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Abstract

Cellulose nanofibers (NFCs) have emerged as a preferred choice for fabricating nanomaterials
with exceptional mechanical properties. At the same time, boron nitride nanotubes (BNNTSs)
have long been favored in thermal management devices due to their superior thermal
conductivity (k). This study uses reverse non-equilibrium molecular dynamics (MD)
simulations to investigate k for a hybrid material based on NFCs and BNNTs. The result is then
compared with pure NFC and BNNT-based structures with equivalent total weight content to
elucidate how incorporating BNNT fillers enhances k for the hybrid system. Furthermore, the
fundamental phonon vibration modes responsible for driving thermal transport in NFC-based
materials upon incorporating BNNTS are identified by computing the vibrational density of
states from the Fourier transform analysis of the averaged mass-weighted velocity
autocorrelation function. Additionally, MD simulations demonstrate how both NFCs and
BNNTSs synergistically improve the constituting hybrid structure’s mechanical properties (e.g.
tensile strength and stiffness). The overarching aim is to contribute towards the engineered
design of novel functional materials based on nanocellulose that simultaneously improve crucial
physical properties pertaining to thermal transport and mechanics.

Keywords: nanocellulose, boron nitride nanotube, molecular dynamics, thermal conductivity,
strength, stiffness
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1. Introduction

Cellulose, the widely available renewable bio-polymer, has
recently emerged as a promising candidate in sustainable
materials design [1-6]. Nanomaterials based on cellulose nan-
ofibers (NFCs) display an anomalous scaling law of simul-
taneous increase in strength and toughness [7], two mechan-
ical properties that conventionally conflict with each other.
These superior mechanical properties in NFC-based nano-
materials stem from their unique morphology that can offer
numerous bonding sites (hydrogen bonding and other non-
covalent interactions) for functionalization [8, 9]. However,
the thermal conductivity (k) of NFCs [10, 11] is relatively low
(~1.45 W mK~1), although it still surpasses that of conven-
tional polymers by approximately six times [12]. Enhancing
the thermal conductivity of NFC-based materials [13-15]
through noncovalent functionalization may open opportunit-
ies to develop composites with appealing thermo-mechanical
properties.

On the contrary, single-walled boron nitride nanotubes
(BNNTSs) [16—-18] hold great potential as fillers for develop-
ing advanced thermal management materials due to their high
thermal conductivity (~400 W mK~") and thermal stability
up to temperatures around 800 °C. However, reproducing the
remarkable properties of BNNT to bulk is the primary chal-
lenge. Recent advancements have overcome initial obstacles
in fabricating pure BNNT films through novel methods such as
gram-scale fabrication promoters [19] and scalable techniques
involving dissolving BNNTSs in acids [20]. Nevertheless, the
bulk form of BNNT films still exhibits relatively low values of
k at 18 W mK~! [21]. Furthermore, hybridizing BNNTSs with
polymers to fabricate composites continues to yield values of
k less than 5 W mK~! [22, 23], which might be insufficient
for applications requiring high thermal conductivity.

The primary challenge to achieving high thermal con-
ductivity in BNNT filler-based polymer composites is over-
coming the interfacial thermal resistance between adjacent
BNNTSs, which may lead to aggregate formation. Research has
addressed this issue by functionalizing BNNTs with polymers
such as PVA [24, 25], ether imides [26], and epoxy resins [27].
To this end, NFCs have emerged as a potential bio-polymer
to effectuate non-covalent hybridization with BNNT fillers
and enhance the thermal conductivity of the resulting mater-
ial. For instance, in NFC/BNNT-based materials, k increased
significantly to approximately 20.9 W mK !, representing an
improvement of around 14.3 times compared to conventional
polymers [28]. In a separate study, a BNN'T/NFC-based nano-
composite demonstrated a high value of k (~21.39 W mK~")
[12] due to reduced interfacial resistance facilitated by the
strong interactions between NFCs and BNNTs. However, no
systematic study currently explains why incorporating BNNTs
into NFC-based materials increases k; this gap may be attrib-
uted to the difficulty in conducting characterization experi-
ments at length scales below 107! m. A modeling-driven
research approach could bridge this gap and is the focus of
our present investigation.

