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Abstract

Metal flux methods are excellent for synthesizing high-quality hexagonal boron nitride
(hBN) crystals, but the atomic mechanisms of hBN nucleation and growth in these systems
are poorly understood and difficult to probe experimentally. Here, we harness classical
reactive molecular dynamics (ReaxFF) to unravel the mechanisms of hBN synthesis from
liquid nickel solvent over time scales up to 30 ns. These simulations mimic experimental
conditions by including relatively large liquid nickel slabs containing dissolved boron and a
molecular nitrogen gas phase. Overall, the reaction takes place almost exclusively on the
surface of the liquid nickel, owing to the low solubility of nitrogen in bulk nickel and the
intermediate species’ preference for the metal-gas interface. The formation of hBN invariably
begins by reaction of dinitrogen with nickel-solvated boron atoms at the surface, forming
intermediate N-N-B species, which typically evolve into B-N-B units through a short-lived
intermediate where a single nitrogen atom is coordinated by one nitrogen and two boron
atoms. The resulting B-N-B units, in turn, coalesce with growing hBN nuclei and carry
nitrogen between hBN nanocrystals in an Ostwald ripening process. The amount of hBN
produced on the tens of nanosecond time scale depends critically on the boron concentration,
while having a much weaker dependence on the Ny pressure for the regime considered (Nj
pressures of 2.5-10 MPa, Ni-B solutions with 6-12% boron by atom fraction). The highest
rate of hBN formation occurs at the lowest temperature considered (1750 K, just above the
melting point of nickel), while no hBN sheets are formed at 2000 K or above. An analysis
of the transition pathways for nitrogen atoms shows that the final step, incorporation of
small B-N motifs into larger hBN sheets, is the rate-limiting step in the regimes considered.
While raising the temperature from 1750 to 2000 K has little effect on the formation of

intermediates (N-N-B, B-N-B, etc.), the lack of large hBN sheets at temperatures >1900 K



is explained by decreased probability of the final step and increased probability of break-up
of hBN into B-N motifs.
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Dissolution of boron in liquid nickel and segregation of boron at the liquid
nickel surface. (A) Initial simulation structure with a small crystal of /-
rhombohedral boron near a liquid nickel surface. Boron and nickel atoms
are shown as pink and gray spheres respectively. (B) Structure after 8 ns of
simulation at 1900 K showing that the elemental boron crystal dissolves and
spontaneously segregates to the nickel surface. Boron-to-nickel ratio (C) or
boron concentration (D) along the direction transverse to the liquid nickel
slab (the z-axis). Several temperatures are shown, revealing the temperature

dependence of boron segregation. . . . . . ... .. ...

Spontaneous formation of hBN at the interface between N, gas and liquid
Ni with dissolved boron. (A) Initial system setup including a liquid Ni slab
(equilibrated with dissolved boron) and an Ny gas phase region (B, pink; N,
blue; Ni, gray). (B) The same system after 4 ns of simulation at 1750 K,
showing transient boron—nitrogen species bound to the interface. (C) A large
hBN cluster formed spontaneously on liquid Ni after 27 ns. (D) The size of the
largest connected hBN cluster (in number of atoms, counting both B and N)
present in the simulation as a function of time. At the end of the simulation
(30 ns), each of the two surfaces of the slab is partially covered by one large

hBN cluster of >120 atoms . . . . . . . . . . ..
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Dependence of hBN growth on pressure and boron concentration. (A) Ny
pressure during a 30 ns simulation under constant volume conditions, high-
lighting a sharp initial decline due to reaction of the Ny with boron on the
nickel surface. (B-D) Comparison of hBN growth for different Ny pressures
and different initial boron concentrations. Plotted is the number of atoms in
the largest covalent boron—nitrogen cluster. For reference, the corresponding
curve for the constant volume simulation is shown in each panel. Ny pressures
shown are 100 atm (B), 50 atm (C), and 25 atm (D). The systems contained
208 or 104 boron atoms and 1520 atoms of liquid nickel. The temperature
was 1750 K. . . . . .
Visual and quantitative analysis of boron—nitrogen species during hBN for-
mation. (A) Simulation snapshot illustrating the species appearing during
hBN formation, with nitrogen atoms colored according to what species they
occur in (Ng gas, black; atomic N, red; free BNB, cyan; linked BNB, blue;
hBN/NBg, purple; other, dark gray). Nickel is lighter gray and boron is pink.
(B,C) Temporal evolution of nitrogen atom counts for various species during
hBN formation. In panel C, a gaussian filter was applied to the raw data with
a standard deviation of 0.05 ns for clarity. This simulation was performed at
constant volume at 1750 K, beginning with 88 N3 molecules (176 N atoms). .
Analysis of species present during hBN synthesis at a range of temperatures.
(A) hBN sheet formed at 1750 K. (B-F) counts of different species during
synthesis at temperatures of 1750, 1800, 1900, 2000, 2200, and 2700 K. Species
shown are (B) hBN/NBj nitrogen atoms, (C) ...B-N-B... nitrogen atoms,
(D) free boron atoms, (E) free atomic nitrogen, and (F) Ny nitrogen atoms.
Species are defined as in Figure 3.3A. In panels C and E, a gaussian filter was

applied to the raw data with a standard deviation of 0.05 ns for clarity. . . .
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Pathways and transition probabilities of atomic nitrogen in hBN synthesis.
(A) and (B) illustrate the evolution of single nitrogen atoms during a simula-
tion at 1750 K. (C) and (D) provide a analysis of transition probabilities for

nitrogen atoms between different species, highlighting the most likely path-

ways contributing to hBN lattice formation at 1750 and 2000 K, respectively.

