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ABSTRACT: To fully tap into the potential of boron nitride nanotubes
(BNNTs), addressing their inherent insolubility was imperative. In this study, a
water-soluble polymer, poly(acrylic acid) (PAA), was employed as a surface-active
reagent, using an accessible and scalable approach. The physical properties and
structure of PAA-BNNT were meticulously confirmed through valuable character-
ization techniques, encompassing X-ray diffraction, scanning electron microscopy,
Fourier-transform infrared, X-ray photoelectron spectroscopy, and thermogravi-
metric analysis. PAA-BNNT exhibited remarkable dispersion in water and
demonstrated compatibility with the poly(vinyl alcohol) (PVA) matrix. When
incorporating 30 wt % of PAA-BNNT (about 24.75 wt % net BNNT) into the
PVA matrix, the thermal conductivity surged by over 21.7 times compared to pure
PVA due to the uniform dispersion of high-concentration PAA-BNNT in the
polymer matrix.

■ INTRODUCTION
One-dimensional (1-D) nanomaterials have garnered signifi-
cant scientific attention across a wide range of disciplines due
to their diverse physicochemical properties and vast potential
for various applications.1 Among these materials, boron nitride
nanotubes (BNNTs) represent a unique class of 1-D
structures, sharing a similar geometry to carbon nanotubes
(CNTs) but with the substitution of carbon atoms by boron
and nitrogen atoms in their networks.2−6 Notably, BNNT
exhibits exceptional characteristics, including high thermal
stability,7 neutron shielding,8 superior mechanical strength,9−15

and excellent electrical insulation properties.16 These distinc-
tive features make BNNT a highly promising candidate for
numerous applications in fields such as nanocomposites,17−19

thermal management,20−22 energy harvest,23,24 and biomedical
devices.25,26 The exploration and utilization of BNNT hold
tremendous prospects for advancing scientific understanding
and technological advancements in these areas.
However, the practical implementation of BNNT faces

obstacles due to their tendency to form tangled bundles,
primarily caused by strong van der Waals forces. As a result,
BNNT is not readily dispersible in traditional organic and
aqueous solvents.27,28 To overcome this challenge, a significant
breakthrough can be achieved by chemically modifying the
sidewalls of BNNT to disentangle and improve their
dispersibility in various solvents. Researchers have explored
both covalent and noncovalent attachment strategies to
address this issue. Covalent functionalization involves direct
chemical reactions with stable BNNT. To enhance the stability

of BNNT dispersion in solvents, diverse functional groups have
been introduced. However, this approach often requires harsh
conditions such as highly concentrated HNO3, HClO4 at high
temperature for the initial step,29,30 or using high energy
plasma,31 potentially damaging the outer walls of BNNT and
degrading their intrinsic properties. Gas-phase surface
modification techniques, such as ammonia plasma treatment
and chemical vapor deposition (CVD), offer an alternative
method to address some challenges while minimizing the loss
of BNNT’s unique properties. However, the efficiency of these
methods is relatively low.32,33 In comparison, noncovalent
approaches have gained attention as they exert minimal
influence on the original properties of BNNT, making them
a more favorable choice in many cases. By leveraging
noncovalent interactions such as π−π stacking,34−36 electro-
static interactions,37 and hydrogen-bonding/Lewis base
interaction,38,39 the dispersibility and stability of BNNT can
be enhanced without compromising their intrinsic properties.
Noncovalent functionalization holds promise for various
applications involving BNNT and could become the better
choice in many cases.
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In this research, we perform efficient work to unbundling
and functionalization via the interaction of BNNT and
polyacrylic acid that was confirmed by many valuable data
such as Fourier-transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and thermogravimetric analysis (TGA). The investigation is
extended by employing functionalized BNNT to fabricate well-
uniform poly(vinyl alcohol) (PVA) composites with high
thermal conductivity up to 21.7 times (6.08 W m−1 K−1) in
comparison to pure PVA. The effective dispersion of PAA-
BNNT in the polymer system ensures the even distribution of
tubes, coupled with its high density, establishing numerous
contact points between tubes. This configuration fosters stable
heat conduction throughout the entire film.

