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A B S T R A C T   

To reduce the interfacial thermal resistance between boron nitride nanotubes (BNNTs) and epoxy resin, we 
report a novel method to obtain NH2-functionalized BNNTs with a perfect crystal structure by C doping to 
construct chemically active sites on the BNNT surface (BNNT-A), and compare it with the conventional method 
of NH2-functionalized BNNTs by breaking the B–N bond (BNNT-B). The results show that the insulation prop
erties and thermal conductivity of BNNT-A were better than those of BNNT-B. When the NH2-functionalized ratio 
was 5%, the thermal conductivity of BNNT-A was improved by 12.21 W/(m⋅K) compared with that of BNNT-B. 
NH2 functionalization had little effect on the insulation properties of BNNT-A/epoxy resin (BNNT-A-EP), and 
BNNT-B/epoxy resin (BNNT-B-EP) comparing with BNNT/epoxy resin (BNNT-EP). The thermal conductivity of 
BNNT-A-EP was 2.52 W/(m⋅K), which was improved by 23.5% and 77.5% compared with BNNT-B-EP and BNNT- 
EP, respectively. In addition, the volume change rate of BNNT-A-EP was reduced by 27.6% and 50% relative to 
BNNT-EP and BNNT-B-EP. The functionalization of NH2 on the surface of BNNTs by C doping can establish an 
effective heat transfer "bridge" between BNNTs and epoxy resin, which is beneficial for improving the thermal 
conductivity of epoxy composites. This work presents a strong potential method to reduce the interfacial thermal 
resistance of electronic packaging materials.   

1. Introduction 

With the development of electronic devices towards miniaturization, 
light weight and high integration, this puts forward greater challenges 
for the thermal conductivity of electronic packaging materials [1]. 
Electronic packaging materials are composite materials composed of 
polymers and fillers, among which epoxy composite is common [2]. 
Polymers have good electrical insulation properties, but their thermal 
conductivity is low [3–5]. The thermal conductivity of composites is 
highly associated with the thermal conductivity of the fillers [6]. Inor
ganic fillers have high thermal conductivity, but the interfacial thermal 
resistance between inorganic fillers and polymers is large, which limits 
the further improvement of the thermal conductivity of composites [7, 
8]. Therefore, it is of great significance to reduce the interfacial thermal 
resistance between fillers and polymers. 

Boron nitride nanotubes (BNNTs) have been widely used as fillers in 
electronic packaging materials due to their excellent mechanical prop
erties, insulation properties and thermal conductivity [9–11]. However, 
the thermal conductivity of the composites is still limited by the inter
facial thermal resistance between BNNTs and polymers. To reduce the 
interfacial thermal resistance between inorganic fillers and polymers, 
the most effective method is considered to be functionalization of the 
surface of fillers [12]. Generally, the surface of inorganic fillers carries 
hydroxyl groups due to the influence of moisture in the air, which can be 
directly treated with coupling agent [13–15]. The coupling agent wraps 
on the surface of the filler and forms covalent bonds with the polymers, 
acting as a bridge between the filler and the polymer. It can improve the 
thermal conductivity of composites by reducing interface phonon scat
tering [16,17]. BNNTs have an excellent crystal structure, but their 
surface does not carry any active groups; thus, it is difficult for 
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conventional solutions to react with BNNTs. At present, plasma treat
ment and hydrogen peroxide oxidation methods [18–20] are mainly 
used to open some of the B–N bonds on the surface of BNNTs to produce 
chemical reaction active sites. Functional groups are grafted onto the 
active sites to enhance the interfacial interaction between BNNTs and 
polymers to reduce the interfacial thermal resistance [21]. However, the 
above methods can easily lead to defects on the surface of BNNTs and 
reduce the thermal conductivity of the fillers [22]. Improving the dis
persivity of BNNTs by amphiphilic polymers or reagents can improve the 
thermal conductivity of the composites to a certain extent [23,24], but 
no covalent bond forms between BNNTs and polymers, and a large 
interfacial thermal resistance still arises. The replacement of some 
six-membered rings of BNNTs by graphene six-membered rings has been 
reported, which provides inspiration for the construction of chemical 
reaction sites on the surface of BNNTs. However, the graphene 
six-membered ring will reduce the band gap of BNNTs, which is not 
conducive to maintaining the excellent insulation properties of BNNTs 
[25]. 