Comparison of B-N motif geometry between ReaxFF and ab initio simula-
tions, with additional comparison to experimental values for analogous organic
compounds. (A) and (B): Probability density functions of B-N bond distances
for free B-N and BNB motifs, respectively, on molten nickel. (C) Probability
density function of the B-N-B bond angle in free BNB motifs. The ReaxFF
and ab initio data are compared, with experimental values marked by dashed
lines, demonstrating a reasonable agreement between the methods. . . . . . .
Rates of diffusion for boron and nitrogen species at the surface of liquid Ni.
(A-D) Images of the considered species at the surface of liquid Ni, including
(A) atomic boron, (B) atomic nitrogen, (C) a free BNB group, and (D) a small
hBN sheet. (E) Mean square displacement (MSD) in the xy-plane for these
species as a function of time, averaged over 5 ps subtrajectories extracted from

40 independent simulations. . . . . . . .. ...

Lower (A) and upper (B) surfaces of the liquid Ni slab after 32.6 ns of simula-
tion at 1750 K. The boundaries of the periodic image are shown by black lines.
The largest covalently linked B/N clusters are highlighted by bright colors,
while the nickel and other B/N species are shown in drab colors. Colors are
B, pink; N, blue; and Ni, gray. . . . . . . . . . ... .. .. .. ... .. ...
Radial concentration of boron-boron (A) and boron-nitrogen (B) pairs at
1750 K and 2000 K. The first 15 ns of the simulation have been discarded to
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Preface

While molecular dynamics (MD) simulations offer tremendous opportunities for mate-
rial science researchers, this research topic opens a way for future studies by making MD
simulators more reliable resources for investigating various scientific goals. Moreover, per-
forming these studies entirely through computational means has an important environmental
advantage, and that ecological awareness has motivated me to further advance my expertise
in computational techniques for applications in materials science and chemical processes.
While experiments will often be necessary to test the final predictions of simulations, simu-
lations can point experiments in the right direction, avoiding the associated time, cost, and
environmental impact of many trial-and-error experiments.

In particular, boron icosahedral materials stand out for their extraordinary potential in
areas ranging from aerospace to human healthcare. These remarkable applications require
accurate, fundamental modeling to unlock the full benefits of this versatile material. By pur-
suing this computational research, I aim to contribute to the broader scientific community by
enabling more robust and environmentally responsible investigations into boron icosahedral

systems.
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Chapter 1

Introduction

Hexagonal boron nitride (hBN) has extraordinary potential for applications in electronics, '
catalysis,** and nanosensors® and is among the most promising materials for engineering

™9 and optoelectronics devices. %12 Its unique

of single-photon emitters®, quantum sensors
combination of electronic, mechanical, and thermal properties differentiates it from other
two-dimensional materials, making it the subject of intense research focus. Synthesis of
high quality crystals with few defects or controlled incorporation of functional defects!® is
key to the success of these applications. This drive for purity and quality is rooted in the
direct relationship between material defects and device performance, especially in nanoscale
applications'* where even minor imperfections can drastically affect outcomes. A common
technique for synthesizing hBN is chemical vapor deposition (CVD)!® on metal subtrates
like copper and platinum . Recent studies on MoS, synthesis using CVD, such as the work
by Arafat et al.,!” have shown how precursor interactions and reaction intermediates dictate
the quality and formation mechanisms of 2D materials. Similar approaches are essential
for elucidating the growth pathways of hexagonal boron nitride (hBN) in our study. The
growth of monolayer hBN on metal surfaces is primarily governed by surface interactions and
diffusion processes, where boron and nitrogen atoms preferentially attach and arrange them-
16;18;19

selves on specific lattice sites of the metal substrate to form an epitaxial monolayer.

A low-temperature direct synthesis CVD?’ approach has also been developed, enabling the



production of thick multilayered hBN on semiconducting and insulating substrates.

In contrast, flux methods, in which the crystal is grown by precipitation from a molten
solvent, 25?2 have the potential to produce higher-quality crystalline hBN at scale, because the
reactions occur closer to equilibrium, allowing time for defects to relax. Another advantage
of the metal flux methods is that pure elements (N, 5-B, and doping elements) can be used
as sources, rather than molecular precursors (as used in CVD'%16) that introduce unwanted
or uncontrolled quantities of impurities, particularly hydrogen or carbon. The application of
flux methods to hBN synthesis was initiated by Ishii and Sato?? using molten silicon. Metal

26-30

fluxes for hBN synthesis have included sodium,?* nickel,?® nickel-chromium, copper-

31 iron,?? and iron-chromium.?* Kubota et al.?® demonstrated considerable success

chromium
using Ni-Cr solvent to dissolve boron nitride, subsequently recrystallizing it into large single
crystals near 1700-1770 K. Hoffman et al.?” explored different controlled cooling rates and
soak temperatures to optimize hBN synthesis from Ni-Cr solvent, achieving large high-quality
single crystals. Further exploring the parameters method, Zhao et al.? successfully grew
large hBN crystals at 1820 K using a similar Ni-Cr solution. Their work underscores the
efficiency of metal flux methods in scaling up the production of hBN crystals while controlling
the thermal environment to reduce defects and to enhance the optical properties. Cao et
al.3* found that the size of single crystal hBN could increased by adding carbon to the Ni-Cr
flux; however, carbon was also associated with graphene regions throughout the hBN, which
were subsequently suppressed by adding Au.