■ EXPERIMENTAL SECTION
Materials. The synthesized BNNT was provided by the

High-Enthalpy Plasma Research Center at Jeonbuk National
University (Republic of Korea). Poly(vinyl alcohol) (Mw 50k),
99% hydrolyzed, and polyacrylic acid (Mw 100k) 35 wt % in
H2O were purchased from Sigma-Aldrich and used without
further purification.
Purification of BNNT. The synthesized BNNT was

calcined in air at 650 °C for 6 h to oxidize the amorphous
boron impurities. The oxidized BNNT was mixed with DI
water for 1 h. The mixed suspension was precipitated for 1 h to
obtain a BNNT precipitate, and a stainless metal mesh (pore
size 0.045 mm) was used in the filtration process. This process
was repeated to remove part of h-BN and residual boron
impurities until the filtrate became transparent. The obtained
BNNTs were redispersed in tert-butyl alcohol and freeze-
dried.40−42 Following the method presented in ref 43, the
impurities were determined at 7% by FTIR, indicating that the
BNNT used in this paper had a purity exceeding 90%.
PAA-BNNT Preparation. To create polymeric composites

with high BNNT fractions, the process began by immersing
100 mg of BNNT in a polymer solution consisting of 1 g of
PAA dissolved in 30 mL of H2O. The BNNTs were then left
for 1 day to ensure their absorption by the polymer.
Subsequently, the BNNT mat underwent filtration and was
washed multiple times with water to eliminate any remaining
PAA. Finally, the BNNT was dried using the freeze-drying
method to yield the final product.
Preparation of PVA@PAA-BNNT Nanocomposites. A

defined quantity of PAA-BNNT was dispersed through 1 h of
sonication. Subsequently, PVA was introduced and stirred at
70 °C until complete dissolution of the PVA was achieved. The
resulting solution was then transferred into a mold.
Homogeneous films were obtained after drying in air for 48
h at room temperature.

Characterization. FTIR spectroscopy was carried out
using a Nicolet iS10 instrument (ThermoFisher Scientific)
Infrared Spectrum Analyzer in the wavenumber range of
4000−500 cm−1 with KBr pellets. TGA was carried out using a
TGA Q50 V20.13 Build 39 by increasing the temperature up
to 700 °C (ramp: 10 °C min−1) under a flowing air (90 mL
min−1). X-ray diffraction patterns (voltage of 40 kV, current of
30 mA) were obtained with Cu Kα radiation (λ = 0.154 nm)
by Smartlab (Rigaku Corporation, Japan). The dispersion
stability and dispersion degree change of the BNNTs were
measured using Turbiscan Lab Expert (Formulation, France).
Thermal diffusivity measurements were performed using the
LaserPIT equipment (Advance Riko Inc., Japan) for the thin
film in-plane measurement. The thermal diffusivity was
measured two times with each sample, BNNTs 10, 20, and
30%, and the mass density (ρm) of the samples was
determined using the Archimedes method.

■ RESULTS AND DISCUSSION
Development of BNNT Functionalization Method

and Characterization. Boron nitride nanotubes are known
for their dimensional properties, featuring a relatively high
surface area when compared to many other materials,
especially given their nanoscale dimensions. This characteristic
presents the potential for weak interactions between the
nanotube’s surface and external (macro)molecules. Indeed, in
this study, BNNT mats were immersed in the PAA solution, as
depicted in Figure 1a, to facilitate their adsorption by the
polymer. The formation of PAA-BNNT can be explained by
PAA containing rich −COOH, known as an electron-
withdrawing group, which can withdraw electrons from the
carbon chain, rendering them electron-deficient sites. This
results in interactions with the electron-rich N on the BNNT
surface, possibly similar to mechanisms described in a certain
paper.44 The transformation of the materials used in this
experiment is illustrated in Figure 1b. Each BNNT and its
product exhibited variations influenced by the purification and
functionalization processes. Initially, the synthesized BNNT
resembled gray cotton balls due to the presence of various
impurities. Following the purification process, the BNNT
underwent a transformation, appearing cottony white,
attributed to impurity removal and an increased BNNT
content. Similarly, PAA-BNNT exhibited a white appearance
like the purified BNNT, thanks to the colorless nature of PAA.
Furthermore, we carefully considered the absorption of PAA,
revealing that the physical absorption of PAA on the surface of
BNNT could reach saturation after just 1 day. Even when the
absorption process was extended to 3 days, 5 days, or longer,
the weight loss, as confirmed by TGA (Figure S1), did not
significantly fluctuate.

Figure 1. (a) Synthesis scheme of PAA-BNNT; (b) digital images of BNNT, PAA, and PAA-BNNT.
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To deeply understand PAA-BNNT material, further
characterization was conducted. Both materials (PAA-BNNT
and purified BNNT, 0.4 mg/mL) were sonicated in the water
for 1 h and then the samples were left at ambient temperature
overnight (approximately 16 h) for stability. The dispersibility
and stability of the samples were assessed using Turbiscan
measurement, as illustrated in Figure 2a. The results suggest
that the absorption of PAA on the surface of BNNT improved
their stable dispersion. PAA-BNNT exhibited a transmission
rate of approximately 1%, indicating excellent dispersibility. In
contrast, this was not observed in the case of purified BNNT.
Figure 2b illustrates the TGA curves of PAA, BNNT, and