This study employs molecular dynamics (MD) simula-
tions to investigate the thermal conductivity enhancement in
nanocellulose-based materials due to incorporating BNNTs.
The reverse non-equilibrium MD (RNEMD) technique is util-
ized to compute k. At the same time, the vibrational dens-
ity of states (DOS) analysis helps identify the phonon modes
responsible for efficient heat transfer. Furthermore, the syner-
gistic combination of NFCs and BNNTSs, increasing the mech-
anical properties in derived hybrid structures, is explored.
This modeling-based approach inspires sustainable materials
design for NFC/BNNT composites with exceptional mechano-
thermal properties.

2. MD modeling methodology

The reported MD simulations have been carried out using
the parallelized, open-source package LAMMPS [29, 30].
ReaxFF [31, 32] force field that can capture the atomic inter-
actions of complex reactions through bond-order details has
been found suitable for boron—nitride/cellulose-based systems
[33] and applied in this study. The time step for all the simu-
lations is 0.5 fs. Periodic boundary conditions are imposed in
all directions, an example of which has been depicted by the
red box in figure 2(a). To elucidate the length effect clearly,
the BNNT has been truncated and then both ends of each nan-
otube have been passivated with the —H atoms (as shown in the
atomic structure within the red box of figure 2(a)). Sufficient
vacuum space has been incorporated between the ends of
BNNT and the boundaries of the simulation box to prevent the
overlap with their own periodic images. Model equilibration
is performed to achieve a global temperature of ~300 K and
pressure of ~1 atm using Nose—Hoover isothermal—-isobaric,
canonical, and microcanonical ensembles for a total time of
3.5 ns, in the absence of any external constraints.

The thermal conductivity is computed using the RNEMD
method proposed by Miiller—Plathe [34]. The equilibrated
model is numerically divided into spatial bins along their
length L, which is also the heat transport direction (z-axis).
Kinetic energies are swapped every 150 fs between the ‘hot’
(middle) bin and the ‘cold’ (two ends) bins, because of which
a temperature gradient is imposed on the model along the axis.
This process continued for a total duration of 5 ns. The temper-
ature variation was monitored during the last 2 ns within this
timeframe. To ensure that the system reached a steady state,
the temperature was closely observed and found to remain
reasonably constant with minor fluctuations of 2.5 K when
maintaining a global system temperature of 300 K. The energy
exchanges were continued for an additional 2 ns performing
time averages every 50 fs to assess the total energy transferred
and the temperature gradient. The final k is computed using
equation (1) as described in [34]:

2t A g{
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where the numerator outputs the total kinetic energy
exchanges through the simulated structure, ¢ is the total time
spent in the energy exchanges, A is the cross-sectional area
and g is the average temperature gradient obtained from the
simulations. The cross-sectional area (xy) of the simulation
box perpendicular to the heat transfer direction is used to
determine A. The temperature gradient (‘g ) along the thermal
transport (z) direction is obtained from the arithmetic mean of
the two linear regimes in every inverted ‘V’ shaped temperat-
ure profile of a simulated model.

To calculate the vibrational DOS, the simulations are per-
formed after equilibration for an additional 1 ns under the
canonical ensemble at 300 K, with atomic trajectories every
50 ps. An additional 5 ps then extend each sampled trajectory,
and the atomic velocities are recorded every 0.001 ps. The data
is utilized to compute the time-translation invariance of the
mass-weighted velocity autocorrelation function (VACF). The
correlation time is set as 4.5 ps. A Fourier-transformed of the
overall average VACFs yields the DOS spectra, as described
by the following equation (2) below:

T
P (w)= \/270/(3’“’ jz_:lmjvj (£). mp;(0) | dw  (2)

where the frequency of vibration is represented by w, and the
mass and velocities of atom j are represented by m; and v;,
respectively. The resolution of the obtained DOS spectra is
0.061 THz.

The mechanistic study results are obtained by deforming
the equilibrated simulation box at a tensile engineering strain
rate of 10'° s~!. In the engineering stress—strain plots that
are shown, the reported stress is the normal stress compon-
ent on the simulation box along the tensile loading direction.
The entire deformation simulation was carried out for 50 ps
with time averages of the engineering stress-strain values per-
formed every 1.0 ps.

