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ling of amine functionalized
boron nitride nanotubes onto polymeric nanofiber
film for improving their thermal conductivity†

Dukeun Kim,a Sumin Ha,b Hoi Kil Choi,d Jaesang Yu*d and Yoong Ahm Kim *bc

The interfacial effect between an organic matrix and inorganic nanofillers on the thermal conductivity of

a polymer composite was systematically explored by assembling amine-functionalized boron nitride

nanotubes (BNNTs) onto an electrospun polyacrylic acid/polyvinyl alcohol nanofibrous web through

either physical electrostatic interactions or chemical coupling reactions. The amine functionalization of

BNNTs and their integration onto the electrospun nanofiber webs were confirmed by various analytical

techniques. No distinctive change in thermal stability and conductivity could be observed between the

pristine- and physically assembled polymeric nanofiber films; however, the chemically assembled

nanofiber film produced via the chemical coupling reaction showed large improvements in both thermal

stability and thermal conductivity. Our study demonstrated that it is possible to produce a highly

thermally conductive polymer nanofiber film through interfacial engineering, even if the incorporation of

inorganic filler is below 1 wt%.
1. Introduction

Due to the ever-growing demand for high performance as well
as miniaturization of devices utilized in heat exchangers, elec-
tronics, machines and electronic circuits, protection of such
devices against heat has been recognized as one of the impor-
tant issues.1–4 To this end, considerable attention has been
focused on the fabrication of heat conducting polymer
composites due to their good ability to protect devices against
heat in various applications.5 Unfortunately, polymers have
intrinsically low thermal conductivity.6 Therefore, highly
thermal conductive polymer composites had been typically
produced by lling polymers with highly thermal conductive
llers, such as carbon materials,7–9 ceramics10 and metals.11,12

Among them, carbon nanotubes (CNTs) have received large
attention due to their high thermal conductivity (e.g.,
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theoretical estimate, 3000–6000 W mK�1, experimental esti-
mate, 2000–4000 W mK�1).13,14 However, CNTs are also electri-
cally conducting. Therefore, a minor addition of CNTs to
a polymer matrix brings a large change in the electrical prop-
erties of the polymeric composite, leading to adverse effects on
the electrical properties of the devices utilized.5 The use of
dielectric boron nitride nanotubes (BNNTs), which have
a cylindrical structure similar to that of CNTs, as llers to
dissipate heat was considered due to their high thermal
conductivity (e.g., theoretical estimate, 6600 W mK�1 or more)
and perfect electrical insulation property.15–18

Recently, several researchers attempted to prepare polymeric
composites having a high fraction of BNNTs (>10 wt%) with
a view to achieving high thermal conductivity.5,10,17 However,
those studies reported that addition of BNNTs into polymers
does not guarantee a large enhancement in thermal conduc-
tivity, because the thermal conductivity of a polymer composite
depends upon various factors, such as the characteristics of
ller (i.e., structural defects, the amount of loading and the
orientation), the crystallinity of the polymer matrix,19,20 the
interfacial interaction between ller and the polymer
matrix,21–24 and dispersibility of individuated llers in the
polymer matrix.6,17,25 Accordingly, it is indicated that the degree
of crystallinity of a polymer is an important parameter to ach-
ieve high thermal conductivity of the polymer composites.
However, there have been no other alternative but to change the
polymer.26–29 Alternatively, reducing interfacial thermal resis-
tance between llers and polymer matrixes is considered as
a more effective factor to achieve the thermal conductivity. To
produce the polymer composite with high thermal conductivity,
This journal is © The Royal Society of Chemistry 2018
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View Article Online
development of a suitable interfacial engineering technique is
a necessity. In this regard, we anticipated that on adding a small
amount of ller, specic interactions (say, formation of chem-
ical bonds) between llers and polymer matrixes might help
reduce the interfacial resistance, thereby resulting in a highly
thermal conductive polymer composite.