Isotopically enriched elemental sources are typically available at lower cost than similar
precursor molecules; hence, the use of elemental sources also facilitates synthesis of isotopi-
cally pure hBN. Natural boron consists of two abundant isotopes (19.9% °B and 80.1%
B), while natural nitrogen is dominated by N (99.6%). Using Ni-Cr flux, Liu et al.?’
produced isoptopically pure hBN with 99% °B or 99% ''B. More recently, Janzen et al.*’
synthesized isotopically pure hBN samples with each of the four combinations of stable boron
and nitrogen isotopes, using a two-step method to conserve relatively expensive ?Ny. They
showed distinct phonon scattering and photoluminescence behavior across these four isotopi-

cally pure materials as well as hBN with natural isotopic ratios. Hexagonal boron nitride



with natural isotopic abundance has much greater phonon scattering®%3” than isotopically
pure hBN owing to the random distribution of the two prevalent boron isotopes. As a con-
sequence, hBN with 99% 1°B or 'B exhibits significantly higher thermal conductivity than
hBN with natural or equal isotope ratios.3%3%39 Moreover, there are demonstrated differences
in mechanical properties, such the greater elasticity and strength for hBN composed of 1B
and N as compared to other isotopic compositions.*® This opens the door for precision
engineering of hBN properties by isotopic control.

While reaction mechanisms in aqueous or organic solvents can be studied by spectroscopy
in the infrared, visible, and ultraviolet ranges, the opacity of metal fluxes precludes easy
spectroscopic observation.*! Molecular dynamics (MD) simulations have been used to study
reactions involving boron nitride at the atomic level, revealing many details that would

1.42 employed a quantum-—

be difficult to observe experimentally. For instance, Krstic et a
classical method based on density-functional tight-binding (DFTB) to simulate boron nitride
cluster formation in the gas phase from diatomic B-N or, more realistically, from borazine
precursor. At 2000 K, the diatomic B-N combined to form boron nitride clusters, while, at
higher temperatures (4000 and 6000 K), the simulations mostly resulted in Ny gas and solid
boron clusters. Reactive molecular dynamics simulations have also been successfully applied
to the synthesis of transition metal dichalcogenides (TMDs) on solid substrates, providing
atomic-level insights into the reaction mechanisms and growth kinetics of these materials** 5.
Similarly, larger BN clusters and fewer Ny molecules were formed from borazine at 1500 and
2000 K than at 2500 and 4000 K.

Classical reactive molecular dynamics, as embodied in the ReaxFF framework,® typi-
cally allows longer time scales and larger systems than quantum methods, but is entirely
reliant on the the existence of accurate parameters for the empirical potential energy func-
tions. An early application of the ReaxFF framework was a study of hydrogen storage in
BN nanotubes.?"*® Later Weismiller et al.? simulated ammonia borane combustion with
ReaxFF, yielding formation of linear BN species; however, their goal was to study to hy-

drogen release. On the other hand, Lele et al.?° focused on formation of boron nitride from

the gas phase using ReaxFF, with the goal of understanding the role of hydrogen in BN



nanotube synthesis. Perhaps the most realistic simulations yet reported were implemented
by Uene et al.®!. They employed realistic silanol-terminated silicon surfaces and a protocol
similar to that used experimentally in atomic layer deposition (ALD), including BCl; and
NH; precursors and a 4-step pulse and purge cycle (BCly pulse, purge, NHj pulse, purge).
Temperatures of >1000 and <1750 K appeared necessary to form boron nitride nanoclusters
on the silicon surface. In contrast, disordered films containing large amounts of chlorine and
hydrogen were formed at 750 and 1000 K, while at 1750 and 2000 K, few surface structures
were formed all. We previously studied the synthesis of hBN on solid Ni surfaces using
both density functional theory (DFT) and ReaxFF.?%% These calculations showed that the
structure of hBN nanoclusters on Ni(111) depends strongly on the B:N ratio, with high B:N
ratios (3:1) resulting in relatively disordered hBN clusters, equal proportions (1:1) yield-
ing triangular domains with boron-terminated zigzag edges, and larger nitrogen ratios (1:3)
yielding roughly hexagonal clusters with alternating boron and nitrogen-terminated zigzag
edges. These studies also highlighted the role of small intermediate BN motifs, including
surface-bound BN dimers, linear B-N-B, and NBj3 groups.

In this contribution, we employ ReaxFF, supplemented by ab initio MD, to reveal the
mechanisms of hBN synthesis from a metal solvent. ReaxFF provides atomic-scale detail and
femtosecond time resolution inaccessible to experiment, while also enabling the evolution of
thousands of atoms on the nanosecond time scales necessary for spontaneous formation of
hBN to be observed. Reaching such time scales for systems of thousands of atoms is difficult
or infeasible with quantum methods such as ab initio MD due to their higher computational
demands. However, we use ab initio MD to validate the stability and structure of BN motifs
appearing the ReaxFF simulations. First, we simulate the components (solid boron or Ny
gas) in contact with liquid nickel. Next, we simulate liquid nickel with dissolved boron in
the presence of Ny to reveal how these components interact and nucleate hBN growth. The
simulations suggest preferential segregation of boron to the liquid Ni surface, which likely
accelerates the rate of nucleation at the surface. Furthermore, the simulations reveal various
intermediate molecular species are present during hBN nucleation and growth. Following the

evolution of these species over time helps us identify the pathways by which nitrogen atoms