The rapid development of computer technology enables molecular 

simulation can reveal the mechanism of the macro properties of mate
rials from the micro perspective [26–28]. In recent years, it has been 
widely used in molecular structure design and performance prediction of 
new materials [29–32]. In addition, good results have achieved in the 
prediction of insulation properties and thermal conductivity of polymer 
materials, nanomaterials and composites by molecular simulation 
[33–35], and their feasibility has been verified by experiments [36–39]. 
Molecular simulation can effectively guide the synthesis of new 
high-performance materials, which has become an important tool for the 
design of new materials [40]. 

Here, BNNT was doped with C atoms to substitute B atoms to 
construct chemical reaction active sites on the surface of BNNT, and NH2 
was grafted onto C atoms to realize NH2 functionalization of BNNT. We 
utilized the covalent bond of NH2 crosslinking with epoxy resin (EP) 
[41] to reduce the interfacial thermal resistance. In BNNT structure, B 
atom and three N atoms around it formed covalent bonds by sp2 hy
bridization, and the three N atoms formed an equilateral triangle. After 
substituting B atom with C atom and grafting NH2 onto C atom, C atom 
formed covalent bonds with four N atoms by sp3 hybridization. The four 

Fig. 1. NH2-functionalized BNNTs of different methods.  

Fig. 2. Composite models of BNNT, DGEBA and PA.  
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N atoms around the C atom were the vertices of the regular tetrahedron. 
The three N atoms at the functional site of BNNT were located on the 
three vertices of the bottom surface of the regular tetrahedron, and the 
bottom surface was also an equilateral triangle. Therefore, compared 
with the conventional functional methods (plasma and oxidation), the 
functional method by C doping could not seriously destroy the structure 
of BNNT, which ensured the integrity of the crystal structure of the 
NH2-functionalized BNNT. In addition, the 2s orbital and three 2p or
bitals of C atom produced sp3 hybridization in the NH2-functionlized 
BNNT by C doping. C atom formed σ bonds with the four N atoms around 
it. There was not delocalized π bond between C atom and N atom, which 
made NH2-functionlized BNNT have excellent insulation properties. We 
established BNNT models of C doping for NH2 functionalization. Then, 
molecular simulation technology was adopted to explore the insulation 
properties and thermal conductivity of BNNT and BNNT/EP. The 
effectiveness of C doping for NH2 functionalization was verified by 
comparison with the conventional method. 

2. Models and simulation methods 

2.1. Building molecular models 

The reaction energy barrier of the B atom on the BN surface is smaller 

Fig. 3. Electronic structure of functionalized BNNTs. (a) Density of states of BNNT-A, (b) density of states of BNNT-B, (c) LUMO-HOMO of functionalized BNNTs, and 
(d) amount of charge of NH2 on the BNNT surface. 

Fig. 4. The density of states of NH2 on BNNT-A, density of states of NH2 and 
NH on BNNT-B. 
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than that of the N atom [42]. The size of the B atom is close to that of the 
C atom, which makes B atom and C atom can be substituted by each 
other. Therefore, the B atom was chosen as the substitution doping site. 
When the B atom is substituted by the C atom, the one more valence 
electron on the C atom becomes the chemical reaction active site, which 
will combine with NH2 to realize functionalization of BNNTs. First, the 
single-wall BNNT with a diameter of 8.14 Å and a repeat unit of 10 was 
constructed, and the unsaturated bonds at both ends of the BNNT was 
treated by H atoms. Then, the BNNTs were processed by the following 
two functionalization methods: ① The B atoms on the surface of BNNTs 
were partially substituted by C atoms, and NH2 was grafted onto C atoms 
(BNNT-A). The ratios of C atoms to B atoms were 0, 5%, 10%, 15% and 
20%. ② The B–N bonds on the surface of BNNTs were broken. NH2 was 
grafted onto B atoms, and unsaturated N atoms were treated with H 
atoms (BNNT-B). The grafting ratios of B atoms were 0, 5%, 10%, 15% 
and 20%. The NH2-functionalized BNNT models established by the two 
methods are shown in Fig. 1. 

The influence of size effect on the thermal conductivity of BNNT 
calculated by Non-equilibrium Molecular Dynamics (NEMD) has been 
discussed in Ref. [43]. With the increase of BNNT length, the thermal 
conductivity increased gradually, but the growth rate tended to 
decrease. Due to the limitation of calculation conditions, we could only 
calculate the composite model with a maximum length 254 Å. So, we 
chose the BNNT of length 254 Å as the research object of this paper. 
Because our research was based on the same length of BNNT, the 
calculation results would not affect the comparison between different 
functional methods. 