To verify our anticipation, in the current work, amine-
functionalized BNNTs (a-BNNTs) were synthesized through
chloride-amine reaction, and nanobrous polymeric lms were
produced via electrospinning using polyacrylic acid (PAA)/
polyvinyl alcohol (PVA) polymers with active functional groups
(e.g. carboxyl groups). The a-BNNTs were then assembled onto
the surface of PAA/PVA nanobrous polymeric lm via either
physical electrostatic interaction or chemical covalent bonding
(Fig. S1†). On attaching BNNTs onto PAA/PVA nanobrous lm
through chemical bonds, a large enhancement in thermal
conductivity could be realized. Experimental results were
theoretically supported by the molecular dynamics (MD)
simulations. To the best of our knowledge, this is the rst report
which demonstrates interfacial engineering via chemical
assembly of functionalized BNNTs is an efficient strategy to
enhance the thermal conductivity of polymeric composites.

2. Experimental
2.1 Materials

Multiwall boron nitride nanotubes (purity 40–50% without
catalysts, length: up to 200 mm) were purchased from BNNT
LLC. Succinyl chloride, PAA (average Mw ¼ 450 000), PVA
(average Mw ¼ 89 000–98 000), and N,N-dimethylformamide
(DMF) were acquired from Sigma-Aldrich. Ethylene diamine
(EDA) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC) were obtained from TCI and Alfa Aesar,
respectively.

2.2 Preparation of amine-functionalized BNNTs

Amine-functionalized BNNTs (a-BNNTs) were synthesized via
chemical reaction between chlorinated BNNT (cl-BNNTs)30,31

and EDA (Fig. S1(a)†). In brief, 100 mg BNNT, puried by acid
and heating treatment, was dispersed in 5 mL succinyl chloride
and the solution was reuxed at 190 �C for 120 h. The resultant
powder was collected via centrifugation followed by washing
repeatedly with chloroform to remove any unreacted succinyl
chloride. The powder was next dispersed in 5 mL of EDA solu-
tion and stirred at 80 �C for 24 h.32 The nal product was
collected as white solid through centrifugation, followed by
repeated washing with water.

2.3 Preparation of PAA/PVA nanobrous thin lms

A schematic representation of the electro-spin synthesis of PAA/
PVA nanobrous lm has been displayed in Fig. S1(b).†33,34 A
homogeneous solution of PAA/PVA (mass ratio of 1 : 1) and
a total polymer concentration of 8 wt% in H2O was prepared by
stirring at 70 �C for 24 h. The polymer solution was sprayed as
polymeric nanobers with a high voltage of 19 kV applied
between the needle and the collector (aluminum foil) at
This journal is © The Royal Society of Chemistry 2018
a feeding rate of 4 mL h�1 and 20 cm tip-to-collector distance.
Through this process, 6 layers of PAA/PVA nanobrous webs
were stacked which were then hot-pressed at 80 �C to produce
lms. The resultant PAA/PVA nanobrous lms were further
thermally treated at 145 �C for 30 min to render them water
insoluble.
2.4 Assembly of a-BNNTs onto PAA/PVA nanobrous lms

The processes of assembling BNNTs onto the PAA/PVA nano-
brous thin lms via physical and chemical routes have been
illustrated in Fig. S1(c).†34 In the chemical route, a-BNNTs were
covalently assembled onto the PAA/PVA nanobrous thin lms
through imide formation between the amine groups of BNNT
sidewalls and the carboxylic acid groups of PAA in the EDC
aqueous solution. Specically, 1 mg (1 wt%) of a-BNNTs was
dispersed in EDC aqueous solution (32.6 M, 5 mL) by tip-
sonication for 3 h. Next, the water stable (or insoluble) PAA/
PVA nanobrous thin lms (3 � 0.5 cm2, 60 mg) displayed in
Fig. S1(b)† were dipped into the resultant solution for 48 h,
rinsed with water 3 times, and then dried under vacuum at
room temperature for 24 h. In the physical absorption, the water
stable nanobrous thin lms were dipped into a dispersion of a-
BNNTs in aqueous solution without EDC, followed by the same
process of the chemical route. The produced nanobrous thin
lms with a-BNNTs by physical absorption or chemical reaction
were also displayed in Fig. S1(c).†
2.5 Structural characterizations