3. Results and discussion

To investigate the effect of increasing length (L) of a single
NFC molecular chain (figure 1(a)) on k, six models of
single-chain NFC molecules are constructed with values of
L = 10 nm, 20 nm, 30 nm, 35 nm, 40 nm, and 50 nm. A rep-
resentative temperature profile for the model with L = 20 nm,
obtained by employing RNEMD calculations, is shown in
figure 1(b). The cross-sectional area (A) used to compute k
is determined as 0.33 nm?, which closely matches previous
results [14] (0.32 nm?) obtained from non-equilibrium MD
simulations for a single NFC chain, thus validating the adopted
method and force-field. Additionally, the calculated values of k
for all NFC molecules are between 0.8—1.69 W mK~!, which
aligns with experimental studies measuring in-plane thermal
conductivity of nanocellulose (0.6-2.5 W mK~! [35]). On
observing the trend of thermal conductivity change for the six
models (figure 1(c)), it is observed that k values increase with

an increase in length. The enhancement of k with increased
L can be attributed to the phonon scattering. Phonons, which
are discrete lattice vibrational elastic waves, serve as major
carriers of thermal transport in nanostructures. With increased
chain length, phonon transport and scattering increase, raising
its mean free path and increasing k. The rate of increase tends
to decrease after reaching a certain length (~35 nm). To fur-
ther explore this phenomenon, the vibrational DOS (figures 1
(d)—(f)) is calculated for two NFC chains having L = 10 nm
(black lines) and 40 nm (red lines). Figures 1(d)—(f) denote
the total phonon DOS along in-plane heat transport direc-
tion (—z), out-of-plane —x, and out-of-plane —y directions,
respectively. First and foremost, all the plots in each direc-
tion follow a similar pattern, indicating similar phonon prop-
erties for different lengths of the NFC molecular chains. In a
spectrum, low-frequency waves have a higher wave number
and, thus, a more extended range. So, low-frequency peaks
(here, ~0-20 THz) are monitored as they represent the dom-
inant vibrational models that cause the thermal conductivity
change. The low-frequency peaks of the vibrational spectra
distributed across 0 THz—20 THz for NFC molecules have
been observed in previous literature [14]. Here, it is observed
that the first prominent peak in the low frequency of spec-
tra along the heat transport (—z) direction occurs at approx-
imately 5.49 THz (inset, figure 1(d)) and 6.04 THz (inset,
figure 1(d)) for NFCs with L = 10 nm and L = 40 nm, respect-
ively. This spectral shift towards higher frequency indicates
an increase in the energy-carrying capacity of the phonons as
NFC molecule lengths increase, resulting in an enhanced k.
Similarly, although less conspicuous, a shift in frequency from
low to high with increasing lengths of NFCs is also observed
consistently for —x and —y directions that are perpendicular to
thermal transport (figures 1(e) and (f)).

In addition to individual NFC molecular chains, the vari-
ation of k in single-walled BNNTSs with increasing nanotube
length (L) (figure 2(a)) is also investigated. Different values
of L = 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, and 60 nm
are chosen. In addition, a previous study by Huang ef al [18]
observes that for 20 nm long BNNTs with varying chiral-
ity, the thermal conductivity (k) values at 300 K range from
80 W mK~! to 90 W mK~!. The slight fluctuations in
were attributed to minor changes in lattice vibrational modes.
Hence, different chirality among BNNTs did not significantly
impact the overall thermal conductivity. Given that this study
aims to investigate the influence of incorporating BNNTs on
k for NFC-based materials, all models utilized BNNTSs with a
constant chirality of (10, 10). The temperature profile obtained
from RNEMD simulation of BNNT having L = 20 nm is
shown in figure 2(b). The thermal conductivity (k) of BNNTs
increases with an increase in their length (L), as shown in
figure 2(c). However, beyond a certain length (approximately
L ~ 35 nm in this study), the rate of increase of k starts
to diminish. From figure 2(c), it can be observed that the
increment in k for BNNTs with L = 35 nm, L = 40 nm,
and L = 50 nm is relatively smaller compared to the shorter
lengths, and the data points for k are higher with increasing
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Figure 1. (a) Initial model of a cellulose (NFC) molecular chain of length L; (b) Temperature profile (K) of an NFC molecular chain along
the thermal transport direction. For this profile, L = 20 nm (c) Variation of k (W mK ™! ) with increasing lengths (L = 10 nm, 20 nm, 30 nm,
35 nm, 40 nm, 50 nm) of NFC molecular chain models; (d-f) Comparison of vibrational density of states (DOS) for two NFC molecular
chain models with L = 10 nm (black) and 40 nm (red), along the (d) —z direction, and the out-of-plane (e) —x and (f) —y directions.
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Figure 2. (a) Initial snapshot of a (10,10) BNNT model having length L. (b) Temperature profile (K) of the BNNT having L = 20 nm along
—z, the heat transport direction. (c) Variation of X (W mK™ ' in BNNT models having different L; (d)—(f) Comparison of vibrational density
of states (DOS) in two BNNT models having lengths L = 10 nm (black) and 40 nm (red)} along the (d) heat transport (—z) direction, and

the out-of-plane (e) —x and (f) —y directions.

