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ABSTRACT: Two-dimensional (2D) hexagonal boron nitride materials are isomorphs
of carbon nanomaterials and hold promise for electronics applications owing to their

unique properties. Despite the recent advances in synthesis, the current production &
capacity for boron nitride (BN) nanostructures is far behind that for carbon-based = ¢ M
nanostructures. Understanding the growth mechanism of BN nanostructures through : &

N

modeling and experiments is key to improving this situation. In the current work, we
present the development of a ReaxFF-based force field capable of modeling the gas-
phase chemistry important for the chemical vapor deposition (CVD) synthesis process.
This force field is parameterized to model the boron nitride nanostructure (BNNS)
formation in the gas phase using BN and HBNH as precursors. Our ReaxFF simulations
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show that BN is the best of these two precursors in terms of quality and the size of BNNSs. The BN precursors lead to the formation
of closed BNNSs. However, BNNSs are replaced with complex polymeric structures at temperatures of 2500 K and higher due to
entropic effects. Compared to the BN precursors, the HBNH precursors form relatively small, flat, and low-quality BNNSs, but this
structure is less affected by temperature. Additives like H, significantly affect the BNNS formation by preventing closed BNNS
formation. Our results show the ReaxFF capability in predicting the BN gas-phase chemistry and BNNS formation, thus providing

key insights for experimental synthesis.

1. INTRODUCTION

Two-dimensional (2D) hexagonal boron nitride (hBN) is
considered one of the most promising 2D materials. hBN, an
isomorph of graphene, has widely been used as an electric
insulator and heat-resistant material for many decades." With
its excellent thermal stability, chemical inertness, and unique
optoelectrical properties, it is considered to be an ideal
candidate for integration with other 2D materials. 2D-hBN is
formed by an sp” hybridized network of six-membered rings
made of alternate B and N atoms similar to that of graphene
formed with six-membered rings of carbon.”

Being a 2D material with attractive properties, the synthesis
of hBN has received significant research interest. The chemical
vapor deposition (CVD) technique is the most thoroughly
explored and promising method for the large-scale production
of hBN.” In CVD, a variety of precursors such as BF;/NH;,
BCl;/NHj;, borazine, and B,Hs/NHj; are used to deposit 2D-
hBN on a substrate. The precursors containing just B, N, and
H atoms are attractive because they do not produce highly
toxic byproducts such as BF; or BCl,.> While the C-based
precursors do not have this issue, they could lead to carbon
contamination in 2D-hBN.* The CVD growth of hBN is
affected by the type of precursor, ambient gas conditions
(temperature, pressure), and the substrate. These variables
affect the quality as well as the growth rate of 2D-hBN.

BN nanostructures (BNNS), especially BN nanotubes
(BNNT), can also be synthesized using other methods such
as arc discharge, laser ablation methods, chemical or
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mechanical exfoliation, etc.””” These synthesis techniques
typically use high temperatures, pressures, and atomic sources
of B (B clusters) and N (N, gas) to synthesize BNNTs
commercially.'” Previous studies have suggested that the
introduction of hydrogen in these environments could enhance
BNNS formation by producing B—N—H species.”® The
presence of H not only enhances the production of c-BN at
ambient pressure'' but also enhances the production of h-BN
by preventing closing h-BN structures into cocoons.'” The
production rate for BN nanostructures has not reached the
levels attained by carbon-based nanostructures despite the
recent advances in synthesis.'’ Understanding the growth
mechanism of BN nanostructures through modeling and
experiments is key to improving this situation. On the
modeling front, Liu et al'® studied the nucleation and
formation of hBN on a Ni surface using a combination of
density functional theory (DFT) and reactive molecular
dynamics. McLean et al."* studied the synthesis of BNNTs
during Ni-catalyzed chemical vapor deposition (CVD) of
ammonia borane using ReaxFF. Their work highlighted the
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role of Ni in the synthesis process including Ni-catalyzed
production of H, following B—H bond activation, the
oligomerization of surface-bound BN chains, and the
facilitation of homoelemental (B—B, N—N) bond cleavage
by the Ni catalyst to afford ring closure.

Krstic et al."> used quantum-classical molecular dynamics
(QCMD) using the density functional tight-binding (DFTB)
quantum method to simulate the synthesis of BNNS in a hot,
high-pressure gas volume. Here, DFTB is implemented
through the divide-and-conquer (DC) linear scaling algorithm
in DC—DFTB-K code, which facilitates application to large
systems at ns times. They studied the formation of BNNS
using various precursors including BN, BN+H, HBNH, and
B,N,H,. Barsukov et al.'® modeled the chemical pathways of
formation for boron nitride nanotube (BNNT) precursors
during high-temperature synthesis in a B/N, mixture using
quantum chemistry, quantum-classical molecular dynamics,
thermodynamic, and kinetic approaches. The previous ReaxFF
studies'”'* focused on studying the growth mechanisms for
BNNS on catalytic surfaces. The more recent quantum-
classical molecular dynamics simulations' focus on the high-
temperature gas-phase synthesis of BNNS from a range of
precursors. None of the existing computational studies focus
on the synthesis of BNNS with precursors such as B,H/NHj.
Additionally, QCMD methods are limited by their computa-
tional requirements compared to the classical reactive MD
methods such as ReaxFF. For example, ReaxFF is roughly 20
times faster and shows better scaling than DFTB for identical
systerns.17

The aim of this work is twofold. First, we present the
development of a ReaxFF-based force field capable of
modeling the gas-phase chemistry important for the CVD
gas-phase synthesis process of BNNS formation. The second
target is to demonstrate the modeling capabilities of the force
field. Hence, the work is arranged as follows: the next section
gives a summary of the computational methods used in this
work. In the Results section, we first discuss the force field
development process, followed by a discussion of some key
gas-phase reactions. Thereafter, we discuss the results of the
synthesis of BNNS using BN and HBNH as precursors. We
also discuss the effect of thermodynamic variables (temper-
ature and pressure) and additives on the BNNS formation
process. Afterward, we compare ReaxFF results presented in
this work with those performed using DFTB."” In the end, the
conclusions highlight the key takeaways from the force field
development and the potential application areas.