To determine the functionalization of BNNTs and their
assembly on the nanobrous lms via physical absorption and
chemical reaction, Fourier transform infrared spectroscopy (FT-
IR, Nicolet iS10 spectrometer using ATR accessory, Thermo
scientic Ltd., Japan) was used and X-ray photoelectron spec-
troscopy (XPS, Multilab 2000 VG Ltd., UK) was investigated with
a monochromatic Al Ka line and a photo energy of 1486.6 eV,
using a 180 hemispherical analyzed in a constant-resolution
mode with a pass energy of 50 eV and 20 eV for whole and
individual element, respectively. According to the state of
products, XPS investigation was performed as powder and lm
state, respectively. All morphological changes of the electrospun
nanobrous thin lms before and aer the assembling of a-
BNNTs were studied using scanning electron microscopy
(SEM, S-4700, Hitachi Ltd., Japan) at an operating voltage of 15
kV aer platinum-coating for 180 second (E-1030, Hitachi Ltd.,
Japan). Field emission transmission electron microscopy (FE-
TEM, JEM-2100F, JEOL Ltd., Japan) was performed at an oper-
ating voltage of 100 kV. To prepare the TEM sample, a drop of
suspensions (50 mL) produced by sonicating nanobrous thin-
lms with and without a-BNNTs in ethanol for 1 h was placed
on carbon coated nickel grid, followed by evaporation of the
ethanol at room temperature. Thermogravimetric analysis
(TGA, TGA-50, Shimadzu Ltd., Japan) was conducted at a heat-
ing rate of 10 �C min�1 under aerobic condition.
RSC Adv., 2018, 8, 4426–4433 | 4427
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2.6 Thermal conductivity measurement

Thin lms were cut into 3 cm � 0.5 cm rectangle. The
Angstrom's method with AC periodic scanning laser heating
(ULVAC-RIKO, incorporation, Laser PIT) was used to measure
the thermal diffusivity (a) of nanobrous thin lms. In this
technique, a periodic square wave of heat was applied at one
end of the lm (near the heat source) while the other end (near
the heat sink) was kept at room temperature. As a result of
propagation of heat, such periodic square wave was attenuated
by lowering the amplitude and experiencing a phase shi. The
resulting square waves were obtained at the two thermistors
located at separate points along the long axis of thin-lms. The
thermal diffusivity (a) was obtained from Fourier transform of
such waves. From the thermal diffusivity values obtained from
experiments, thermal conductivity (l) was calculated using the
following eqn (1).5

l ¼ a � r � c (1)

where, a is thermal diffusivity, r is density of products, and c is
their specic heat. The density of PAA/PVA (1435 kg m�3) was
measured by high precision pycnometer (BELPycon, Micro-
tracBEL, Japan). In this study, other density and specic heat
values of composite thin-lms were calculated using common
role of mixture according to the following eqn (2).35

dcomposite ¼ vpolymer � dpolymer + vfiller � dfiller (2)

where, v is volume percentage. The density of BNNTs
(2180 kg m�3),5 and specic heats of PAA/PVA polymer
(500 J kg�1 K�1)36 and BNNTs (1431 J kg�1 K�1)5 were adopted
from the literature.
2.7 All atom based simulation

To estimate quantitatively the inuences of the functionaliza-
tion of BNNTs and their assembly on thermal conduction of the
PAA/PVA nanobrous thin lms, the molecular dynamics (MD)
simulations were performed by using the Material Studio so-
ware. A force eld used in the simulations was COMPASS II. The
total potential energy (Utotal) is expressed as eqn (3).37

Utotal ¼ Ub + Uq + Uf + Uc + UvW + Uel + Uco (3)

where Ub, Uq, Uf, and Uc are the bonding valence terms by bond
stretch, angle variation, bending, and torsion. UvW and Uel are
the non-bonding terms by van der Waals and electrostatic
interactions. A cut off distance for non-bonding interaction was
set to 1.20 nm. Uco is a coupling effect term.

