high-
quality llers are obviously critical, but so are their “appro-
priate arrangements” in the nanocomposites. An under-
standing of the latter and the related parameterization still
represent a tough task for experimental and theoretical
investigations.

In conclusion, the ammonia-assisted exfoliation of h-BN has
been found to represent a relatively gentler processing method
for the production of high-quality BNNs,9 which are character-
ized by large aspect ratios and fewer defects in the nanosheets
and a relatively smooth nanosheet surface. There seem to be no
major barriers in scaling up the exfoliation method for larger
quantities of the BNNs. The dispersion of the high-quality BNNs
in PE polymers resulted in nanocomposite lms of superior
thermal transport performance signicantly beyond the state of
the art in the literature. The exfoliation method may be further
2512 | Nanoscale Adv., 2020, 2, 2507–2513
developed for BNNs of even more desirable characteristics and
in large quantities for valuable applications across several
technological elds.
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