4



from the gas phase become incorporated in hBN sheets. We also study the dependence of
the thermodynamics of hBN formation and the rate of hBN growth on the temperature, No
pressure, and boron concentration. Understanding these the influence of these conditions,

as well as roles of intermediate species, may offer guidance for enhancing yield and purity

for hBN synthesis from metal solvents.
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Figure 1.1: Dissolution of boron in liquid nickel and segregation of boron at the liquid
nickel surface. (A) Initial simulation structure with a small crystal of f-rhombohedral boron
near a liquid nickel surface. Boron and nickel atoms are shown as pink and gray spheres
respectively. (B) Structure after 8 ns of simulation at 1900 K showing that the elemental
boron crystal dissolves and spontaneously segregates to the nickel surface. Boron-to-nickel
ratio (C) or boron concentration (D) along the direction transverse to the liquid nickel slab
(the z-azis). Several temperatures are shown, revealing the temperature dependence of boron
segregation.



Chapter 2

Methodology

Reactive molecular dynamics methods. The reactive molecular dynamics simulations
were performed using the ReaxFF framework“® as implemented in the program LAMMPS>*
with GPU acceleration.?® The ReaxFF parameters for B/N/Ni systems were the same
as used in our previous work.? These parameters are included in the Supporting Informa-
tion, as well as in the Zenodo repository for this work (see the section “Data and software
availability”). The equations of motion were integrated with a 0.25 fs timestep. For simula-
tions performed at constant volume (NVT'), the temperature was maintained at the given
values using a Langevin thermostat with a 200 ps damping constant. An exception were
simulations to calculate diffusion coefficients, which were performed without a thermostat
(constant energy, NV E). Simulations with constant pressure (VPT') are described further

below.

Nickel model. A face-centered cubic slab of solid nickel was formed by ABC stacking
of 12 atom x 12 atom close-packed planes (lattice constant, a =3.524 A; bond length,
d =2.492 A). Nickel atoms were deleted from the surface to obtain a slab of 1520 atoms.
The resulting structure was placed in a periodic system of dimensions 27.89 A x 32.20 A x
220.00 A, which was maintained for subsequent simulations. This nickel slab was continuous
in the xy plane, owing to the periodic boundary conditions, while having free Ni(111) surfaces

perpendicular to the z-axis and a large amount of empty space above and below the slab.



This structure was simulated with the ReaxFF model at 1800 K with fixed volume, forming

a liquid slab.

Temperature replica exchange. Temperature replica exchange simulations® % were

performed with LAMMPS using 20 replicas. Exchanges between replicas were attempted
every 1000 steps. The temperatures ranged from 1800 to 2700 K with a constant ratio
between consecutive temperatures (rather than a constant increment), which was chosen to
give an approximately uniform acceptance rate across the replicas. %2 DCD-format files for
each temperature ensemble were assembled from the output of LAMMPS using an in-house

script (included in the Zenodo repository).

Model for boron dissolution in nickel. To study the dissolution of boron in nickel,
a quasi-spherical crystal of S-rhombohedral boron consisting of 208 B atoms was cut from
larger B-rhombohedral structure. This rhombohedral nanocrystal was stable in an isolated
form (in the absence of Ni), surviving equilibration where the temperature was raised from
0 to 1900 K over 0.5 ns. During this time, the root-mean-square deviation (RMSD) from
the ideal crystal remained below 0.8 A (after performing a rigid fit to the ideal reference)
and 6 full By, icosahedra remained at the end. This equilibrated boron crystal structure was
placed near the equilibrated liquid nickel slab and simulated at 1900 K for 13 ns. The boron
crystal slowly dissolved into the liquid nickel and no trace of the original crystal remained
after 6.7 ns. To obtain the temperature dependence of the boron distribution, the system
subsequently underwent temperature replica exchange with 20 replicas with temperatures
from 1800 to 2700 K. This resulted in an equilibrated Ni/B system with 1520 Ni atoms and
a boron atomic fraction of 12.0% (B:Ni mole ratio of 13.7%), which corresponds to solution
that is 2.5% boron by mass. According to the experimentally derived Ni-B phase diagram, %
this concentration of boron is well below the solubility limit for the temperatures considered

in this work.



Model for Ny—nickel interaction. To study the interaction of Ny with nickel alone, the
boron atoms were deleted from the last frame at the base temperature (1800 K). The result
was a 27.89 A x 32.20 A nickel slab continuous in the zy plane (owing to the periodic
boundary conditions), consisting of 1520 Ni atoms. This pure Ni system was equilibrated
using temperature replica exchange for 0.3 ns. After extracting the final frame at 1800 K,
we randomly placed N, molecules at a distance >12 A from the Ni slab. Systems with 60,
120, and 240 N, molecules were simulated at constant pressures of 84, 168, and 336 atm,
respectively; hence, they all maintained sizes of ~ 200 A along the z axis. Each of these

systems was simulated for 5 ns to observe the interaction of Ny with liquid Ni.

Model for hBN synthesis. These simulations began with the equilibrated liquid nickel /boron
slab created as described in “Model for boron dissolution in nickel”. Simulations of hBN
formation were performed by randomly placing 88 N, molecules at distances > 12 A from
the Ni surface. These simulations were run for 20-30 ns at temperatures of 1750, 1800, 1900,

2000, 2200, and 2700 K, with the size of the system was kept at 27.89 x 32.20 x 220.00 A3.