PAA-BNNT. The temperature was increased from 40 to 650
°C in a nitrogen atmosphere at a heating rate of 10 °C per
minute. While BNNT showed typically high stability during
the whole heating process, the PAA showed almost similar
stability at a lower temperature of 150 °C. However, a
significant weight loss was observed at higher temperatures due
to water elimination of PAA. Since 450 °C, the mass residue of
PAA became constant, indicating that the cross-link has been
completed, resulting in 20% of weight remaining. The PAA-
BNNT showed a weight loss of about 14%, estimating the
weight of the functionalized material on the thermally very
stable BNNT. The net weight of PAA on BNNT can be easily
figured out at around 17.5 wt %.
FTIR spectroscopy was recorded (as depicted in Figure 2c)

to confirm the physical absorption of PAA on the surface of

BNNT; the figure shows the spectra of PAA, BNNT, and PAA-
BNNT. Spectra of PAA show three important peaks denoting
1624, 2925, and 3468 cm−1 that coordinated to C�O, C−H,
and O−H bonds, respectively. At the same measurement
conditions, spectra of the BNNT show asymmetric B−N with
1375 and 796 cm−1 B−N stretching and B−N−B expansion.
Consequently, PAA-BNNT exhibits all characteristics of peak,
combining both PAA and purified BNNT.
The diffractogram of the PAA polymer was observed and is

depicted in Figure 2d, which shows a low intense and broad
signal at around the angle of 2θ = 21°,45 demonstrating the low
crystalline nature of the polymer. Purified BNNT contains
crystalline impurities, including h-BN, which is characterized
by a distinct peak at 26.7° in the XRD analysis. On the other
hand, noncrystalline BNNT exhibits a broader peak at 25.8°.
Notably, all amorphous boron peaks in the XRD graph
disappeared after the purification process. These observations
confirm the consistency of the XRD patterns with prior studies.
The XRD pattern of PAA-BNNT closely resembles that of
purified BNNT, indicating that PAA functionalization is an
effective method that preserves the properties of BNNT while
efficiently removing amorphous boron and h-BN, all without
requiring a separate purification step.
The XPS technique was utilized to analyze the element

content, and the results confirmed that noncovalent function-
alization of PAA had successfully formed a stable bond on the
surface of BNNT. In the C 1s spectrum depicted in Figure 3b,

Figure 2. Comparison spectra of BNNT and PAA-BNNT. (a) Turbiscan, (b) TGA, (c) FTIR, and (d) XRD.
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distinct peaks were observed for various carbon species,
including C−C at 284.7 eV, C−O at 286.3 eV, and C�O at
288.7 eV, indicating the presence of PAA polymers on the
BNNT’s surface. In contrast, the C 1s spectrum of the pristine
BNNT (Figure 3a) displayed only a minimal or trace signal,
emphasizing the effectiveness of the noncovalent functionaliza-

tion process in introducing carbon chains onto the BNNT’s
surface.
Enhancement of Thermal Conductivity of PVA@PAA-

BNNT Nanocomposites. To create composites that contain
evenly dispersed BNNT, it is essential to ensure the consistent
distribution of BNNT within the processing solvent. This

Figure 3. C 1s XPS spectrum of (a) pristine BNNT and (b) PAA-BNNT.

Figure 4. (a) Fabrication scheme of PVA@PAA-BNNT; (b) digital image of PVA, PVA@BNNT, and PVA@PAA-BNNT at 1 wt %; and (c)
PVA@PAA-BNNT at 30 wt %.

Figure 5. SEM cross-sectional images of the PAA-BNNT/PVA composite films: (a) pure PVA, (b) 10 wt % PAA-BNNT, (c) 20 wt % PAA-BNNT,
and (d) 30 wt % PAA-BNNT.
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uniform dispersion should be maintained even after adding the
polymer into the solution and continue until the solvent
completely evaporates.46 Indeed, the stability of the PAA-
BNNT solution led to the facile preparation of the PVA@PAA-
BNNT nanocomposite film through the solvent casting
method by loading 10−30 wt % of PAA-BNNT based on
the weight of PVA. The procedure is demonstrated in Figure
4a.
As can be seen in Figure 4b, pure BNNT exhibits an

unstable dispersion and tends to agglomerate within the PVA
matrix, resulting in a nonuniform composite. In contrast, the
PVA@PAA-BNNT composite demonstrates an exceptionally
uniform dispersion of nanotubes within the PVA matrix.
Moreover, composites containing up to 30 wt % (as depicted
in Figure 4c) of PAA-BNNT can be easily folded, providing
durability and flexibility to the BNNT. However, when the
PAA-BNNT content exceeds 30 wt %, agglomeration initiates
within the PVA matrix, likely attributed to stronger
interactions among the nanotubes than between the nanotubes
and the polymer matrix. Previous research established the
potential for strong hydrogen bond formation between PVA
and PAA.47,48 These intermolecular interactions including
PAA−PVA and PAA-BNNT could significantly enhance the
properties of PVA@PAA-BNNT, leading to the creation of a
stronger composite.
The morphologies of the composites were also characterized