BNNT, BNNT-A, BNNT-B were extended to 254 Å along z direction. 
They were combined with diglycidyl ether of bisphenol A epoxy resin 
(DGEBA) and phthalic anhydride (PA) to construct composite models 
(Fig. 2), respectively. In order to minimize the energy of DGEBA and PA 
in the composite model, the initial filling density was set at 0.6 g/cm3. 
The composite models were crosslinked, and the system with 

crosslinking density of 85% was selected as the final model for subse
quent performance calculation and analysis. 

2.2. Simulation methods 

2.2.1. Simulation method of insulation properties 
A positive correlation exists between insulation properties and the 

energy gap [44]. Based on the DFT method [45] and generalized 
gradient approximation (GGA) [46,47], the PBE exchange correlation 
potential was used to calculate the density of states and orbitals of 
models [48]. The DFT simulations were implemented in the DMol3 
package [49]. The frontier molecular orbitals are divided into the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO). The energy gap between the LUMO energy 
and the HOMO energy can reflect the electron transition ability. The 
energy gap of the frontier orbital level of the model is as follows: 

Egap=ELUMO − EHOMO (1) 

In the process of calculation, the quality was set as fine, the 
maximum number of iteration steps and cycles was 100. Smearing was 
used to speed up the convergence, and the value was 0.005. 

2.2.2. Simulation method of thermal conductivity 
NEMD simulation method [41] was adopted to investigate the 

thermal conductivity of the models. The model was divided into 40 
layers along z direction. An energy flux is imposed on both ends of the 
model, and the temperature gradient was calculated by energy exchange 
between two adjacent layers. The formula of thermal conductivity is as 
follow: 

λ= −
J

dT/dz
(2)  

where, J is the energy flux in the z direction, and dT/dz is the temper
ature gradient. Since the direction of the energy flux is opposite from the 
gradient, the thermal conductivity is always positive. The energy flux is 
imposed by exchanging, every time interval (Δt), an energy (ΔE) be
tween two fixed layers in the system: 

|J| =
1
2A

×
ΔE
Δt

(3)  

where, A is the area perpendicular to the energy flux direction, and the 
factor 2 is due to periodic boundary conditions, since an amount ΔE/2 
flows in or out either sides of the layer [50]. 

Before calculating the thermal conductivity of the model, in order to 
make the model in a reasonable state, the geometric optimization of the 
model was carried out in 5000 steps [51,52]. The annealing molecular 
dynamics simulation was carried out between 300 K and 900 K for 5 
cycles, the temperature interval was 50 K, the ensemble was NPT 
(constant number of atoms, pressure, and temperature), and the calcu
lation time was 100 ps at each temperature. Then, molecular dynamic 
equilibrium of the model was carried out at room temperature (298 K), 
so that density of the model was tend to be stable, the ensemble was 
NPT, and the calculation time was 500 ps. On the basis of sufficient 
dynamic equilibrium, the dynamic relaxation of 1000 ps was carried out 
under the NVT ensemble (constant number of atoms, volume, and 
temperature), the temperature was 398 K. Finally, the temperature 
gradient of the model was calculated under the NVE ensemble (constant 
number of atoms, volume, and energy), and the time was 500 ps. The 
time step of molecular dynamics calculation was 1 fs, and trajectory 
information was collected every 500 steps. The dynamics trajectory 
information of the last 100 ps was selected to analyze the parameters of 
temperature gradient and thermal conductivity. Building molecular 
models, geometric optimization of the models and MD simulations were 
done by Materials Studio combined with LAMMPS software package 
[53]. The temperature control method and pressure control method 

Fig. 5. HOMO of the models. (a) BNNT-A, and (b) BNNT-B.  
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were Andersen and Berendsen respectively [54]. The pressure value was 
1 atm. The electrostatic and van der Waals were described by Ewald and 
Atom based. The cut-off distance was set as 15.5 Å. Due to the special B 
atom in BNNT structure, there was no potential energy function suitable 
for B atom in the COMPASS force field. The Universal force field con
tains the potential energy function of all elements, which is widely used 
in the simulation of metal, organic and inorganic composites [55–58]. 
Therefore, Universal force field was selected to describe the interactions 
between molecules and atoms. The potential energy is expressed as a 
sum of valence or bonded interactions and non-bonded interactions 
[55]: 

E =Ev+Eθ +Eϕ +Eω +EvdW+Eel

=
1
2
kij
(
r − rij

)2
+ kijk

∑m

n=0
Cn cos(nθ) + kijkl

∑m

n=0
Cn cos

(
nϕijkl

)

+kijkl
(
C0+C1 cos ωijkl +C2 cos 2ωijkl

)

+Dij

{

− 2
[xij

x

]6
+
[xij

x

]12
}

+Ae− Bx −
C6
x6

(4) 