2. SIMULATION DETAILS

2.1. ReaxFF Reactive Molecular Dynamics Method.
The ReaxFF reactive force field-based MD is a computational
tool for atomistic-scale simulations of complex reactive
systems.'”"” The ReaxFF reactive force field is mainly trained
against quantum mechanics (QM) data, and the ReaxFF
methodology describes chemically reactive events through the
interatomic potential within a bond-order formalism, thus
describing the bond formation and breaking without expensive
QM calculations. Since ReaxFF requires a significantly lower
computational cost than QM, it can simulate reaction
processes over a longer time (>>1 ns) and larger sizes
(>>10 000 atoms). Additionally, ReaxFF does not require any
user intuition for possible reaction processes beyond its initial
training, thus enabling it to simulate complex reactive systems.
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Briefly, in the ReaxFF method, reactive events are described
through a bond-order concept,” where the bond order is
calculated directly from an interatomic distance using an
empirical formula that contains the single, double, and triple
bond-order contributions. The bond order is updated at every
iteration, which allows ReaxFF to describe the bond formation
and bond breaking. Nonbonded interactions, such as van der
Waals and Coulomb, are calculated between every pair of
atoms, and they are independent from the bonded interactions.
Atomic charges are calculated using a geometry-dependent
charge calculation scheme, electronegative equalization
method (EEM).”' The ReaxFF method calculates the energy
of each atom which governs the dynamics of the system using
the following equation

Esystem = Ebond + Eover + Eunder + Elp + Eval + Etor
+ EvdWaals + ECoulomb (1)
In the above equation, E,.,4 (bond energy), E. (over-

coordination penalty energy), Ej.g (undercoordination
penalty energy), Ey, (lone pair energy), E,, (valence angle
energy), and E,, (torsion angle energy) are bond-order-
dependent terms. E gy, (van der Waals energy) and Ecqyiomp
(Coulomb energy) are nonbonded terms. A more detailed
description can be found in previous ReaxFF-related
papers.'®'” Recent reviews of the ReaxFF method, and its
applications, are given in Senftle et al.”

2.2. Reparameterization of the ReaxFF Force Field.
The parameters of a ReaxFF force field are typically trained
against quantum mechanical (QM) and/or experimental
data.”® The force field parameters can be optimized to
reproduce geometries, partial charges, and different types of
energies such as reaction energies, reaction barriers, adsorption
energies, energies of formation, etc. These QM or experimental
data are referred to as the training set data. Each set of training
set data is given a weightage based on the importance of the
data, and the parameters are optimized until the desired level
of accuracy is achieved. The accuracy of the fitting is defined
using an error function

2
Xi,t - Xi,ReaxFF
error; = [ ———

where X;; and Xp,..pr are the target quantum mechanical/
experimental and ReaxFF values of the ith entry of the training
set and o; is the inverse weight that determines how accurately
the data needs to be fitted with the QM/experimental data.
The summation of all errors in the training set provides the
overall error, which is one of the measures of the quality of the
force field. The parameter optimization is performed using a
successive one-parameter search optimization technique.23 The
parameters that require refitting are listed in a “params” file.
The params file also lists the interval within which the
parameters are allowed to vary. During the four-step
optimization process for each parameter, ReaxFF finds an
optimized value of that parameter and visits the next parameter
in the params file. More details about the training are reported
in the later section.

2.3. ReaxFF MD Simulations. The ReaxFF parameter set
developed in this work is used to simulate the formation of
BNNS using reactive classical MD simulations. Overall, the
simulations are performed using the following methodology:
first, all of the molecular structures that are part of the initial

o;
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Figure 1. Summary of the ReaxFF force field reparameterization methodology.

simulation configuration are energy minimized. These
optimized structures are used to randomly populate a periodic
simulation box such that the appropriate density is achieved.
All of the configurations presented in this work have a density
of 0.02 kg/ dm?® unless mentioned otherwise. This simulation
system is then energy minimized at 0 K and equilibrated at a
temperature lower than the simulation temperature such that
no reactive events are taking place before the final simulation
run. The final simulations are performed at the desired
temperature using the ADF software suite’” with the NVT
ensemble. The temperature is controlled through the
Berendsen thermostat™ with a temperature damping constant
of 100 fs. Following our work with hydrocarbon fuels at higher
temperatures,”®”” the simulations are performed using a time
step of 0.1 fs. We identify all reactions that occur during the
NVT-MD simulations using an in-house reaction analysis code.
When species with different chemical formulae are identified,
the in-house code considers that a reaction event has occurred.

2.4. QM Simulations. Density functional theory (DFT)
calculations are performed for all of the molecules to calculate
bond dissociation energy (BDE) using the Jaguar software
package.”® All geometries are calculated using a hybrid method
employing Becke’s three-parameters approach, B3LYP,”” and
the 6-311G**++ basis sets.”’