L, but closer to being equal. Furthermore, for a BNNT with
L = 20 nm, the calculated k value is found to be approxim-
ately equal to 98.47 W mK~!, which reasonably matches well
with the range of 110-130 W mK ~! predicted by previous MD
simulations [18] for a BNNT (10, 10) at 300 K. To identify
the vibrational modes influencing thermal transport in BNNTs,
total phonon DOS spectra along three perpendicular directions
are compared for two BNNTs with L = 10 nm (black lines in
figures 2(d)—(f)) and L = 40 nm (red lines in figures 2(d)—
(f)). The DOS spectra of these nanotubes along thermal
transport (-z) direction and out-of-plane transverse directions
(—x and —y) are shown in figures 2(d)—(f), respectively. Each

spectrum along a specific direction (—z or —x or —y) exhib-
its a reasonably comparable shape for BNNTs with increas-
ing lengths. This indicates similar phonon properties along
directions having similar morphology. It is also to be noted
that for BNNTSs, the phonon spectra along —x and —y dir-
ections are also closely similar to each other, an observation
absent for NFCs discussed in figure 1. This might be attrib-
uted to the fact that the BNNTSs have a similar atomic distribu-
tion in both —x and —y directions across the circular cross-
section (—xy plane) of the nanotube. However, the perpen-
dicular axes across the cross-sectional directions (—x and —y
as shown in figure 1(a)) in NFCs are dissimilar. Therefore,
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BNNT addition on thermal transport of hybrid.

atom vibrations and discrete lattice waves (phonons) result-
ing from cross-sectional radial modes of BNNTSs, are com-
parable. For the BNNTS, the in-plane vibrational modes along
the heat transfer (—z) direction are distributed across at a rel-
atively high frequency in the range of 26.4 THz-37.1 THz
(figure 2(d)) and thus are not dominant modes in the thermal
transport. The in-plane modes also do not show any conspicu-
ous spectral shift towards high frequency when L increases
from 10 nm to 40 nm. The dominant, low-frequency peaks
representing the out-of-plane transverse vibrational modes are
illustrated by black (for BNNT with L = 10 nm) and red
(for BNNT with L = 40 nm) fonts in figures 2(e) and (f).
For the BNNT with L = 10 nm, low-frequency peaks are at
13.3 THz along -x (figure 2(e)) and 12.8 THz (figure 2(f))
along —y directions. The corresponding peaks for the BNNT
with L = 40 nm are 13.9 THz along —x and 13.1 THz along
—y. The corresponding peaks for the BNNT with L = 40 nm
are increased to 13.9 THz along —x and 13.1 THz along
—y. Considering the radial symmetry, it can be inferred that
the dominant influence on the thermal transport of BNNTSs
is attributed to the radial (—x and —y) vibrational modes,
namely out-of-plane modes, rather than the in-plane modes
along —z. Shifting to a higher frequency in the vibrational

spectra implies increased phonon energy-carrying capacity.
This indicates greater phonon-phonon scattering, amplifying
the k value as the L in BNNTSs increases.