The valence interaction energy includes bond stretching energy (EV), 
bond angle bending energy (Eθ), dihedral angle torsion energy (Eϕ), and 
inversion terms energy (Eω). The non-bonded interaction energy in
cludes van der Waals energy (EvdW) and electrostatic energy (Eel). Where, 
kij is the force constant. rij is the standard or natural bond length. kijk is 
the force constant of i, j and k atoms. θ is the bond angle of i, j and k 
atoms; Cn is the coefficient to make the function have a minimum at the 
natural bond angle. kijkl is the force constant of i, j, k and l atoms. ϕijkl is 

the dihedral angle of i, j, k and l atoms. ωijkl is the angle between the il 
axis and the ijk plane. Dij is the well depth and xij is the van der Waals 
bond length. B is the repulsive exponential and C6 is the dispersive 
attractive term. 

The phonon density of states can describe the distribution of phonons 
in various vibration modes and reveal the mechanism of thermal con
ductivity change [59]. It can be obtained by Fourier transform of ve
locity autocorrelation function [43]. The formula of velocity 
autocorrelation function is as follows. 

C(t)=
〈v(t)⋅v(0)〉
〈v2(0)〉

=
1

〈v2(0)〉
⋅ lim

τ→∝

∫τ

− τ

v(t + t
′

)⋅v(t′ )dt
′

∫τ

− τ

dt′

(5) 

The phonon density of states can be obtained by Fourier transform of 
formula (5). The formula is as follows. 

Cvv(ω)=
∑

k=x,y,z

∑N

j==1

∫∝

0

eiωt 〈v
k
j (t)⋅vk

j (0)〉
〈vk

j (0)⋅vk
j (0)〉

dt (6)  

where, t is time, k = x, y, z represent the three directions of the model. 
The phonon density of states distribution of the model can be obtained 
by combining formula (6) with the atomic statistical velocity in MD. 

Fig. 6. (a) Thermal conductivity, (b) temperature gradient, and (c) temperature distribution of BNNT-A; (d) temperature distribution of BNNT-B.  
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3. Results and discussion 

3.1. Insulation properties of NH2-functionalized BNNTs 

With increasing NH2-functionalized ratio, the top position of the 
valence band of BNNT-A and BNNT-B was basically unchanged, whereas 
the bottom position of the valence band shifted in the direction of 
negative energy (Fig. 3a and b). When the NH2-functionalized ratio was 
greater than 5%, the energy corresponding to the position of the bottom 
of the valence band obviously decreased, indicating that the number of 
electronic states in the valence band that could be excited into the 
conduction band increased under the same material state. The positions 
of the top and bottom of the conduction band of BNNT-A and BNNT-B 
gradually shifted in the direction of negative energy, resulting in a 
decrease in the energy gap of the density of states. This indicates that the 
electrons in the valence band are easily excited into the conduction 
band. Although the peak value of the density of states curve of the 
conduction band slightly decreased, the conduction band became wider. 
The density of states energy gap of BNNT-A was always larger than that 
of BNNT-B, which indicates that NH2-functionalized BNNTs by C doping 
could maintain good insulation properties. 

The difference between BNNT-A and BNNT-B was mainly reflected in 
the functional sites. At the functional site, BNNT-A was functionalized 

by replacing B atom with C atom and then grafting NH2 onto C atom, so 
only NH2 was introduced. BNNT-B was functionalized by opening the 
B–N bond, grafting NH2 on the B atom, and the unsaturated N atom was 
treated with H atom. Therefore, NH2 and NH were introduced into 
BNNT-B. At one functional site, only one NH2 group was introduced into 
BNNT-A, while one NH2 and one NH were introduced into BNNT-B at the 
same time. In order to reveal the mechanism of the influence of the two 
functional methods on the density of states energy gap of BNNT, we 
studied the density of states of NH2 on BNNT-A, density of states of NH2 
and NH on BNNT-B respectively (Fig. 4). The density of states energy gap 
of NH2 on BNNT-A was larger than that of NH2 and NH on BNNT-B. 
When the functional ratio was the same, the density of states of 
BNNT-B was more affected by NH2 and NH than BNNT-A by NH2. So, the 
density of states energy gap of BNNT-A was larger than that of BNNT-B. 

With increasing NH2-functionalized ratio, the LUMO-HOMO values 
of BNNT-A and BNNT-B decreased gradually (Fig. 3c). When the NH2- 
functionalized ratio of was 5%, the LUMO-HOMO values of BNNT-A and 
BNNT-B were almost the same. However, the LUMO-HOMO values of 
BNNT-A were significantly larger than those of BNNT-B when the NH2- 
functionalized ratios were greater than 5%. The electron transition 
barrier of BNNT-A was larger than that of BNNT-B. Therefore, the NH2- 
functionalized method of C doping is beneficial for improving the 
insulation properties of functionalized BNNTs. 