3. RESULTS AND DISCUSSION

3.1. ReaxFF Force Field Parameter Training. One of
the primary aims of this work is to develop a force field capable
of describing the BNNS gas-phase synthesis process using B/
N/H-related precursors. For this purpose, we started the force
field reparameterization based on the Weismiller force field*'
developed for ammonia borane dehydrogenation and combus-
tion. A strategy similar to the one described in Xuan et al.** is
used here, as shown in Figure 1. First, the Weismiller force
field*' was used to simulate a number of configurations with
different B/N/H precursors. These configurations included
B,H¢/NHj;, BN, and HBNH systems. The atomic trajectories
from these simulations were analyzed using an in-house code
to identify key reaction pathways. Then, DFT calculations
were performed for these pathways to calculate the reaction
energies as well as barriers. This data was then used to train the
force field parameters. This feedback cycle was repeated
multiple times until the force field-based reaction energy and
barrier predictions were reasonably accurate compared to the
DFT data. The advantage of starting with the Weismiller force
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field* is that it was capable of modeling dehydrogenation
reactions related to B—-N—H species such as ammonia borane.

One of the reasons for the lack of understanding of the
growth mechanisms for BNNS is the relative complexity of the
B/N/H chemistry. However, we can draw help from the
similar, but more comprehensively studied, C/H chemistry.
Due to the interest in fossil fuels, soot formation, and more
recently graphene, the C/H chemistry has been studied
extensively over the last few decades. The first step in
understanding the soot formation chemistry is to understand
the reaction kinetics of small hydrocarbons. Similarly, along
with understanding the ring formation or BNNS formation
with precursors like HBNH, it is also important for the force
field to be able to correctly describe the B/N gas-phase
chemistry, which leads to the formation of these species.
Additionally, B,H¢/NHj itself has also been used as precursors
in the CVD synthesis of 2D-hBN.® Hence, we started our
feedback loop reparameterization as displayed in Figure 1 with
the B,H¢/NHj; configuration. This reparameterization resulted
in the training of three types of reactions, which are shown in
Table 1.

A more detailed discussion of these reactions is presented in
the later sections. Briefly, the precursors first form products
such as BH; or NH,. A number of different reactions
contribute to these products. For example, BH; is produced

Table 1. Comparison of the Reaction Energies of Key
Reactions for B,H/NH; Precursors between DFT and
Reparametrized ReaxFF Force Field

reaction energy

(kcal/mol)

reaction class DFT ReaxFF
B,H, > 2BH, initial 40.0 39.3
B,H, > B,H, + H, 418 37.1
BH, + B,H, > B,H, -338 —334
NH, + H > NH, + H, —09 -37
BH, + B,H, > B,H, —34 —213
NH, + BH, > H,BNH, addition —469 -50.5
NH, + BH, > H,BNH, —38.1 —424
BH, + NH, > H,BNH, 342 —286
H;BNH; > H,BNH, + H, dehydrogenation =S.1 -9.2
H,BNH, > HBNH + H, 29.5 364
HBNH > BN + H, 132.8 114.5
HBNH > HBN + 0.5 H, 78.3 57.1
HBNH > BNH + 0.5 H, 62.9 48.1
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through the unimolecular decomposition of B,Hg, while NH,
typically forms due to extraction of a H atom from NH; by
another radical. These products then combine to form B/N/H
species, which then undergo dehydrogenation to form species
that are the key to the formation of six-membered rings. Please
note that the Weismiller force field’' already predicted the
reaction energies for dehydrogenation reactions with reason-
able accuracy as these reactions were also a part of the force
field training for that force field.

After a few iterations of the force field training process,
driven by these B,H,/NHj; configurations, we obtained a force
field capable of predicting the reaction energetics of these
reactions with reasonable accuracy, as shown in Table 1.
Subsequently, the simulations of HBNH and borazine
configurations were added to the feedback process depicted
in Figure 1. Here, to once again connect to hydrocarbon
chemistry, HBNH and borazine can be considered equivalent
to acetylene and benzene, respectively. As such, they are key to
the formation of the first ring and the growth of the ring
structures. Table 2 shows the comparison of the key reaction

Table 2. Comparison of the Reaction Energies of Key
Reactions Related to Ring Formation

reaction energies (kcal/mol)

reaction DFT ReaxFF
HBN + BNH > B,N,H, —1559 ~1363
B,N,H + BNH > B,N;H, —1514 —1484
B,N,H + HBN > B,N,H, —159.8 —145.4
B;N; cyclization —101.4 -92.7
3 HBNH > B,N,H, —156 —165.7

energetics for the reactions involving these two precursors,
including the addition of dehydrogenated B—N—H products
and cyclization reactions. Along with these key reactions, we
have also added the formation energies of flat as well as closed
BN nanostructures similar to the ones described by Krstic et
al."® These are important to correctly capture the final shapes
of nanostructures.

Figure 2 shows overall improvements in the force field after
reparameterization with the additional data. The new force
field retains or improves the agreement of the training data
related to the B-N—H from the Weismiller force field.”" The
mean energy difference with the DFT data reduces from 35 to
17 kcal/mol during reparameterization. The training of force

field parameters often involves a trade-off between prioritizing
the accuracy of certain reaction over others. For example, the
reactions presented in Table 1 were considered highly
important and, as such, were given a higher weight in the
training, and for that reason provide a better match than the
mean energy difference value.

3.2. B/N/H Gas-Phase Chemistry. As explained pre-
viously, understanding the B/N gas-phase chemistry is the first
step in the investigation of BNNS formation. In this
subsection, we will discuss the results obtained from a set
B,H4/NHj; simulations at 2500 K with a corresponding initial
real gas pressure of 180 bar. The starting configuration consists
of 1000 NH; and 40 B,H4 molecules. The higher percentage of
NHj; is chosen here as it is necessary to form B—N species
similar to the experiments.5 Diborane is much more reactive
than ammonia and readily decomposes to either BH; or B,H,
species, as shown in Table 1. Figure 3 shows the number
densities of important species with the highest concentrations.
We observe that both B,H4 and BH; get consumed much
faster than ammonia, as shown in Figure 3b. These species can
react with each other to form B—B clusters. Hence, a higher
concentration of B,Hg results in boron clusters mainly
comprised of B—B bonds. This is similar to the observation
made by Sun et al.* in their computational study of diborane
pyrolysis. Hence, it is important to have a high NH;
concentration to form species containing BN bonds. NH;
can readily react with BH; to form amino borane. However, we
also observed hydrogen abstraction from ammonia leading to
NH,, which could also lead to the formation of B—N species.