The MD models of PAA/PVA nanobrous thin lms were
constructed by packing the PAA/PVA polymer chains (n ¼ 10). A
size of the periodic boundary cell was 2.0 � 2.0 � 12.0 nm3. An
energy minimization was performed with smart algorithm to
relax the potential energy and the motion of atoms. The mini-
mized models were stabilized under isothermal and isobaric
conditions (NPT ensemble, 80 �C and 50MPa). This process was
performed for 2.0 ns, and each time step was 1 fs. A single-
walled structure was selected to focus on the effect of the
4428 | RSC Adv., 2018, 8, 4426–4433
functionalization, and its chirality was (10,0). A degree of the
functionalization (no. functional groups/no. BNNT atoms) was
3.0%. The functionalized BNNT model was assembled on
a stabilized PAA/PVA model. The assembled model was relaxed
again via stabilization process. A stabilized model had the
physical (non-bonding) routes between PAA/PVA and function-
alized BNNT models. A model that had chemical (covalent
bonding) routes was made by performing the stabilization
process aer connecting the PAA/PVA chains and functional
groups. The MD models for the pristine, physical assembled,
and chemical assembled PAA/PVA nanobrous thin lms were
denoted as “PAA-PVA”, “PAA-PVA_phys”, and “PAA-PVA_chem”,
respectively. The thermal conductivity along heat ow direction
was dened by Fourier's law. Müller and Plathe38 suggested the
calculation method of thermal conductivity in MD model. This
method determined the resulting temperature gradient by
imposing a heat ux through the energy variation between cool
and hot layers in an MD model. The MD model was divided
into N layers to heat ow direction, and the thickness of each
layer was identical. Its center layer and two end layers were
dened as the cold layer and hot layer, respectively. The fastest
atom in cool layer and the slowest atom of same mass in hot
layer exchange the velocity vector. Then the temperature
increase in hot layer and decrease in cold layer. The repetition
of above process generates an energy transfer from hot layer to
cold layer. It also leads to temperature gradient between cold
layer and hot layer. The thermal conductivity (l) between the
cool and hot layers was expressed as eqn (4).39

l ¼ �
X

transfer

m

2

�
vh

2 � vc
2
�.

2tAhvT=vxi (4)

where m, v, and t are the mass, velocity, and time of atoms,
respectively. A is a cross sectional area of MDmodel. vT/vx is the
temperature gradient along heat ow direction (x).
Superscript h and c indicate hot and cool layer, respectively.
3. Results and discussion

To assemble BNNTs onto PAA/PVA nanobrous thin lms,
amine functionalized BNNTs (a-BNNTs) were synthesized via
chloride-amine reaction. FT-IR and XPS measurements were
done to verify the introduction of amine groups on the surface
of BNNTs. A typical FT-IR spectrum of the puried BNNT
revealed two peaks at 796 and 1375 cm�1, which were assigned
to A2u (B–N–B out-of-plan bending vibration mode) and E1u (in
plane B–N transverse optical mode) (Fig. S2†).40 On the other
hand, for the chlorinated BNNTs (cl-BNNTs), the absorption
peaks at 752 cm�1, 1780 cm�1, and 2931 cm�1 were ascribed to
C–Cl, C]O and C–H stretching vibration, respectively.31,41