Fig. 7. Insulation properties of composite models. (a) Density of states of BNNT-A-EP, (b) density of states of BNNT-B-EP, (c) density of states of BNNT-EP, and (d) 
LUMO-HOMO. 
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Fig. 8. (a) Thermal conductivity of composite models, (b) temperature gradient of composite models; (c) volume rates of change of composite models, and (d–f) 
temperature distribution of the models. 
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In Fig. 5, these yellow regions were the isosurfaces of molecular 
frontier orbitals. Under the same parameter settings, we noted that the 
HOMO region of BNNT was very small and evenly distributed on N 
atoms, whereas the HOMO regions of BNNT-A and BNNT-B were mainly 
distributed on part of NH2 and its surroundings. The larger the HOMO 
region is, the stronger the reactivity. Therefore, BNNT has lower surface 
reactivity, and the most active region of the functionalized BNNTs is 

mainly distributed on NH2. The NH2 on the surface of BNNTs was not 
completely occupied by the most active region, which may be related to 
the amount of charge of each NH2 group. To demonstrate this point, 
taking the BNNT-A structure with a 5% functional ratio as an example, 
we studied the Hirshfeld charge and ESP charge of the NH2 on the BNNT 
surface. The charge quantity of the Hirshfeld charge was different from 
that of the ESP charge, but the results showed that the charge quantity of 
NH2 in the "a" direction was smaller than that in the "b" direction 
(Fig. 3d). The NH2 had stronger electronegativity and higher reactivity 
in the "b" direction, so the HOMO region was mainly distributed on the 
NH2 in the "b" direction. 

3.2. Thermal conductivity of NH2-functionalized BNNTs 

As shown in Fig. 6a, the thermal conductivity of BNNT was 63.95 W/ 
(m⋅K). With the increase of NH2-functionalized ratio, the thermal con
ductivity of BNNT-A and BNNT-B decreased gradually, but the thermal 
conductivity of BNNT-A was always higher than that of BNNT-B. 
Compared with BNNT-B, the thermal conductivity of BNNT-A was 
increased by 12.21 W/(m⋅K) when the NH2-functionalized ratio was 5%. 
The thermal conductivity of BNNT-A reached 9.09 W/(m⋅K) when the 
NH2-functionalized ratio was 20%, whereas the thermal conductivity of 
BNNT-B was only 3.57 W/(m⋅K). The thermal conductivity of BNNT-A 
was 154.6% higher than that of BNNT-B. 

With increasing NH2-functionalized ratio, the temperature distribu
tion of BNNT-A was relatively uniform at high temperature, while the 
temperature distribution of BNNT-B was uneven (Fig. 6c and d). The 
reason was that the conventional NH2-functionalized method needed to 
break some of the B–N bonds on the surface of BNNTs, which destroyed 
the crystal structure of the BNNTs. The NH2-functionalized method by C 
doping did not destroy the crystal structure of the BNNTs. This resulted 
in the temperature gradient of BNNT-A being smaller than that of BNNT- 
B (Fig. 6b). 

In theory, the more NH2 groups carried on the surface of BNNT, the 
stronger the covalent bond interaction between BNNT and epoxy resin, 
which can effectively reduce the interfacial thermal resistance between 
BNNT and epoxy resin. However, with the increase of functional ratio, 
the thermal conductivity of BNNT-A and BNNT-B decreased. The ther
mal conductivity of composites is also closely related to the thermal 
conductivity of fillers. When the NH2-functionalized ratio was 5%, the 
insulation properties and thermal conductivity of the BNNTs were 
excellent. Therefore, BNNT-A-EP, BNNT-B-EP with 5% NH2-functional
ized ratio were selected to study the insulation properties and thermal 
conductivity of epoxy composites. The content of BNNTs was 30 wt%. 