Model for constant pressure simulations. These simulations began with the equi-
librated liquid nickel/boron slab created as described in “Model for boron dissolution in
nickel”. Boron atoms were deleted at random to produce a system with 104 boron atoms.
Simulations of constant pressure were performed by randomly 208 Ny molecules at distances
> 8 A from the Ni surface. These simulations were run for 15 ns at 1750 K and 25, 50, and
100 atm, using the Nosé-Hoover style barostat®% with the equations of motion of Shinoda
et al.%¢ The barostat was applied to only the z-dimension of system, and the size in the
zy-plane was kept at 27.89 x 32.20 A2, The simulation systems included large volumes of
Ny gas to maintain pressure even as Ny was being depleted at the surface. The initial z-
dimensions of the system were chosen using the ideal gas law so that the initial pressures were
approximately the same as the barostat set points (582, 1165, and 2329 A for pressures of

100, 50, and 25 atm, respectively). The z-axis dimensions of the systems gradually decreased

during the simulations due to the consumption of Ny; however, the systems maintained large



z dimensions throughout (exceeding 300 A in all cases).

Identification of molecular species. Using an in-house script included in the Zenodo
repository, we calculated the number of each common molecular species observed during the
simulation (Figure 3.4). These molecular species were identified by finding the N and B
neighbors of each N atom at a distance of < 2.1 A. Nitrogen atoms with no N or B neighbors
were considered atomic N, which were invariably coordinated by liquid Ni. For the purposes
of this analysis, Ni atoms were not counted as a neighbors. N atoms with a single N neighbor
were labeled Ny nitrogen atoms, if this second atom had no other neighbor. If the second
atom had another neighbor, they were labeled N-N-.... Nitrogen atoms having a single B
neighbor, were either labeled as free BN nitrogen atoms or as N-B..., if the B atom had
additional neighbors. Similarly, N atoms with exactly two neighbors but no next-nearest
neighbors were labeled as free NNB or BNB, depending on whether the neighbors were N
and B or both B, respectively. When there were next-nearest neighbors, these groups were
labeled as ...N-N-B... or ...B-N-B..., respectively. Nitrogen atoms with exclusively 3
boron neighbors, where each of these three B neighbors had another 2 N neighbors were
labeled as hBN nitrogen atoms. Nitrogen atoms with 3 B neighbors that did not fulfill this
criterion were labeled as NB3 and typically represented small hBN nuclei or edges of larger
hBN sheets, as well as free NB3 groups. Nitrogen atoms with three neighbors, including 1
N and 2 B, were labeled as NyBs.

Minimal model for comparison with ab initio MD. The B-N and BNB motifs were
extracted from the ReaxFF simulation at 1750 K and placed on top of a 15 x 16 x 13 A3
slab of liquid nickel. These systems contained 185 nickel atoms and a single B-N or BNB
motif and were equilibrated at 1800 K using a Langevin thermostat in a 15 x 16 x 60 A3
system for 500 ps under ReaxFF. A frame was extracted from the equilibration trajectory for
ab initio molecular dynamics at 72.92 ps for the B-N motif and 92.22 ps for the BNB motif.
The first 10 ps of the ReaxFF simulations, and the first 0.04 ps of the ab initio simulations

were discarded before calculating the statistics and distribution in Figure 3.6.



Ab Initio molecular dynamics methods. The ab initio Molecular Dynamics (AIMD)

6768 For general

simulations were performed using the Vienna ab initio Simulation Package
settings, the wave functions of the valence electrons of B, N, and Ni were approximated
using the projector augmented wave (PAW) method®’, with the plane-wave basis set energy
expanded up to 350 eV. Spin polarization was permitted. The GGA Perdew-Burke-Ernzerhof
(PBE) functional was used to account for the electron exchange-correlation effects™. The
break condition for electronic self-consistent iteration was 1.0 x 107° eV. Initial structures
representing the molten Ni flux interface were extracted from the classical MD, consisting of
185 Ni atoms. One B-N or B-N-B motif unit was included, and their initial configurations
on the Ni flux were also determined from the MD based on ReaxFF. The dimensions of
simulation box are 15 A x 16 A x 50 A. All AIMD jobs were performed using the canonical
ensemble with temperatures fixed at 1800 K, under which hBN growth was observed in this

work. The temperature was controlled using the Nosé-Hoover thermostat®%. The time

step of 1 fs was used and the trajectory is saved every 5 fs.

Model for diffusion at the nickel surface. To study diffusion of boron and nitrogen
species at the liquid nickel surface, the Ni slab used for previous simulations was tiled 2
X 2 in the zy plane, yielding a 55.8 A x 64.4 A slab with 6080 Ni atoms. All non-nickel
atoms were deleted except for 4 surface N atoms, 4 surface B atoms, or 4 free BNB groups,
creating three new systems. A fourth system was created by deleting all N and B atoms
except for two identical images of a small hBN sheet (25 N and 28 B atoms). For each sys-
tem, 40 simulations, each of 0.1 ns, were performed without a thermostat (constant energy)
beginning from different random velocities chosen from a Maxwell-Boltzmann distribution.
Mean squared deviations were calculated by splitting the center-of-mass trajectories for each

chemical group into 5 ps subtrajectories.
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Data and software availability

LAMMPS input files, including structure files and configuration files, along with output
(LAMMPS log files, LAMMPS restart files, and downsampled DCD-format trajectory files)
are freely available for download from Zenodo (https://doi.org/10.5281/zenodo.11037080).