These results indicated that the chlorination reaction between
COCl group of succinyl chloride and the nitrogen atoms on the
partially ionic B–N bonding of BNNTs occurred under extreme
conditions. In the amine-functionalized BNNTs (a-BNNTs), the
C–Cl absorption peak disappeared and new peaks which could
be assigned to CONH and N–H stretching vibration at
1643 cm�1 and around 3180 cm�1, respectively, appeared. This
result indicated a successful synthesis of a-BNNTs through
This journal is © The Royal Society of Chemistry 2018
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imide reaction between cl-BNNTs and the diamine ligand. The
same inference can also be drawn by comparing XPS Cl 2p
spectra of cl-BNNTs and a-BNNTs. The XPS Cl 2p of cl-BNNTs
displayed the C–Cl and Cl– ionic peaks (Fig. S3†). However,
these peaks disappeared aer imide reactions. For the N 1s
spectra (Fig. S4†), the gradual shi toward high binding energy
is clearly observed, possibly due to the chemical reaction
between nitrogen and succinyl chloride molecule. In contrast,
there is no change for the B 1s XPS spectra (Fig. S4†). Such result
clearly indicated that succinyl chloride reacted with nitrogen
atoms. The FT-IR and XPS data conrmed the formation of
amine-functionalized BNNTs via chloride-amine reaction
between cl-BNNTs and diamine ligand via imide formation.

The thermal properties of BNNTs were investigated through
TGA (Fig. S5†). The pristine BNNTs showed no specic
decomposition up to 800 �C. Beyond 800 �C, a slight mass gain
(�#1 wt%) could be observed which was due to the oxidation of
boron. On the other hand, the cl-BNNTs showed a continuous
weight loss until 800 �C, whereas, three stages of weight loss
could be observed for a-BNNTs. The rst region (I) below 200 �C
indicated weight loss of adsorbed residual solvents and/or
impurities obtained from the functionalization process. The
second region (II) between 200 and 500 �C could be attributed to
the thermal decomposition of covalently graed organic chlo-
rination groups. Such result indicated that the percentage of
covalently graed organic chlorination groups is ca. 44.5%. The
third region (III), interestingly, showed a continuous weight loss
above 500 �C, and over 1000 �C, residues above 8% could be
found. This was attributed to the removal of unstable BNNTs
caused by chemical reaction. For the a-BNNTs products, the
weight loss regions were more clearly observed. The rst (I) and
second (II) region were also from the adsorbed residual solvents
and/or impurities in the products, and from the loss of the
amine ligand from the surface of the BNNTs, respectively. The
third region (III) revealed complete mass loss until reaching
Fig. 1 (a) FT-IR and (b) XPS C 1s spectra of pristine nanofibrous film, and
functionalized BNNTs.

This journal is © The Royal Society of Chemistry 2018
1000 �C. These results can be explained that the functional
groups were evenly functionalized onto the surface of chemi-
cally inert BNNTs.

a-BNNTs were assembled on the electrospun nanobrous
thin lms via either physical or chemical approaches (called as
PAA/PVA_phys and PAA/PVA_chem, Fig. S1†). The PAA/PVA
nanobrous thin-lms before and aer assembling of a-
BNNTs were investigated by FT-IR analyses (Fig. 1(a)). For FT-
IR spectrum of PAA/PVA nanobrous thin-lms,42 peaks at
2929, 1704, 1091 and 3407 cm�1 were observed which origi-
nated from C–H symmetric stretching, COO– asymmetric
stretching from PAA, C–O asymmetric stretching from PVA and
overlapped symmetric vibrations –OH and –COOH, respectively.
Aer assembling of a-BNNTs onto the thin-lms via physical
approach, specic BNNT vibration peaks were observed at
802 cm�1 and 1373 cm�1. We observed downshis for the
absorption peaks of C–O, COO–, and overlapped peaks of –OH
and –COOH related to PAA and PVA polymer, probably due to
the physical electrostatic interaction between the amino group
of BNNT and functional group of PAA/PVA nanobers. By
contrast, for the chemically assembled a-BNNTs on the PAA/PVA
nanobrous thin lms, we observed a new absorption peak at
1641 cm�1 corresponding to CONH stretching vibration.38