After evaluating k in pure NFC molecule and pure BNNT,
the study is extended to a hybrid-based NFC/BNNT to invest-
igate the effect of incorporation of BNNT on k values of NFC-
based materials. Three molecular models with similar com-
bined weight content of NFCs and BNNTs are constructed to
achieve this. Each NFC chain and BNNT in the three mod-
els have lengths of approximately 38 nm and 40 nm, respect-
ively, due to the diminished increase of the rate of k for those
lengths, as previously demonstrated in figures 1 and 2. The
models are labeled as ‘100% NFC’, ‘0% NFC’ and ‘50%
NFC’, where ‘X’ in ‘X % NFC’ denotes the weight content
of NFC in the model. The ‘100% NFC’ model consists of
14 aligned NFC molecular chains, with its end (top panel)
and side (bottom panel) views shown in figure 3(a). The ‘0%
NFC’ model comprises two aligned (10, 10) BNNTSs, and their
end (top panel) and side (bottom panel) views are displayed
in figure 3(b). Lastly, the ‘50% NFC’ model consists of the
hybrid, where one middle BNNT is surrounded by seven NFC
molecular chains, as demonstrated in figure 3(c) (end view—
top panel; side view—bottom panel). The ‘100% NFC’, ‘0%
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NFC, and ‘50% NFC’ models contain 22 358, 12 880, and
17 619 atoms, respectively. The temperature profiles, obtained
from RNEMD simulations, for each of the ‘100% NFC’,
‘0% NFC’ and ‘50% NFC’ models are shown in figures 3
(d)—(f), respectively. The lowest value of k is observed for pure
NFCs (‘100% NFC model’) at 0.746 W mK~! (figure 3(g)).
It is noteworthy that k for a single NFC molecular chain was
higher ~1.66 W mK !, as discussed in figure 1(c). However,
when NFC molecules with identical lengths form a bundle
(figure 3(a)), k decreases due to the higher phonon scatter-
ing between the neighboring molecular chains and edges,
which has been previously observed in cellulose [14] and other
polymers [36]. The highest value (~68.29 W mK~! as in
figure 3(g)) is obtained for the pure BNNT (‘0% NFC’ model).
On introducing BNNT into the NFC structures, k increased
from 0.746 W mK~! (‘0% NFC’ model) to 24.38 W mK~!
(‘50% NFC’ model). It can thus be concluded that improving
thermal transport in NFC-based materials is indeed possible,
by taking advantage of the high individual thermal conductiv-
ity exhibited by BNNTs.

To elucidate the phonon modes responsible for the increase
in k upon incorporating BNNT into NFC-based materials,
the vibrational DOS is computed for three models: ‘100%
NFC’, ‘0% NFC’ and ‘50% NFC’ models. To achieve equi-
libration states, the initial distance between NFC and BNNT
(figure 4(c)) is maintained at 6 A. This choice ensures that
each molecule is not immediately influenced by neighboring
groups but gradually relaxes and naturally interacts with its
neighbors before calculating k and DOS. The DOS spectra,
calculated along perpendicular directions (—x, —y, —z), are
depicted in figure 4(a) (‘100% NFC”), figure 4(b) (‘0% NFC’)
and figure 4(c) (‘50% NFC’). Figure 4(d) shows the DOS spec-
tra of the three models along the thermal transport direction

(—z), while the spectra across the out-of-plane directions are
shown in figure 4(e) (—x direction) and figure 4(f) (—y dir-
ection). Consistent color coding is employed for plot lines
representing different models (green for ‘100% NFC, gray
for ‘0% NFC’ and ‘red’ for ‘50% NFC’). On comparing the
DOS plots along each direction, it is evident that pure BNNTSs
(‘0% NFC’ model) facilitate thermal transport through trans-
verse, out-of-plane vibrational modes (—x wise and —y wise).
This can be attributed to their low frequency (~0-20 THz)
phonon modes, which significantly influence k; these modes
exhibit peaks at approximately 14.3 THz (figure 4(e)) along
—x and around 14.2 THz (figure 4(f)) along —y directions,
respectively. However, in the case of pure NFCs (‘100% NFC’
model), the thermal transport is governed by in-plane (—z
wise) vibrational modes, as evidenced by the low-frequency
spectral peak at ~6.17 THz (figure 4(d)). On incorporating
BNNT into NFCs, the corresponding peak shift from 6.17
to 7.14 THz for the hybrid (inset, figure 4(d)). This shift
towards high energy and frequency denotes higher phonon
energy carrying capacity in the hybrid, ultimately bolstering
their k£ value. When comparing the transverse directions of the
three structures to assess the impact of incorporating BNNT,
it is observed that the analogous low-frequency peaks exhibit
a subdued intensity. The maximum intensity is observed for
BNNTSs, while the minimum intensity is observed for NFCs,
with the hybrid peak intensity in between. For instance, upon
examining figure 4(f), it can be noted that the low-frequency
peak for NFC occurs at approximately 11.2 THz with an
intensity of around 3.41 x 10~* units. The hybrid exhibits
a peak at a similar frequency (~13.8 THz) with a relatively
higher intensity of 4.29 x 10~ units. In comparison, the
BNNT peak at ~14.2 THz demonstrates a maximum intens-
ity of (~5.62 x 10~* units). The same phenomenon is also
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Figure 5. Comparison of mechanical properties with varying weight content of NFCs (‘0% NFC’, ‘50% NFC’, ‘60% NFC’ and ‘100%
NFC’); (a)—(f) Simulation snapshots of three representative models (‘0% NFC’ in (a), (b); ‘60% NFC’ in (c), (d) and ‘100% NFC’ in (e), (f)
before (a), (¢), (e) and after (b), (d), (f) tensile deformation. Tensile loading directions shown by red arrows in (a), (c), and (e); (g) Plots
reporting the engineering stress (MPa)-strain (%) values for the four models (gray for ‘0% NFC’, light red for ‘50% NFC’, red for ‘60%
NFC’ and green for ‘100% NFC’); (h)—(i) Comparison of (h) maximum strength (in MPa) and (i) stiffness (in GPa) for the four models as