3.3. Insulation properties of BNNT/epoxy composites 

The density of states curves of BNNT-A-EP, BNNT-B-EP, and BNNT- 
EP were almost the same (Fig. 7a,b,c). The LUMO-HOMO values of 
BNNT-A-EP, BNNT-B-EP and BNNT-EP were 2.3 eV, 2.2 eV and 2.21 eV, 
respectively (Fig. 7d). They were approximately 2 eV smaller than those 
of BNNT-A, BNNT-B and BNNT. This may be related to the molecular 
segments of DGEBA-PA. To this end, we calculated the LUMO-HOMO 
values of the DGEBA, PA and DGEBA-PA, and their values were 3.95 
eV, 3.22 eV and 2.26 eV, respectively. The LUMO-HOMO of DGEBA-PA 
crosslinked by epoxy resin and PA was closest to those of BNNT-A-EP, 
BNNT-B-EP and BNNT-EP. The electronic transition barrier of the 
composite models can be considered to be mainly determined by the 
LUMO-HOMO value of DGEBA-PA. Therefore, BNNT-A-EP, BNNT-B-EP 
and BNNT-EP had similar insulation properties. 

3.4. Thermal conductivity of BNNT/epoxy composites 

In order to ensure the reliability of the calculation results and avoid 
the influence of the fluctuation of molecular dynamics simulation, we 
repeated the calculation three times for thermal conductivity, 

Fig. 9. Thermal conductivity of BNNT-A-EP and related materials [60–62].  

Fig. 10. Phonon density of states of BNNT, BNNT-A and BNNT-B.  
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temperature gradient and volume change rate of BNNT-EP, BNNT-B-EP 
and BNNT-A-EP. The thermal conductivity of the three composite 
models presented the trend of BNNT-A-EP > BNNT-B-EP > BNNT-EP 
(Fig. 8a). The thermal conductivity of BNNT-A-EP was 2.52 W/(m⋅K), 
which was improved by 23.5% and 77.5% compared with BNNT-B-EP 
and BNNT-EP. The temperature gradient of the three composite 
models presented the trend of BNNT-EP > BNNT-B-EP > BNNT-A-EP, 
which verified the reliability of the thermal conductivity calculation 
results (Fig. 8b). BNNT-EP had the largest difference in temperature 
distribution, followed by BNNT-B-EP, and BNNT-A-EP had the smallest 
(Fig. 8d–f), which was a visual representation of the effect of the 
changing law of thermal conductivity and temperature gradient of the 
three models. Therefore, the interfacial thermal resistance between 
BNNTs and epoxy resin can be effectively solved by NH2 functionali
zation on the surface of BNNTs. The thermal conductivity of BNNT-A-EP 
was improved most obviously, which may be due to the NH2-function
alized BNNTs by C doping optimizing the phonon transfer path, and heat 
is easily transferred between the epoxy resin and BNNTs. 

When the mass fraction of filler was 30%, the thermal conductivity of 
the epoxy composites in this work was compared with that in other 
literatures (Fig. 9). The thermal conductivity of BNNT-A-EP designed in 
this work was 14.5%, 175.8% and 373.6% higher than those in litera
tures [60–62], respectively. It shows that the thermal conductivity of 
BNNT/epoxy composites can be effectively improved by the method of C 
atom doping. 

To investigate the effect of NH2-functionalized of BNNT on the high 

temperature volume change rates of BNNT-EP, BNNT-B-EP, and BNNT- 
A-EP, molecular dynamics calculations were performed for the models 
at 298 K and 398 K, and the corresponding volumes were obtained. The 
volume rate of change was calculated as follows. 

δ=
V398 − V298

V298
× 100% (7) 

The volume rate of change of BNNT-B-EP was the largest, while the 
volume rate of change of BNNT-A-EP was the smallest, and the volume 
change rate of BNNT-A-EP was reduced by 27.6% and 50% relative to 
BNNT-EP and BNNT-B-EP, respectively (Fig. 8c). All were treated with 
NH2 functionalization, but the volume rate of change of BNNT-B-EP was 
greater than that of BNNT-EP, while the volume rate of change of BNNT- 
A-EP was less than that of BNNT-EP, which may be related to the method 
of NH2 functionalization. Since BNNT-B was NH2-functionalized by 
breaking the B–N bonds, which destroyed the structure of BNNT and 
leaded to a decrease in the resistance of BNNT-B to deformation at high 
temperatures, the high-temperature volume rate of change of BNNT-B- 
EP increased significantly. Although compared with BNNT, the period
icity of BNNT-A decreased. However, the bond angles (110.399◦, 
111.324◦ and 108.959◦) of BNNT-A in the functional position were close 
to BNNT (119.619◦, 119.845◦ and 119.816◦), so the deformation of 
BNNT-A was similar to that of BNNT at high temperature. In addition, 
the NH2 groups on the surface of BNNT-A could react with epoxy groups 
of epoxy resin to form covalent bonds. They could effectively restrain 
the thermal movement of BNNT-A-EP at high temperature. There was 

Fig. 11. Molecular structure and ELF. (a) BNNT molecular structure, (b) BNNT-A molecular structure, (c) BNNT-B molecular structure, and (d, e) ELF of BNNT-A.  
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only a weak non bond interaction between BNNT and epoxy resin in 
BNNT-EP, which led to the strong thermal movement ability of BNNT-EP 
at high temperature. Therefore, the volume rate of change of BNNT-A- 
EP was smaller than that of BNNT-EP. 