The major products observed in our simulations include H,
(see Figure 3a) and a set of B—N species such as BNH,,
BN;Hg, and BN,Hj, as shown in Figure 3c. Figure 4 shows the
structure of the key early species along with some of the largest
species formed toward the end of the 1 ns simulation time. The
simulation successfully forms a set of BN species along with
the BN ring containing species at the end of 1 ns simulation.
These products follow the B—N gas-phase chemistry outlined
in the earlier section; the reactants or their immediate products
such as BH;, BH,, NH;, or NH, combine to form the BNH,
species. These species subsequently undergo dehydrogenation
to form products such as HBNH or BN,Hj;. Thereafter, these
products can combine to form larger species, including ring
structures, as shown in Figure 4. These observations validate
the capability of the force field to model the B—N gas-phase
chemistry up to the early ring formation stage. Additionally,
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variation with the DFT training data.

571

https://doi.org/10.1021/acs.jpca.1c09648
J. Phys. Chem. A 2022, 126, 568—582


https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c09648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
1000 35
NHy — BH -
Hy — B, H
2 30 276
800
g g
e 2 25
$ o0 @
2 g 207
s S
5 400 | § 19
Qo Qo
5 § 10
% 200} =
5
|
| |
0 0
(a) 0 0.2 04 06 08 1 0 0.05 0.1 0.15 0.2
time (ns) time (ns)

Number of Molecules

0.2

04

0.6

time (ns)

Figure 3. Species number density for the B,Hs/NH; simulation major species.

> @-@O
HBNH

Bog

BN2Hs

Major Products

Largest Species

Figure 4. Major products and the largest species at the end of the
simulations.

B—N species along with a ring species are formed in a
nanosecond time scale. Although ReaxFF simulations employ
relatively high pressure to accelerate the simulations, the higher
pressure does not affect the type of reactions that are
occurring.34 Hence, we can expect similar reactivity in micro-
or millisecond scale when using lower pressures of the order of
few bars or below. This could mean that when B,H,/NHj; are
used as precursors for the CVD synthesis of 2D-hBN,
significant reactions could happen in the gas phase affecting
the growth of the hBN. As such, understanding the gas-phase
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chemistry is important to understand the formation of 2D-hBN
on a substrate surface during the CVD synthesis. Longer and
larger simulations will be required to observe the formation of
large multiple ring species or BNNS, which is discussed in the
next sections—starting from BN precursors.

3.3. BNNS Formation with HBNH and BN Precursors.
In this section, we discuss the formation of BNNS with HBNH
and BN precursors. These precursors can potentially be used in
gas-phase synthesis methods.””**° Additionally, HBNH is an
important product of the B,Hs/NHj; configuration, which is
used for the CVD synthesis of 2D-hBN.

3.3.1. HBNH Precursors. Figure S shows the number of six-
membered rings observed during HBNH simulations. These
simulations are performed with 700 HBNH molecules at 2000
K at different stages along with the simulation with a
corresponding initial real gas pressure of 73 bar. A recent
experimental study by Bansal et al.’> employs similar
temperatures to synthesize hBN on a sapphire substrate with
B,H¢/NH; as precursors. Their work suggests that the
precursor species might undergo chemical reactions before
reaching the substrate surface. The ReaxFF parameters
developed in this work can be used to identify this chemical
reactivity similar to some of the previous work by our research
group.32 As HBNH is an important product in this process, as
indicated by simulations discussed earlier, the following results
might help us explain the gas-phase reactivity for the
abovementioned synthesis process. The overall simulation
can be divided into three stages. In the first stage of the
simulation, the precursor species react with each other to form
the initial ring structures till ~0.6 ns. We predominantly

https://doi.org/10.1021/acs.jpca.1c09648
J. Phys. Chem. A 2022, 126, 568—582


https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c09648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

)

160
140
120
100
80
60
40
20

[
o
c
=
©
@
@
Rt
IS
@
£
©
Y
o
—
@
o
£
>
=

0 1 2
Time (ns)

(e)

Figure S. Representative simulations snapshots at (a) 0 ns, (b) 50 ps,
(c) 1 ns, (d) 2 ns, and (e) the number of six-membered rings in the
simulation as a function of time for HBNH precursor simulations at
2000 K.

observe single-ring structures until this point. The HBNH
species first form small chains comprising of multiple BN
bonds typically up to B,N,H,. These 1D structures then grow,
branch, and eventually form six-membered rings. Most of the
initial six-membered ring species have a small side chain
attached to them, indicating that they are formed through
pathways involving species larger than B;N;H,. This is
followed by the second phase from ~0.6 to 1.6 ns in which
these species grow to form multiple ring species. The third
stage can be considered from ~1.6 to 2 ns where the multiple
ring species combine together to form larger species, as shown
in Figure Sd. These regimes can overlap with each other. For
example, the large molecules can still increase their number of
rings even after combining with other large species. This
growth pattern is also reflected in Figure Se showing the
number of six-membered rings as a function of time. We see
initial slow ring formation—until around ¢ = 0.6 ns—followed
by a steady, fast ring formation stage that lasts until ¢ = 1.6 ns,
after which ring growth slows down slightly due to the lack of
the precursor and subsequently formed B,N,H, species of low
molecular weight.