Furthermore, the specic peaks related to PAA polymer showed
a surprisingly large degree of change. For example, the COO–
stretching peak was up-shied to 1708 cm�1 in contrast to that
of the physically assembled sample, indicating the presence of
interaction between the carboxylic acid group of the polymer
and amine group of the BNNTs. The overlapped peak of –OH
and –COO at 3315 cm�1 become narrow, suggesting partial
disappearance of the –COOH groups. Thus, the carboxylic acid
groups of the PAA polymers participated in chemical interaction
with a-BNNTs, leading to the formation of CONH bonds. To see
the additional distinctive differences between the physical and
chemical assemblies of a-BNNTs onto PAA/PVA nanobrous
the physically and chemically assembled nanofibrous films with amine

RSC Adv., 2018, 8, 4426–4433 | 4429
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Fig. 2 Scanning electron microscopic images of (a) pristine PAA/PVA nanofibrous film, (b) physically and (c) chemically assembled nanofibrous
films with functionalized BNNTs. (d) A typical transmission microscopic image of (c).

Fig. 3 Thermogravimetric curves of pristine nanofibrous film and the
physically and chemically assembled nanofibrous film with function-
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thin lms, we carried out XPS measurement and the resulting
spectra were carefully analyzed by curved-tting (Fig. 1(b) and
S6†).

The C 1s spectrum (Fig. 1(b)) of the pristine PAA/PVA nano-
brous thin lms displayed three peaks at 284.6, 286.3, and
288.7 eV, which were ascribed to C–C, C–O, and –COOH
bonding, respectively. However, the physical assembly of
a-BNNTs allowed the C 1s spectrum of thin lm to show new
peaks of C–N and –COO– bonding at 285.8 and 288.0 eV. Such
data indicated that the a-BNNTs were sufficiently adsorbed onto
the thin lms via weak physical electrostatic interaction. In the
chemically assembled sample, we observed a new peak at 287.4,
which was attributed to –CON– bonding. In addition, B 1s and N
1s spectra of physically and chemically assembled nanobrous
lms (Fig. S6†) showed considerable peak changes as compared
to those of the pure BNNTs, indicating strong interaction
between the organic polymer and the inorganic a-BNNTs. The
XPS results strongly indicated that a-BNNTs were successfully
assembled onto PAA/PVA nanobrous thin lms via either
physical electrostatic interaction or chemical covalent bonds.

SEM observation was performed to see the morphological
changes in the PAA/PVA nanobrous thin lms before and aer
the assembling of a-BNNTs (Fig. 2). The SEM image of the
pristine PAA/PVA nanobrous thin lm (Fig. 2(a)) showed
smooth and uniform nanobers with random orientation along
with slightly pressurized and cross-linked portions caused by
hot-pressure and stabilization process. The physically assem-
bled sample (Fig. 2(b)) was very similar to that of the pristine
lm, except some small particles were locally attached to their
surface. However, the chemically assembled lm (Fig. 2(c))
displayed a rough surface with numerous small particles
attached to its surface. Such difference indicated that numerous
a-BNNTs were chemically assembled onto the surface of the
4430 | RSC Adv., 2018, 8, 4426–4433
PAA/PVA nanobrous lm with the help of EDC. From the
additional TEM observation (Fig. 2(d)), we identied that the
small particles were actually modied BNNTs on the surface of
the nanober. The experimental evidence from SEM and TEM
studies suggested that the BNNTs were assembled on nano-
brous thin lms through either physical absorption or chem-
ical reaction.