3.5. Effect of NH2 functionalization on the structure of BNNTs 

In order to reveal the mechanism of the effect of NH2 functionali
zation on the thermal conductivity of BNNTs, we studied the phonon 
density of states of BNNT, BNNT-A and BNNT-B (Fig. 10). The frequency 
range of phonon density of states distribution of BNNT was 0–2295 
cm− 1, which indicates that the phonon vibration modes of BNNT were 
concentrated in this frequency range. Although the distribution ranges 
of phonon density of states of BNNT-A and BNNT-B were mainly 
concentrated in the frequency range of 0–2295 cm− 1, the peak values of 
phonon density of states showed the trend of BNNT > BNNT-A > BNNT- 
B. In addition, both BNNT-A and BNNT-B had density of states distri
bution near the frequency of 3000 cm− 1, but the frequency range of 
BNNT-B was larger than that of BNNT-A. The results show that the 
phonon scattering of BNNT-A and BNNT-B was more obvious than that 
of BNNT, but the degree of phonon scattering of BNNT-A was smaller 
than that of BNNT-B. Therefore, the thermal conductivity was BNNT >
BNNT-A > BNNT-B. 

The thermal conductivities of BNNT-A and BNNT-B were lower than 
that of BNNT, which is attributed to the change in the crystal structure of 
BNNTs caused by functionalization. In the BNNT structure, the B atom 
was connected with three N atoms, and the bond angles were 119.619◦, 
119.845◦ and 119.816◦ (Fig. 11a). The bonding mode of the B atom was 
the standard sp2 hybrid. In the BNNT-A structure, the C atom was 
connected to three N atoms on a BNNT, and the angles were 110.399◦, 
111.324◦ and 108.959◦ (Fig. 11b). The bonding mode of the C atom was 
the nonstandard sp3 hybrid. This may be because NH2 was attached to 
the C atom. In the BNNT-B structure, some of the B–N bonds were 
broken, which destroyed the periodic structure of the BNNTs. As a result, Fig. 12. Phonon density of states of BNNT-EP, BNNT-A-EP and BNNT-B-EP.  

Fig. 13. Heat transfer paths at the interface between BNNTs and epoxy resin. (a) BNNT-EP, (b) BNNT-A-EP, (c) BNNT-B-EP, and (d) DGEBA and PA.  
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the angles between the B atom and three N atoms were 92.297◦, 
124.258◦ and 92.191◦ (Fig. 11c). Compared with BNNT, the periodicity 
of BNNT-A decreased slightly due to the difference in bond angles. In the 
BNNT-B structure, some B–N bonds were broken, and holes were 
introduced, which destroyed the periodic structure of the BNNTs. 
Therefore, although the thermal conductivities of BNNT-A and BNNT-B 
decreased compared with that of BNNT, the thermal conductivity of 
BNNT-A was larger than that of BNNT-B. 

To further understand the effect of NH2 functionalization on the 
chemical bond strength of BNNTs, we calculated the electron localiza
tion function (ELF) [63] of the BNNTs. The ELF intensity around the N 
atom was strong regardless of the position of NH2 functionalization or 
other positions (Fig. 11d and e), which is related to the fact that N atoms 
easily obtain electrons. The ELF intensity around the C atom was weaker 
than that around the N atom but similar to that around the B atom. The 
ELF values of B–N and C–N were between 0.75 and 1, indicating that 
B–N and C–N existed in the form of strong covalent bonds [64], and their 
structures were relatively stable. 