obtained from the stress-strain plots.

observed prominently in other lower frequency vibrational
crests (~20 THz) along both —x (figure 4(e)) and —y
(figure 4(f)) directions. For pure NFCs, the spectral intensity
is diminished due to the mobility of sliding NFC molecular
chains along all degrees of freedom when heated, resulting in
a higher state of disorder in the molecular domain. The intro-
duction of crystalline BNNTSs into NFCs leads to a reduction
in this disorder. This explains why the corresponding spectral
peak for the hybrid material is higher than that observed in
pure NFCs. Furthermore, the peak intensity in BNNT is the
highest due to their crystalline nature, which helps mitigate
disorder compared to other materials. This, combined with the
enhanced energy-carrying capacity of phonons, could poten-
tially account for the increase in thermal conductivity while
incorporating BNNTs into NFC structures.

The mechanical properties of structures with the same con-
stituent fiber lengths (NFC ~ 38 nm and BNNT ~ 40 nm)
as those used to investigate thermal conductivity previously
are further examined. The objective is to assess the mech-
anical properties of the NFC/BNNT-based hybrid compared
to pure NFC and BNNT structures. In this study, four
similar models are constructed: ‘0% NFC’ (pure BNNT),
‘50% NFC’ (NFC:BNNT = 1:1 by weight), ‘60% NFC’
(NFC:BNNT = 3:2 by weight), and ‘100% NFC’ (pure NFC).
The hybrid models are created with comparable weight con-
tents as employed in experimental studies [23, 37—40]. The
‘0% NFC’, ‘50% NFC’, ‘60% NFC’ and ‘100% NFC’ models
contain 25 760, 35 238, 48 014 and 44 716 atoms, respect-
ively. The initial simulation snapshots of three representative
models, ‘0% NFC’, ‘60% NFC’ and ‘100% NFC’ are demon-
strated in figures 5(a), (c) and (e), respectively. The initial

structures are placed starting randomly in a linear fashion
(along tensile loading direction as indicated by red arrows
in figures 5(a), (c¢) and (e)). Periodic boundary conditions
ensure each molecule emerging from one end of the simu-
lation box to be mapped onto the opposite end. For the ‘0%
NFC’ model, there are four (10,10) BNNTs (figure 5(a)). The
*50% NFC’ and ‘60% NFC’ (figure 5(b)) consist of 14 and
22 NFC molecular chains surrounded by two BNNTs. For
the ‘100% NFC’ model (figure 5(c)), there are 28 molecu-
lar chains of aligned NFCs. Before equilibration, the initial
distance between each molecular chain and nanotubes is kept
consistent at 6 A (same as figure 4). Snapshots correspond-
ing to tensile loading for the different models are presented in
figures 5(b), (d) and (f) for 0% NFC, 60% NFC, and 100%
NFC models, respectively. Consistent with previous findings
[41], it is observed that the failure happens predominantly by
inter-fiber sliding. The NFCs stick to the BNNTSs in the hybrid
due to strong interactions between them and are more mobile
(protruding across the ends, as in figure 5(d)) than the BNNTSs
during the tensile deformation.