The effect of the assembled a-BNNTs on the thermal stability
of nanobrous lms were also investigated by TGA and DSC
analyses (Fig. 3 and S7†). The weight loss of PAA/PVA nano-
brous thin-lms can be categorized into 3 sections;
alized BNNTs under aerobic condition.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Thermal diffusivity and (b) thermal conductivities of pristine nanofibrous film and the physically and chemically assembled nanofibrous
films with functionalized BNNTs.
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evaporation of water and/or organic solvents (I), thermal
decomposition of (II) functional groups and (III) backbone of
polymers. The PAA/PVA nanobrous thin-lm showed complete
decomposition at 500 �C. An enhanced decomposition
temperature (600 �C) was observed for the physically assembled
nanobrous lm which was due the effect of the physically
incorporated BNNTs. By contrast, a dramatically increased
thermal stability was observed for the chemically assembled
lm (more than 30% at 1000 �C). It is assumed that the chem-
ically introduced a-BNNTs on the surface of nanobrous poly-
mer matrixes acted as protective agent with regard to oxygen
attack. These results can be used as evidence that a-BNNTs can
affect the thermal stability of PAA/PVA nanobrous thin-lms,
especially if BNNTs are chemically assembled onto the poly-
meric thin lm.

Thermal conductivity of the nanobrous thin lms before
and aer assembling a-BNNTs was experimentally evaluated by
measuring their thermal diffusivities. The experimentally ob-
tained thermal diffusivities (Fig. 4(a)) and calculated thermal
conductivities (Fig. 4(b)) revealed that the chemical assembling
approach was more effective than the physical route. We ach-
ieved high thermal conductivity of nanobrous lm up to
Fig. 5 (a) Thermal conductivities, (b) specific heats, and average atomic
fibrous films obtained from the MD simulations.

This journal is © The Royal Society of Chemistry 2018
0.65 W mK�1 via the chemical assembly of a-BNNTs, which is
equivalent to thermal diffusivity of 9.01 � 10�7 m2 s�1. This is
1.5-fold higher than both the pristine nanobrous lm
(0.42 W mK�1, 5.95 � 10�7 m2 s�1) and the physically assem-
bled nanobrous lm with a-BNNTs (0.43 W mK�1, 5.99 � 10�7

m2 s�1). It is interesting to achieve such a high thermal
conductivity from the chemically assembled nanobrous lm,
considering the small amount of BNNTs incorporated (1 wt%).
Therefore, it is worth mentioning that the covalent bond
formation between amine-functionalized BNNTs and the
–COOH of polymer matrixes reduced the interfacial thermal
resistance, which resulted in the improvement of thermal
conductivity for polymeric composite lms.

Finally, the inuences of the functionalization of BNNTs and
their assembly was estimated quantitatively by analyzing the
results of MD simulations (Fig. S8†) and compared with the
experimental results. The thermal conductivities of three MD
models are well matched with the experimentally measured
results (Fig. 5(a)). It means that the three MD models were well
constructed to simulate the characteristics of PAA/PVA nano-
brous thin-lms. The specic heats and average atomic
velocities obtained fromMD simulation (Fig. 5(b)) revealed that
velocities of pristine, the physically, and chemically assembled nano-

RSC Adv., 2018, 8, 4426–4433 | 4431
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Fig. 6 (a) Relative variations of potential energy and (b) interaction energies between the nanofibrous films and functionalized BNNTs obtained
from the MD simulations.
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the capacity of enthalpy in PAA/PVA nanobrous thin-lms was
signicantly improved by adding the functionalized BNNTs. A
high capacity of enthalpy means that the variation of potential
energies was increased by the temperature change. The poten-
tial energies with temperature show the largest variations for
PAA/PVA_chem, and those of PAA/PVA and PAA/PVA_phys
shows a small difference (Fig. 6(a)). These results show that
the chemical assembled PAA/PVA nanobrous thin-lm had
a lager heat ux than the others in the identical temperature
gradient. It was the one of reason that the thermal conductivity
was improved by the functionalization of BNNTs and their
assembly. Another reason was the effect of interactions
improved in the interphase between the PAA/PVA nanobrous
thin-lm and functionalized BNNT. The interaction energies of
PAA/PVA_chem were a higher than those of PAA/PVA_phys in
every temperature range (Fig. 6(b)). This result means that the
expansion of the conductive path and interphase area by
a formation of the covalent bond improved the exchange of
energy in the interphase. When the interphase had the high
interaction energy, the functionalized BNNTs on PAA/PVA
nanobrous thin-lms can performed the role as good
conductive path. Therefore, the functionalization of BNNTs and
their assembly on the nanobrous lms are the effective
method to improve the conductive performance of the nano-
brous thin-lm based the polymers.
4. Conclusion