with cross-sectional SEM images as shown in Figure 5. In all

samples, Figure 5a−d, the added PAA-BNNT inside the PVA
matrix was identified as bright dots and tubes representing the
cutting faces of the BNNT stems and multiple BNNT. PVA
(Figure 5a) shows no signal of BNNT used as a comparison
sample. In addition, for the PAA-BNNT containing samples,
Figure 5b−d, the BNNT was generally well-distributed within
the PVA matrix, and some of the BNNTs randomly arranged
in the horizontal and vertical directions were also observed in
the SEM cross-sectional images. Especially, the 30 wt % BNNT
sample exhibited a denser distribution of BNNTs compared to
the 10 and 20 wt % samples. It is worth noting that the
excessive addition of BNNT to PVA can result in the
mechanical degradation of PVA composites due to the
formation of micropores and/or grained PVA matrix near
regions with excessively dense BNNT.
The mechanical properties of the composite were inves-

tigated through a tensile test (Figure 6a). The incorporation of
PAA-BNNT additives significantly reduced the elongation
property of the PVA films. While the pure PVA film exhibited
an extension rate of 120%, the addition of 10, 20, and 30% of
PAA-BNNT resulted in decreased rates of 86, 58, and 10%,
respectively. Additionally, studies have shown that incorporat-
ing various reinforcing materials into the matrix can enhance
the strength properties of composites.6,49,50 Indeed, this study
witnessed the stress values that increased from 84 to 112, 96,
and 100 MPa, respectively.

Figure 6. (a) Stress−strain curves of the pure PVA film and PVA@PAA-BNNT; (b) DSC profile of samples; (c) thermal conductivity and
enhancement of PVA@PAA-BNNT; and (d) comparison with prior study.
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The DSC profiles of PVA and its composites are illustrated
in Figure 6b. The broad peak observed in the temperature
range from approximately 60−170 °C was attributed to the
release of water, a common occurrence in PVA-based
composites.50 Subsequently, the melting point of the PVA
(Tm) and its composite followed, indicated by a small,
relatively sharp peak ranging from 209 to 223 °C. This
observation suggests structural stabilization of composites up
to around 200 °C, thereby partially revealing the maximum
working temperature of the composites.
It has been reported that incorporating 10 wt % or more of

BNNT is unfavorable due to issues related to dispersion and
detrimental effects on the mechanical properties of the base
materials.51−53 However, as the weight percentage of PAA-
BNNT increases, there is a noticeable improvement in thermal
conductivity (as depicted in Figure 6c). For instance, at 10 wt
%, the thermal conductivity was approximately 12 times that of
a PVA film (0.28 W m−1 K−1).54 When 20 wt % of PAA-
BNNT was added to the PVA matrix, there was a significant
enhancement in thermal conductivity, reaching an increase of
nearly 19.5 times. Notably, a remarkable 21.7-fold enhance-
ment in thermal conductivity was observed when comparing
pure PVA to a sample containing 30 wt % of PAA-BNNT. This
particular sample exhibited the highest thermal conductivity,
measuring at 6.08 W m−1 K−1. Figure 6d illustrates a
comparison with previous studies regarding PVA@BNNT
composites, highlighting that our composites excel not only in
their high BNNT content but also in terms of superior thermal
conductivity performance.55−58 A thermal conductivity of 3.4
W m−1 K−1 at 10 wt % in the present case is much higher than
the referenced result (∼1 W m−1 K−1).57 In the reference case,
PVA and BNNT were physically mixed in the solvent without
using a dispersant, which led to BNNT aggregating in the
matrix. However, in the present case, the dispersant helps the
BNNT to be well-dispersed in the PVA matrix, as shown in
Figures 2 and 4. Additionally, the thermal conductivity for the
present case was measured along the film surface using
LaserPIT equipment. These facts could account for the higher
thermal conductivity observed compared to the reference
results.

■ CONCLUSIONS
BNNT was functionalized and unbundled by PAA using an
environmentally friendly, easy-to-scale method, which signifi-
cantly enhanced their dispersibility in water. The physical
properties and structure of PAA-BNNT were carefully
confirmed through valuable characterization techniques such
as XRD, FTIR, XPS, and TGA. Furthermore, it was observed
that PAA-BNNT can be excellently integrated into a PVA
matrix, resulting in a synergistic enhancement of thermal
conductivity. When a 30 wt % PAA-BNNT load was used, the
thermal conductivity of the PVA composite reached 6.08 W
m−1 K−1, which is more than 21.7 times higher than that of
pure PVA. This outstanding property opens wide-ranging
potential for the fabrication of nanocomposites with diverse
applications.
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