Figure 6 shows a typical growth pathway for one of the
larger species at the end of the simulation. As described earlier,
in the first stage, HBNH undergoes partial dehydrogenation
followed by recombination to form larger B,N,H, species.
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Stage 3

Figure 6. Typical BNNS formation stages for the HBNH precursor.

Please note that this is not the only pathway through which the
large species formation takes place—this is just one
representative pathway that we show by retracing the
formation of one of the largest species formed during the
simulation. Analyzing Figure 6, it is interesting to note that in
the second stage, most of the growth takes place through
combination and rearrangement of relatively large species
rather than smaller ones, like HBN, BNH, or HBNH
precursors, added to the larger species. Another major route
for the ring growth is the rearrangement of the attached
polymer chains to form additional rings, as shown in the Stage
3 snapshots. Also note that all rings are at the edges terminated
by H atoms. This is essential to form flat BNNS rather than
closed BNNS. This indicates that H atoms play an important
role in forming flat BNNS as discussed in the next sections.

3.3.2. BN Precursors. Figure 7 shows the number of six-
membered rings formed from the BN precursor at 2000 K with
corresponding initial gas pressure of 142 bar with 729
precursor molecules. Here, the BN precursor can easily
polymerize to form long BN chains with infrequent
interconnects, as seen in Figure 7c. It is challenging to track
the reactions happening in the case of these simulations since
very large interconnects of BN polymers are formed due to
branching before the formation of the first ring. Here, the ring
formation mechanism is different from that with the HBNH
precursor.

Based on the observations from the simulation trajectories of
large species, the formation of BNNS can be divided into three
stages. In the first stage, which lasts up to ~0.1 ps, BN dimers
add up to form small BN polymers. These polymers can
combine to form amorphous structures similar to those shown
in Figure 7c. The next stage involves these structures further
combining to form even larger structures. This process of

https://doi.org/10.1021/acs.jpca.1c09648
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Figure 7. Representative simulations snapshots at (a) 0 ns, (b) 50 ps,
(c) 0.5 ns, (d) 1 ns, and (e) the number of six-membered rings in the
simulation as a function of time for BN precursor simulations at 2000
K

formation of large nanostructures at the expense of smaller
ones is known as Oswald ripening.36’37 These larger structures
have both polymeric and 2D-hBN characteristics (see Figure 8
stage 2). The ring formation and growth is not as distinct as in

the case of the HBNH precursor. The ring formation starts at Figure 9. Sliced view of the BNNS formed by the BN precursor at 2
BN interconnects in the polymeric structures. The large BN ns of 2000 K simulation. The structure on the left shows the final
structure keeps rearranging itself to form more and more six- closed BNNS structures formed by a BN precursor. The structure on
membered rings. the right shows the slices of the same structure obtained by dividing

Figure 9 shows a sliced view of the BNNS formed by the BN the structure using planes perpendicular to the longer dimension of
precursor simulation at 2 ns. As pointed out by Krstic et al.,"® the structure.

the BN precursor leads to the formation of closed structures
compared to the flat, H-terminated structures with the HBNH
precursor. Due to the absence of ring-terminating H atoms,
BN structures do not remain flat. Instead, curved structures are
formed ultimately leading to closed structures. The sliced view
of the final structure in Figure 9 shows that the final structure
can be described as a cocoon-like structure or a single-walled
BNNT with closed ends.

3.4. Quality of BNNS. As we have seen in the previous
sections, not only do different precursors have different

work of Krstic et al.'> also defined a similar quality factor. A
brief description of the quality factor can be found in the
Supporting Material. Briefly, it is a factor comparing the
number of six-membered rings in a given structure to the
optimal number of six-membered rings that can be formed
with a given number of particles. For n number of particles, the
optimal number of six-membered rings formed can be
calculated as

mechanisms leading to BNNS, the types of structures formed maximum number of hexagons for n particles
are also different. To define the quality of the structures ( 10)
formed in the simulations, we use a quality factor (QF) to =Y .,
assess the larger structures formed during the simulations. The 3
574 https://doi.org/10.1021/acs.jpca.1c09648

J. Phys. Chem. A 2022, 126, 568—582


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c09648/suppl_file/jp1c09648_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c09648?fig=fig9&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c09648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

BN precursor, 2000 K,
QF =0.67

HBNH precursor, 2000 K,
QF =045

Figure 10. Quality of the largest structure obtained from BN and HBNH precursor simulations, respectively.

Therefore, the quality factor can be defined using a simple
expression

actual number of hexagons
NX

Any defect in a BNNS ends up reducing the number of six-
membered rings in the structure. Hence, a larger quality factor
represents better structure. Figure 10 shows two large final
structures formed in the HBNH and BN precursor simulations,
respectively.

Similarly, the QF can also be calculated for an entire
simulation configuration by averaging the QF for each species
in a given frame. This allows us to calculate the overall quality
as well as ring growth of the BNNS as the simulation
progresses.

OQF = Z mass fraction*QF

all species

Figure 11 compares the overall quality factor (OQF) for BN
and HBNH precursor simulations as a function of time at 2000

1

BN —
HBNH —

0.8

0.6 :

04 :

0.2 }

Overall Quality factor

0 0.5 1 15 2

Time (ns)

Figure 11. Overall quality factor as a function of time for BN and
HBNH precursor simulations as a function of time at 2000 K.