In this work, a new approach for assembling functionalized
BNNTs onto electrospun polymer nanobrous thin lms was
attempted to enhance thermal conductivity of the lm. The
amine-functionalized BNNTs, produced by chlorine-amine
reaction, were assembled onto PAA/PVA nanobrous lms
through either physical absorption or chemical reaction.
Although a small amount of BNNTs (1 wt%) was chemically
assembled onto the polymer nanobrous lm, the thermal
stability of the lm became very high at 1000 �C (30%). In
4432 | RSC Adv., 2018, 8, 4426–4433
addition, the chemically assembled nanobrous lm with a-
BNNTs showed 1.5-fold higher thermal conductivity than
those of the pristine and the physically assembled nanobrous
lms. We clearly demonstrated that interfacial engineering
between inorganic ller and organic matrixes is critical to
realize high thermal conductivity of polymer composites. The
chemical approach we developed here can be extended to
prepare other types of polymeric composites with high thermal
conductivity for applications in devices, sensing, and catalysis.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Y. A. K. acknowledges the nancial support from the National
Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIP) (No. NRF-2017R1A2A1A17069771) and from
the Nano Material Technology Development Program through
the NRF funded by the Ministry of Science, ICT and Future
Planning (2016M3A7B4021149). This study was also supported
by Korea Institute of Science and Technology (KIST) Institu-
tional Program and Space Core Technology Development
Program (No. 2017M1A3A3A02016310) through the National
Research Foundation of Korea (NRF).
Notes and references

1 L. Xinxia, Y. Yaping, D. Lan, G. Jie, A. Adili, X. Xiangfan and
L. Baowen, J. Phys. D: Appl. Phys., 2017, 50, 104002.

2 J. Hou, G. Li, N. Yang, L. Qin, M. E. Grami, Q. Zhang,
N. Wang and X. Qu, RSC Adv., 2014, 4, 44282–44290.

3 Y. Hwang, M. Kim and J. Kim, RSC Adv., 2014, 4, 17015–
17021.

4 C. Seran, I. Hyungu and K. Jooheon, Nanotechnology, 2012,
23, 065303.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra11808b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 7
/1

8/
20

25
 1

1:
16

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
5 T. Terao, C. Zhi, Y. Bando, M. Mitome, C. Tang and
D. Golberg, J. Phys. Chem. C, 2010, 114, 4340–4344.

6 Y.-J. Xiao, W.-Y. Wang, T. Lin, X.-J. Chen, Y.-T. Zhang,
J.-H. Yang, Y. Wang and Z.-W. Zhou, J. Phys. Chem. C, 2016,
120, 6344–6355.

7 M. Kim, Y. Kim, S. H. Baeck and S. E. Shim, Carbon Lett.,
2015, 16, 34–40.

8 X. Huang, T. Iizuka, P. Jiang, Y. Ohki and T. Tanaka, J. Phys.
Chem. C, 2012, 116, 13629–13639.

9 J.-H. Kim, K. H. Kim, M.-S. Park, T.-S. Bae and Y.-S. Lee,
Carbon Lett., 2016, 17, 65–69.

10 C. Zhi, Y. Bando, T. Terao, C. Tang, H. Kuwahara and
D. Golberg, Adv. Funct. Mater., 2009, 19, 1857–1862.

11 L. C. Sim, S. R. Ramanan, H. Ismail, K. N. Seetharamu and
T. J. Goh, Thermochim. Acta, 2005, 430, 155–165.
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