3.6. Effect of NH2-functionalized BNNTs on the thermal conductivity of 
epoxy composite 

In order to reveal the mechanism of the effect of NH2-functionalized 
BNNT on the thermal conductivity of epoxy composites, we also studied 
the phonon density of states of BNNT-EP, BNNT-A-EP and BNNT-B-EP 
(Fig. 12). In the frequency range of 0–2295 cm− 1, the phonon density 
of states of BNNT-EP, BNNT-A-EP and BNNT-B-EP were similar, but the 
peak intensity showed the trend of BNNT-EP > BNNT-A-EP > BNNT-B- 
EP. This was due to the phonon scattering of BNNT-A and BNNT-B, but 
the phonon scattering intensity of BNNT-A was less than that of BNNT-B. 
At the frequency of 3000 cm− 1, the peak intensity of phonon density of 
states of BNNT-EP, BNNT-A-EP and BNNT-B-EP was much larger than 
that of BNNT, BNNT-A and BNNT-B, which was due to the introduction 
of EP. In addition, the peak of phonon state density of BNNT-EP was 
significantly higher than that of BNNT-A-EP and BNNT-B-EP, while the 
peak values of BNNT-A-EP and BNNT-B-EP were almost the same. The 
reason was that BNNT-A and BNNT-B could form covalent bonds with 
EP, which made the phonon vibration modes of some EP similar to 
BNNT, and reduced the interface phonon scattering of BNNT-A-EP and 
BNNT-B-EP. Therefore, the thermal conductivity of BNNT-A-EP and 
BNNT-B-EP was larger than that of BNNT-EP. However, in the frequency 
range of 0–2295 cm− 1, the peak of phonon state density of BNNT-B-EP 
was smaller than that of BNNT-A-EP, which led to the degree of 
phonon scattering of BNNT-B-EP was larger than that of BNNT-A-EP. 
Therefore, the thermal conductivity of BNNT-B-EP was lower than 
that of BNNT-A-EP. 

In the process of calculating the thermal conductivity of the com
posite, the model was divided into 40 layers along the z direction, and 
each layer included BNNT and epoxy resin. When the temperature of 
each layer reached equilibrium, it exchanged energy with adjacent 
layers. Before the temperature of each layer reached equilibrium, the 
heat would be transferred between BNNT and epoxy resin, which was 
consistent with the interface heat transfer process of the actual 
composite. 

In the BNNT-EP structure, only non-bonded interactions (van der 
Waals forces, hydrogen bond forces, etc.) occurred between BNNT and 
the epoxy resin. The non-bonded interactions were weaker than the 
covalent bond interaction. When the heat flux was transferred to the 
interface between BNNT and the epoxy resin, only a small amount of 
heat flux was transferred through the non-bonded interactions. A large 
interfacial thermal resistance (R) existed between BNNT and the epoxy 
resin (Fig. 13a,d). In the BNNT-A-EP structure, because the order of the 
BNNT-A structure decreased slightly compared with that of BNNT, 
BNNT-A and BNNT had similar heat transfer paths. Furthermore, the 
NH2 of BNNT-A was crosslinked with the epoxy group of the epoxy resin, 
which made BNNT-A and the epoxy resin be connected by covalent 

bonds, forming a "bridge". This was conducive to rapid transfer of heat 
flow across the interface area to the other side (Fig. 13b). BNNT-B-EP 
could also reduce the interfacial thermal resistance. However, NH2 
was grafted onto B atoms by breaking B–N bonds, which led to the 
appearance of holes where B–N bonds were connected. When the heat 
flow was transferred to the position of a hole, the transfer path needed to 
be changed, resulting in a longer transfer path of heat flow (Fig. 13c). 
Therefore, the thermal conductivity of BNNT-B-EP was smaller than that 
of BNNT-A-EP. However, in the structure of BNNT-B-EP, the thermal 
conductivity was still higher than that of BNNT-EP. Possibly, the inter
facial thermal resistance between the epoxy resin and BNNT-B obviously 
decreased after the crosslinking reaction between the NH2 and epoxy 
groups. 

4. Conclusions 

In this work, we presented a new method of C doping BNNTs for NH2 
functionalization to reduce the interfacial thermal resistance of epoxy 
composites, and demonstrated the effectiveness of this method. 
Compared with the conventional functional method, NH2 functionali
zation by C atom doping will not seriously destroy the crystal structure 
of BNNTs. BNNT-A had large electron transition barrier and thermal 
conductivity. The temperature distribution of the BNNT-A structure was 
relatively uniform at high temperatures. When the NH2-functionalized 
ratio was 5%, the thermal conductivity of BNNT-A was obviously 
improved compared with that of BNNT-B. The thermal conductivity of 
BNNT-A-EP was 2.52 W/(m⋅K), which was improved by 23.5% and 
77.5% compared with BNNT-B-EP and BNNT-EP. Additionally, the 
volume change rate of BNNT-A-EP was reduced by 27.6% and 50% 
relative to BNNT-EP and BNNT-B-EP. The functionalization of NH2 on 
the surface of BNNTs by C doping can establish an effective heat transfer 
"bridge" between BNNTs and epoxy resin, which is beneficial for 
improving the thermal conductivity of epoxy composites. This method 
of nanoparticle functionalization by atom doping represents a promising 
approach for reducing the thermal resistance of the interface, which can 
be expanded to various nanocomposites in the future. 
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