K. It is clear from this comparison that the BN precursor forms
better structures. Please note that although the overall quality
of the BNNS formed by the BN precursor is higher, it will
always lead to the formation of a closed or curved structure.
Obtaining flat 2D-hBN structures would require H-containing
precursors like HBNH. The final structure in the case of the
HBNH precursor is made of a set of smaller hydrogen-
terminated BNNS, as seen in Figure 11. The QF and OQF give
a straightforward numerical criterion to assess the quality of a
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BNNS. Hence, we obtain conclusions similar to those obtained
by the QCMD."”

3.5. Effect of Temperature and Pressure. Operating
conditions also play a major role in BNNS formation as well as
the quality of BNNS structures. To evaluate the role of these
conditions, we performed precursor simulations at three
different temperatures and densities to understand the effect
of temperature and pressure on BNNS formation. In this
section, we discuss the main observations from these
simulations. Figure 12 shows the number of six-membered
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Figure 12. Number of six-membered rings as a function of time at
1500, 2000, and 2500 K for the BN precursor.

rings as a function of time for three different temperatures for
the BN precursor. The simulation at 2500 K yields very few
six-membered rings, while the ring formation is better at lower
temperatures. As explained previously in the section discussing
BN precursor simulations, the BNs quickly form rather large
polymers. Hence, it is difficult to single out a specific reaction
or group of reactions responsible for this behavior.

To investigate this behavior further, we calculated the Gibbs
free energies for a large polymer and for a 2D-hBN structure
with the same number of B and N atoms. Figure 13 shows the
difference in the Gibbs free energies between a polymeric and a
2D-hBN structure with the same number of B and N atoms. As
the temperature increases, the 2D-hBN structure becomes
increasingly less favorable. This can be explained using the
entropies for these structures shown in Table 3. Due to its
highly structured nature, 2D-hBN has lower entropy compared
to the polymeric BN. This difference keeps increasing with
temperature. Hence, the Gibbs free-energy slope reduces with
increasing temperature. This underlines the imlportance of

temperature in the BNNS formation. Krstic et al.” also make

https://doi.org/10.1021/acs.jpca.1c09648
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Figure 13. (a) Gibbs free-energy change as a function of temperature for the structural change to (b) 2D-hBN from (c) polymeric BN.

Table 3. Comparison of Entropy at Different Temperatures
between Polymeric BN and 2D-hBN

entropy (cal/mol-K)

temperature (K) 2D-hBN polymeric BN
500 1156.66 1501.26
1000 2101.42 2483.06
1500 2768.79 3174.4S5
2000 3271.45 3697.16
2500 3671.54 4114.24
3000 4002.83 4460.12

similar observations in the case of BN precursors. Very high
temperatures are undesirable for a BN precursor, which would
lead to the formation of B only species. Hence, temperature
needs to be optimized properly to attain optimal yield during
the synthesis process.

Figure 14 shows the number of six-membered rings for the
HBNH precursor. Here the ring formation process is not
limited by the rearrangement of large polymer species. Hence,
we observe significant six-membered ring formation at high
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Figure 14. Number of six-membered rings as a function of time at
1500, 2000, and 2500 K for the HBNH precursor.
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temperatures due to the involvement of H atoms. An
interesting note here is that similar to the BN precursor, the
lower temperature (1500 K) mainly helps in the initial part,
where it results in a higher rate of six-membered ring
formations. If the simulations are run long enough, then we
see that the higher temperature catches up in terms of the
number of six-membered rings formed.

Figure 15 shows the effect of change of density on the ring
formation process. Increasing the pressure of a precursor

300

0.01 kg/dm3 —
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0.04 kg/dm3
o)

250
200
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50

Number of 6-membered rings

Time (ns)

Figure 15. Number of six-membered rings as a function of time at
0.01, 0.02, and 0.04 kg/dm?® for the HBNH precursor.

typically accelerates the reactions and hence higher pressure
leads to a higher rate of six-membered ring formation. This
agrees well with the experimental studies which suggest that
using hi%her pressure aids the synthesis of BNNTSs in the gas
phase.”’

Figure 16 shows the quality factor as a function of time at
different temperatures and pressures with HBNH as a
precursor. The lower temperature simulation forms higher-
quality structures initially. However, the number of six-
membered rings, as well as the quality of structures, becomes
similar at around 2 ns for all of the temperatures. However, if
we continue the simulations longer, higher-temperature

https://doi.org/10.1021/acs.jpca.1c09648
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Figure 16. Effect of (a) temperature and (b) density on the quality of the BNNS for the HBNH precursor. The temperature simulations are
performed at the density of 0.02 kg/dm® and varying density simulations are performed at 2000 K.
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Figure 18. Comparison between (a—d) DFTB (Reproduced from ref 15 with permission from the Royal Society of Chemistry.) and (e—h) ReaxFF

trajectories for the BN precursor at 2000 K.

simulations lead to much better quality structures. Please note
that we are showing QF only after 0.5 ns to ignore initial
fluctuations. A lower pressure leads to lower initial OQF
values, which increase during a simulation, getting closer to the
higher density OQF values after t = 3 ns. In summary, if we
compare BNNS with a similar number of six-membered rings
obtained at different temperatures or pressures, the quality of
the BNNS is likely to be similar as well. The BNNS quality is
mainly driven by the precursor choice.

3.6. Effect of Additives on BNNS Formation. Another
important variable in the BNNS formation, apart from the
precursor, temperature and pressure, are additives. Additives
such as H, can be intentionally added or are a part of the
synthesis procedure as, for example, a carrier gas. As a
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representative case, Figure 17 shows the effect of the addition
of H to a BN precursor simulation. One hundred hydrogen
atoms are added to the BN simulation configuration while
keeping the density constant. HBNH precursor data is also
shown for comparison. BN and HBNH simulations are
representative of two extreme cases in terms of hydrogen
presence with the BN—H simulations describing an inter-
mediate scenario. The number of six-membered rings formed
is similar for BN and BN—H cases at 2000 K. However, at
2500 K, the addition of H greatly improves the number of six-
membered rings. At this higher temperature of 2500 K, the
HBNH precursor overtakes both BN and BN—H precursors in
terms of the number of six-membered rings formed. This
observation clearly indicates that the addition of H would aid

https://doi.org/10.1021/acs.jpca.1c09648
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Figure 19. Comparison between (a—d) DFTB'® and (e—h) ReaxFF trajectories for the HBNH precursor at 2000 K. The orange, blue, and white

spheres represent B, N, and H atoms, respectively.