We have also included analysis scripts and the processed data produced by these scripts.
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Chapter 3

Results and Discussion

Dissolution of boron into liquid Ni. FExperiments have shown that boron is soluble
in liquid nickel up to an atomic fraction of 61% for temperatures above the melting point
of pure nickel (1728 K).% Consistent with this, our simulations at 12% boron (208 B and
1520 Ni atoms) show full dissolution of solid boron into liquid nickel. Figure 1.1A displays
the initial structure, where a cluster of g-rhombohedral boron has been placed near the
surface of a 3 nm-thick slab of liquid Ni. After 1.1 ns of simulation at 1900 K, this cluster
has fully dissolved into the liquid Ni, as shown in Figure 1.1B. Furthermore, we find a
marked tendency of boron to segregate to the surface of the liquid, at least with the ReaxFF
parameters used in this work. Figure 1.1C,D quantifies this behavior, by plotting the boron-
to-nickel ratio and boron concentration, respectively, along the z-axis, revealing the extent of
boron segregation to the interface and its dependence on temperature. At 1800 K, the peaks
near z = +10 A show a 15-fold greater B:Ni ratio at the surface than in the bulk liquid Ni.
As might be expected from entropic considerations, the concentration profiles become more
uniform with increasing temperature. The segregation is increasingly less pronounced for
higher temperatures, with the surface B:Ni ratio only being about twice that in the bulk at
2700 K. Because of this, our simulations at different temperatures but with equal numbers
of boron atoms correspond to different equilibrium bulk boron concentrations, ranging from

3.9 mol/L at 1800 K to 10.5 mol/L at 2700 K. The symmetrical nature of the peaks about
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the z-axis suggests that the simulations were sufficiently long (1.1 ns of parallel tempering)
to equilibrate the boron distribution. The segregation of boron to the surface implies that
the amount of boron available for hBN formation at the interface is higher than might be

expected from the bulk boron concentration.

Dissociation of Ny gas in liquid Ni is rare. We considered two hypothetical pathways
for hBN to form from boron solutions in liquid Ni exposed to Ny gas. The first possibility is
that the Ny dissociates into atomic N and dissolves into the liquid Ni solution. This dissolved
atomic N then later reacts with dissolved boron to form hBN. In the second pathway, nitrogen
remains as Ny until making contact with boron, which facilitates its dissociation. To study
the first pathway, where N, dissociates before making contact with boron, we performed
a series of simulations of a pure Ni slab in contact with Ny gas at pressures ranging from
8.5 to 33.8 MPa (84 to 334 atm) and temperatures from 1750-2700 K using a 3 nm-thick
slab of liquid Ni. Each simulation reached at least 5 ns of simulated time. In none of these
simulations did Ny dissociate into atomic nitrogen. Experimental data at 1823 K and the

associated Sievert’s law constant”!

predict that on average one or fewer dissolved N atoms
should be present in our systems (0.53 and 1.06 atoms at 84 and 334 atm, respectively).
Therefore, either the rate of N dissociation is too low to be observed in a 5 ns simulation or
the process is not represented well by the ReaxFF model. In any case, the small concentration
of dissociated N expected from the experiments is insufficient to drive the rapid hBN growth
seen in the simulations below. These simulations suggest that the second pathway dominates
under the conditions considered, with Ny dissociating only after bonding with boron. The
first pathway, whose first step is dissociation of Ny in the absence of boron, appears much
slower than the second pathway when boron is plentiful; however, this pathway could still be
relevant in systems with very low boron concentrations. Moreover, the addition of chromium,
which is commonly used for hBN synthesis from metal fluxes, increases the nitrogen solubility

1

by many times,”" and could lead to the first pathway becoming dominant.
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Figure 3.1: Spontaneous formation of hBN at the interface between Ny gas and liquid Ni
with dissolved boron. (A) Initial system setup including a liquid Ni slab (equilibrated with
dissolved boron) and an Ny gas phase region (B, pink; N, blue; Ni, gray). (B) The same
system after 4 ns of simulation at 1750 K, showing transient boron—nitrogen species bound
to the interface. (C) A large hBN cluster formed spontaneously on liquid Ni after 27 ns. (D)
The size of the largest connected hBN cluster (in number of atoms, counting both B and N)
present in the simulation as a function of time. At the end of the simulation (30 ns), each
of the two surfaces of the slab is partially covered by one large hBN cluster of >120 atoms
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Formation of hBN at liquid the Ni—Ns interface. To emulate hBN synthesis under
conditions similar to experiments, we simulated boron solutions in nickel solvent exposed
to Ny gas. These simulations were performed at temperatures from 1750 to 2700 K. The
size of the simulation system was fixed in these simulations, so that the pressure, initially
123-190 atm, decreased during the simulations as Ny was consumed. Constant pressure
simulations, which might be more directly compared to experiment, are described in the
next subsection. The simulations were begun from the previously equilibrated liquid Ni slab
(27.9 x 32.2 A?) containing dissolved boron. The initial setup is depicted in Figure 3.1A,
showcasing a cross section view of the liquid nickel slab, boron already dissolved in the slab,
and Ny randomly distributed in the box. As shown in Figure 3.1B, after 4 ns of simulation
at 1750 K, boron—nitrogen species have formed, including B-N-B and hexagonal B3N3 units.
These boron—nitrogen species invariably stay at the Ni surface and do not enter the bulk
Ni phase. By 20 ns, large hBN sheets with the expected crystal geometry have formed on
both free surfaces of the liquid Ni slab (Figure 3.1C). By the end of the simulation (32.6 ns),
two large hBN clusters on each surface cover almost half of the available interfacial area,
as shown in Figure S1 of the Supporting Information. The largest covalent boron—nitrogen
cluster (Figure S1A), consisting of 141 atoms, dominates the lower surface, while the second
largest cluster (Figure S1B), consisting of 125 atoms, occupies much of the upper surface.