Figure 5(g) plots an engineering stress-strain graph to con-
firm that NFCs play a dominant role in increasing the mech-
anical strength of the NFC/BNNT composite. Pure BNNTSs
exhibit the lowest maximum strength (‘0% NFC’ model; gray
lines in figures 5(g) and (h)) at ~1940.9 MPa. On introdu-
cing NFC to 50% wt. content (total wt. remaining same as
the ‘0% NFC’ model), the maximum strength increased to
~1975.5 MPa (‘50% NFC’ model shown by ‘light red’ lines
in figures 5(g) and (h)). On further increasing the wt. con-
tent of NFCs to ~60%, the maximum strength increased to
~2791.9 MPa (‘60% NFC’ model displayed by ‘dark red’
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lines in figures 5(g) and (h)). Notably, the structure with pure
NFCs (‘green’ lines in figures 5(g) and (h)) demonstrated the
highest maximum tensile strength at ~2935.8 MPa, which
is comparable to recent modeling-based investigations [42].
The increase of maximum tensile strength due to the pres-
ence of NFCs in the composite is mainly because under tensile
deformation, inter-fiber sliding occurs, and the NFCs undergo
repetitive events of intermolecular hydrogen bonds breaking
and reforming. This delays the tensile failure in the result-
ing material. In contrast, structures based on pure BNNTSs
lack such morphology-dependent events and have a much
faster failure rate and, consequently, lower tensile strength.
This is further evident from the fact that in pure NFC (green
lines in figure 5(g)), the maximum strength is reached at
a strain of ~16%, in comparison to ~1% strain for ‘0%
NFC’ structure and at ~1.5% strain for the hybrid compos-
ites (‘50% NFC’ and ‘60% NFC’ models). However, the stiff-
ness (figure 5(i)) of pure NFCs (‘100% NFC’ model) is cal-
culated to be ~31.66 GPa (comparable with experimental res-
ults ~23.9 GPa [43]), which was much lower than that of pure
BNNTSs (~194.18 GPa as obtained from ‘0% NFC’ model).
Compared to pure NFC structures, the hybrids’ stiffness was
much higher at 165.16 GPa and 168.66 GPa for the ‘50%
NFC’ and ‘60% NFC’ structures, respectively. This indicates
that BNNTs, which individually have higher stiffness ranging
from GPa to TPa (~0.5-1.5 TPa [44-46]), impart elevated
stiffness to the hybrid. The NFCs adhere to the BNNTSs in
the hybrid materials, thereby increasing the stiffness of the
composite compared to pure NFC-based structures. Hence,
BNNTs and NFCs play a mutually beneficial role in improving
mechanical properties. While BNNT contributes to increased
stiffness, NFCs predominantly upgrade the strength, resulting
in a high-strength and high-stiffness material. Therefore, the
combination of NFC/BNNT is an ideal choice for applica-
tions requiring superior mechanical properties and enhanced
thermal conductivity due to their synergistic effect in improv-
ing thermo-mechanical properties.

4. Conclusions

In summary, the fundamental understanding behind the role
of BNNTSs incorporated into nanocellulose-based materials to
elevate thermal conductivity is delineated. The thermal con-
ductivity of pure nanocellulose structures investigated using
reverse MD simulations was found to be relatively low at
~0.746 W mK~!. On introducing BNNTs by 50% wt. con-
tent in the nanocellulose/boron nitride composite, the thermal
conductivity increased to ~24.38 W mK~!. Furthermore,
the composite’s phonon vibrational DOS was compared with
pure BNNT and pure cellulose structures having equival-
ent total weight to identify the primary phonon vibrational
modes driving the thermal transport in the nanocellulose-
based hybrid. The individual roles of NFCs and boron—nitride
nanotubes in increasing mechanical properties (e.g. tensile
strength, stiffness) of the derived hybrid material are also dis-
cussed. The maximum tensile strength of the pure BNNTSs
structure (0% wt. content of nanocellulose) was observed to

be lowest at ~1940.9 MPa. But the tensile strength increased
to ~1975.5 MPa and ~2791.9 MPa when the nanocellulose
wt. content in the composite increased to 50% and 60%,
respectively, emphasizing the vital role nanocellulose played
in improving the hybrid material’s mechanical strength. The
stiffness of the pure nanocellulose material, however, was
much lower at ~31.66 GPa when compared with the pure
boron nitride nanotube (~194.18 GPa) structure. But for com-
posites having 50% and 60% wt. content of nanocellulose, the
stiffness was found to be 165.16 GPa and 168.66 GPa, respect-
ively. This insinuates that while nanocellulose plays a cru-
cial role in increasing the mechanical strength, BNNTSs impart
higher stiffness to the composite. This research calls for further
studies to fabricate cellulose and BNNTs-based composites
and obtain functional materials having increased thermal con-
ductivity and superior mechanics. Such novel hybrids might
be utilized in numerous future applications [47-55] pertain-
ing to separators, flexible electronics, sensing, and thermal
management.
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