Table 4. Comparison between DFTB, ReaxFF, and DFT Reaction Energies for the Key Reactions in HBNH Precursor

Simulations”

Reaction Energy (kcal/mol)
Reaction
DFT DFTB ReaxFF
5' <+ % » b -68.9 633 -59.8
ﬁ, + “og » O -146.1 2023 -148.5
Q + % 9.2 2185 3.7
A+ S B p 127 117.6 1110

“The orange, blue, and white spheres represent B, N, and H atoms, respectively.

the BNNS formation at higher temperatures. However, high
temperatures (like 4000 K'°) would lead to dominant
formation of boron clusters. A similar observation was made
experimentally by Kim et al.’ as well. Briefly, in the
experimental work of Kim et al,,’ B-containing feedstocks are
vaporized at high temperatures above 3000 K to form
nanosized B droplets. BNNT grows continuously from those
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B droplets by incorporation of N-containing species such as
N,. Due to the relatively inert nature of N,, this process is slow
and results in the low yield of BNNT. However, the synthesis
of BNNT is greatly assisted by the presence of H,. The
addition of H, leads to the formation of B/N/H species, which
leads to the faster synthesis of BNNT with better yield. The
formation of BNNT takes place at a lower temperature of

https://doi.org/10.1021/acs.jpca.1c09648
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Figure 20. Comparison between (a—d) DFTB (Reproduced from ref 15 with permission from the Royal Society of Chemistry.) and (e—h) ReaxFF
trajectories for the borazine precursor at 2000 K. The orange, blue, and white spheres represent B, N, and H atoms, respectively.

around 2000 K. The simulations presented here indicate
similar behavior.

3.7. Comparison with Existing Work. Krstic et al.'® used
QCMD based on DC—DFTB-K*® to simulate the synthesis of
BNNS in a hot, high-pressure gas volume. They studied the
formation of BNNS using different precursors, including BN,
BN—H, HBNH, and B;N;Hq. It is one of the few modeling
studies trying to understand the growth mechanism of BNNS
at high temperatures. More details about DFTB simulations
can be found in the original manuscript."> Here, we compare
some of the results obtained using the ReaxFF force field
developed in the current work with the work of Krstic et al."

Figure 18 compares simulation snapshots at different stages
during the BN precursor simulation. Both the simulations
follow similar trends initially, where the BN precursor
combines up to form B,N, chains. Both the simulations start
forming six-membered ring structures at 130 ps. There are two
key differences between DFTB and ReaxFF for these
simulations. First, at the end of 1 ns simulation time, ReaxFF
simulations form a large single structure, whereas DFTB
simulations form smaller nanocages. However, even with
ReaxFF simulations, the formation of nanocage-like structures
is the precursor step to the formation of larger structures.
Hence, in this case, ReaxFF simulations are faster than DFTB.
The second difference is based on temperature dependence.
The DFTB simulations form a significant number of rings at
2500 K. However, ReaxFF simulations indicate that at 2300 K,
BNNS formation with the BN precursor hits a critical point. As
indicated by the Gibbs free-energy analysis, the free-energy
difference between an hBN-type structure and a polymeric
structure reduces with increasing temperature. Hence, at 2500
K, the BN precursor forms polymeric structures instead of
hBN-type structures.

Figure 19 shows a similar comparison for the HBNH
precursor. In these simulations, both ReaxFF and DFTB lead
to flat hBN structures. As pointed out earlier, the H atoms at
the edges do not allow the formation of closed structures
similar to the BN precursor. Here, ReaxFF is relatively slower
compared to DFTB in forming six-membered rings. For
example, ReaxFF simulations take 1 ns to form structures of a
similar size to those observed in the DFTB simulation
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screenshot at 130 ps. The ReaxFF simulations eventually
lead to similar structures, as shown in the 1 ns screenshot of
the DFTB simulations and 2 ns screenshot of the ReaxFF
simulations (see Figures 19d and 5d, respectively).

Again, to investigate this, we compare the reaction energies
of key reactions extracted using DFTB simulation trajectories
between ReaxFF, DFTB, and DFT, as shown in Table 4. Here,
DFTB simulations are performed using ADF software suite
using the MATSCI package. These are some of the frequent
reactions responsible for the first ring formation and ring
growth obtained by retracing common species along the
simulation trajectories. Although, for two of these reactions,
both ReaxFF and DFTB show comparable results to that of
DFT, DFTB energetically favors the two intermediate steps.
This could potentially speed up the six-membered ring
formation in DFTB simulations leading to early ring formation
and faster ring growth.

Again, a similar comparison is performed for borazine. This
comparison also shows similar trends as that of HBNH
simulations. ReaxFF simulations (see Figure 20e—h) are much
slower compared to the DFTB simulations (see Figure 20a—d)
in forming six-membered ring clusters. The ReaxFF
simulations do not form flat hBN structures, as shown by
DFTB simulation snapshots within the same timeframe of 1 ns.
However, upon continuing ReaxFF simulations further up to 4
ns leads to the formation of flat hBN structures similar to the
ones formed by the DFTB simulation at the end of 1 ns
simulation time (see Supporting Material, Figure S2). Again, to
assess this difference, we compare the energetics of some key
reactions responsible for the ring growth process in the case of
borazine as a precursor in Table S.