The number of atoms in the largest covalent boron—nitrogen cluster is tracked in Fig-
ure 3.1D. The increase in the total number of atoms within the cluster indicates active
aggregation and growth phases, particularly pronounced until about 13 ns. The growth
subsequently slows as the reactant species, such as free boron atoms and N, molecules, are
depleted, as quantified further below. The number of boron atoms in the cluster is always
slightly larger than the number of nitrogen atoms, because edges of the hBN sheets are
mostly boron-terminated. This is likely dependent on the B:N ratio (here there are 208 B
and 176 N atoms in the system).

As noted in the previous subsection, Ny alone did not dissociate on pure liquid Ni on
the 5 ns time scale. Hence, the spontaneous growth of hBN within a few nanoseconds in

Figure 3.1D demonstrates that hBN formation begins by reaction between molecular Ny and
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dissolved boron at the Ni surface.
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Figure 3.2: Dependence of hBN growth on pressure and boron concentration. (A) Ny pres-
sure during a 30 ns simulation under constant volume conditions, highlighting a sharp initial
decline due to reaction of the Ny with boron on the nickel surface. (B-D) Comparison of
hBN growth for different Ny pressures and different initial boron concentrations. Plotted is
the number of atoms in the largest covalent boron—nitrogen cluster. For reference, the cor-
responding curve for the constant volume simulation is shown in each panel. Ny pressures
shown are 100 atm (B), 50 atm (C), and 25 atm (D). The systems contained 208 or 104
boron atoms and 1520 atoms of liquid nickel. The temperature was 1750 K.

Influence of N, Pressure and Boron Concentration on hBN Growth The sim-
ulation in previous subsection and illustrated in Figure 3.1 was performed at a constant
volume and with a constant number of the nitrogen atoms. In this case, the pressure of
the Ny in the gas phase diminished during the reaction (Figure 3.2A). However, in typical
experiments Ny gas is supplied continuously. Hence, we performed additional simulations
at constant pressure with large Ny gas reservoirs to better mimic experimental conditions.
We considered three Ny pressures (25, 50, and 100 atm) and, to determine the influence of
the boron concentration, two B:Ni ratios (104:1520 and 208:1520). These pressures, while
higher than the near atmospheric pressure used in experiments, can still be considered low
for the purpose of crystal synthesis (“high pressure” usually implies gigapascals). Moreover,
such pressures are unlikely to alter the reaction pathways and enable the reactions to be
simulated on time and size scales accessible to ReaxFF.5%7

For the systems with 104 boron atoms, almost no hBN is formed irrespective of the Ny
pressure, with fewer than 20 atoms in any hBN cluster after 15 ns of simulation (Figure 3.2B—

D). Hence, at this concentration, the incorporation of boron appears to be the rate-limiting
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step. Going to 208 boron atoms drastically increases hBN growth, with hBN nanosheets
of more than 85 atoms forming within 15 ns at all Ny pressures considered. The growth
rate and largest cluster size at the end of the simulation depend moderately on the Ny
pressure, with a factor of 4 increase in pressure (from 25 to 100 atm) leading to an increase
in the largest cluster size by only a factor of 2 (85 versus 175 atoms). The difference in
the growth rate between 50 and 100 atm is small, suggesting the rate is controlled by boron
availability. The initial growth rate is much slower at 25 atm, suggesting that the N, pressure
becomes a limiting factor in this regime; however, as time progresses, the number of atoms
in the largest cluster at 25 atm begins to catch up with the simulations at higher pressure.
The time required for this rapid growth would likely vary with different realizations of the
simulation. Note that the size of the largest hBN cluster in the constant volume simulation
lies between that for pressures of 50 and 25 atm, which is consistent with the average Nj
pressure during the constant volume simulation (Figure 3.2A). These results confirm that
that boron concentration is a key variable in controlling both the growth rate and the size

of the resultant hBN structures.

Species present during hBN formation. During the simulations of hBN formation, a
number of different intermediate species of varying stability can be identified. Figure 3.3A
is a rendering from a simulation at 1750 K showing the various species present at the Ni
surface during the formation of hBN. These species include molecular Ny, dissociated N
atoms bound to the Ni surface, and isolated Ni,B-N—-BNi, motifs, which we will refer to as
“free BNB” for simplicity. The image also includes longer linear B-N chains and a roughly
triangular hBN nanocrystal.