Similar to the case of HBNH, we analyzed DFTB and
ReaxFF trajectories to identify important initial reactions. In
this case (borazine), dimerization of borazine was the most
dominant reaction apart from the dehydrogenation of
borazine. Hence, we compare the reaction energies for these
reactions. In this comparison, ReaxFF has lower reaction
energy for dehydrogenation reactions. However, it takes
additional reaction steps for the products of dehydrogenation
such as B;N;H; to form multiple six-membered ring structures.
Then, the key reaction for ring growth from DFTB simulations
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Table 5. Comparison of Reaction Energies between ReaxFF,
DFT, and DFTB

reaction energy (kcal/mol)

reaction DFTB ReaxFF DFT
B;N,H¢ — B;N;H; + 0.5 H, (from B) 89.6 41.1 57.4
B;N;Hg — B;N;H; + 0.5 H, (from N) 84.2 333 67.7
B;N;H, + 0.5 H, (to B) — B;N;H, 24.6 28.6 47.5
B;N,H, + 0.5 H, (to N) — B;N,H, 40.8 36.4 62.7
2%B3N;Hg — B¢NgH;, (dimer) —20.7 5.6 332

is through dimerization of borazine. This reaction is energeti-
cally favored in DFTB simulations, whereas it is 33.2 kcal/mol
uphill according to DFT simulations. This reaction provides a
direct route for multiple ring formation and growth, leading to
an explanation for the lower time required by DFTB
simulations to form flat BNNS compared to ReaxFF. We
note that ReaxFF also underestimates the H-abstraction energy
as well as the dimerization energy. Hence, it is likely that both
the DFTB and ReaxFF simulations overestimate the formation
rate of BNNS with the borazine precursor.

In summary for the BN precursor, ReaxFF and DFTB show
similar BNNS formation mechanisms and rates. ReaxFF leads
to the formation of a large cocoon-like structure, whereas
DFTB simulations form multiple smaller closed structures. In
the case of HBNH and borazine, ReaxFF shows lower
reactivity compared to DFTB simulations potentially explained
by the reaction energetics as described earlier. It is clear from
the comparisons that DFTB and ReaxFF both predict similar
mechanisms for the formation of BNNS. However, DFTB
simulations show significant differences in terms of reaction
energetics for some of the key reactions when compared to
DEFT. This results in DFTB simulations showing BNNS growth
in a shorter timeframe compared to that of ReaxFF. ReaxFF
shows a fair match with DFT results. We found that none of
the methods consistently showed better accuracy than the
other when compared to DFT. Hence, the comparison is not
adequate to comment on the higher accuracy of one method or
the other. Rather, these observations indicate that the DFTB
simulations could potentially serve as a guide to the ReaxFF
parameter development. The initial training of ReaxFF
parameters as discussed in Section 3.1 can be performed
with DFTB instead of DFT to reduce computational cost
followed by more accurate DFT calculations. Then, orders of
magnitude lower computational cost of ReaxFF compared to
DFTB and DFT can be exploited to perform larger-scale
simulations.

4. CONCLUSIONS

The Weismiller force field®' was reparametrized to make it
suitable for B/N gas-phase chemistry and BNNS formation
simulations at elevated temperatures. A feedback loop
extracting information on new structures from MD simulations
feeding to DFT calculations is used here. This DFT data is
then, in turn, added to the ReaxFF training set and used to
reparametrize the force field. The force field training involves
training for reactions related to the B—N gas-phase chemistry
resulting in B—N bond-containing species. It also involves
training for ring formation pathways. The resultant force field
gives a good reproduction of the DFT data for around 60
reaction energies and barriers.

The updated B/N/H 2021 force field parameters were
subsequently used to investigate the B—N gas-phase chemistry
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and BNNS formation. The gas-phase chemistry was inves-
tigated using B,H¢/NH; simulations. The simulations show
that HBNH is one of the important products which could
potentially lead to BNNS formation when B,H4/NH; is used
as a precursor in the CVD synthesis of 2D-hBN. We also
observe the formation of species containing six-membered
rings in our simulations. This suggests that the gas-phase
chemistry of B,H¢/NH, will play an important role in
understanding the CVD synthesis of 2D-hBN.

To investigate the high-temperature synthesis of BNNS, BN,
and HBNH are chosen as representative precursor examples.
The effect of different operating conditions is also investigated.
The simulations show that BN is the best of these two
precursors in terms of quality and the size of the BNNS.
However, the BNNS are converted to complex polymeric
structures at temperatures of 2500 K and higher due to
entropic effects. Compared to a BN precursor, HBNH forms
relatively small and low-quality BNNS, but it is less affected by
temperature. More importantly, the BN precursor leads to the
formation of closed structures, whereas the HBNH precursor
forms flat H-terminated 2D-hBN structures. Additives like H,
significantly affect the BNNS formation. In summary, the
results show the capability of the force field in predicting the
BN gas-phase chemistry and BNNS formation.

The time scales involved in CVD synthesis with B,H,/NH,
precursors will require large time scale MD simulations, which
are beyond the scope of this work. However, reaction
mechanisms extracted from the higher-temperature MD
simulations can potentially be coupled with CFD simulations
to simulate the CVD synthesis process, as demonstrated by
Xuan and co-workers for 2D-chalcogenide growth.”” Addi-
tional work is also required in understanding the role of
substrates, like alumina surfaces, in CVD synthesis. All this
work, including longer MD simulations, MD-CFD-coupled
simulations, and modeling substrate interactions, will be
undertaken as a part of the future work.
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