In Figure 3.3B,C, we quantify the different species by tracking the local environment of
each nitrogen atom. These figures depict the number of nitrogen atoms in each category as a
function of time, revealing how their concentrations evolve and signifying reaction progress,
species stability, and possibly their roles in the formation of hBN. The species appear to
be distinguished by N-N, B-N, and B-B bonds, so, for simplicity, bonds to Ni atoms are

not considered, and Ni is treated as the background. For instance, N atoms bonded to no
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other atoms except Ni are considered atomic nitrogen, while those N atoms bonded to only
a single N (again ignoring bonds to Ni) are identified as Ny nitrogen atoms. The number
of Ny nitrogen atoms (and likewise the number of Ny molecules) rapidly declines during the
simulation, indicating its reaction with boron at the interface. This reaction leads to forma-
tion of NNB intermediates, which are individually short-lived, but produced throughout the
simulation. The number of NNB intermediates peaks early in the simulation (at 0.36 ns)
when the reactants (N and surface B) are most plentiful (see inset of Figure 3.3C). These
intermediates are transformed into isolated linear BNB (“free BNB”) or ...B-N-B..., which
we refer to as “linked BNB”. Linked BNB refers to nitrogen atoms that are bonded to ex-
actly two B atoms where at least one of these B atoms is bonded to another N or B atom.
Nitrogen atoms categorized as “linked BNB” represent edges of hBN sheets or linear B-N
chains longer than BNB. The numbers of nitrogen atoms in both the free and linked BNB
species rise rapidly, peaking within 5 ns, and then slowly declining over tens of nanoseconds
to relatively steady values.

There are also a number of minor intermediates that appear in small amounts during the
simulation, including isolated diatomic B-N and atomic N. Atomic N is quite rare, with no
more than 4 atoms existing at any one time (Figure 3.3C). The number of nitrogen atoms
categorized as “other” is small, implying that the our categorization scheme represents all
plentiful species.

Nitrogen atoms bonded to exactly three boron atoms are categorized as hBN/NBj, usu-
ally corresponding to hBN sheets or hBN nuclei, but sometimes representing free NB3 groups.
The number of hBN/NBj nitrogen atoms rose during the simulation, indicating growth of
the hBN sheets, until reaching a plateau after 20 ns. At this time, the concentration of
reactants (Ny and free B) and intermediates has been depleted to the point that a dynamic
equilibrium is reached between the hBN sheets and intermediate species: the hBN sheets gain
atoms from combination with intermediates, while also breaking down into intermediates at

a nearly equal rate.
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Figure 3.3: Visual and quantitative analysis of boron-nitrogen species during hBN forma-
tion. (A) Simulation snapshot illustrating the species appearing during hBN formation, with
nitrogen atoms colored according to what species they occur in (Ny gas, black; atomic N, red;
free BNB, cyan; linked BNB, blue; hBN/NBs, purple; other, dark gray). Nickel is lighter
gray and boron is pink. (B,C) Temporal evolution of nitrogen atom counts for various species
during hBN formation. In panel C, a gaussian filter was applied to the raw data with a stan-
dard deviation of 0.05 ns for clarity. This simulation was performed at constant volume at
1750 K, beginning with 88 Ny molecules (176 N atoms).

Temperature dependence of hBN formation. At the lowest temperatures (1750, 1800,
and 1900 K), the resulting hBN sheets (Figure 3.4A) incorporate most of the boron and
nitrogen present in the system. As shown in Figure 3.4B, the rate of formation of hBN sheets,
as reflected in the quantity of hBN /NBj nitrogen atoms, is lower at higher temperatures and
appears to saturate with only small boron—nitrogen clusters for T > 2000 K. Hence, there
may exist a critical temperature between 1900 and 2000 K above which formation of relatively
large hBN sheets is suppressed.

Despite this lack of hBN sheet formation, the number of various intermediate species
increases with temperature. For instance, linked BNB groups (...B-N-B...), which are a
necessary intermediate for hBN formation, are created in greater amounts at 2200 K than
at temperatures below 1900 K (Figure 3.4B). Also, the amount of free B consumed (binding
to N) is similar between 1900 and 2000 K (Figure 3.4D), despite the much reduced quantity
of hBN at 2000 K. These results suggest that it may be the final steps of forming large hBN
sheets that are relatively disfavored at high temperature, rather than any of the preceding

reactions. Despite the fact that Ny is cleaved more easily at higher temperature, forming
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more atomic N (Figure 3.4E), there is more Ny at higher temperature (Figure 3.4F) because
less nitrogen is bound in hBN. We further investigate the rates of these reactions and how

they change with temperature in the following subsections.
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Figure 3.4: Analysis of species present during hBN synthesis at a range of temperatures.
(A) hBN sheet formed at 1750 K. (B-F) counts of different species during synthesis at
temperatures of 1750, 1800, 1900, 2000, 2200, and 2700 K. Species shown are (B) hBN/NBs
nitrogen atoms, (C) ...B-N-B... nitrogen atoms, (D) free boron atoms, (E) free atomic
nitrogen, and (F) Ny nitrogen atoms. Species are defined as in Figure 3.3A. In panels C
and E, a gaussian filter was applied to the raw data with a standard deviation of 0.05 ns for
clarity.

Pathways from N, to hBN. The pathways taken by atoms during the synthesis pro-
cess reveal the chemical mechanisms of hBN synthesis. The changing propensities for these
pathways with different synthesis conditions (N, pressure, boron concentration, and temper-
ature), may be linked with the defect density and morphology of the resulting hBN crystals.

For this reason, we analyzed the pathways taken by nitrogen atoms as they go from being
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part of the Ny gas phase to form hBN sheets at two different temperatures, 1750 and 2000 K
(Figure 3.5). Here, as above, we ignore bonds to Ni and consider only the bond network
involving B and N atoms to distinguish the motifs.

Figure 3.5A is an example of the states visited by a single nitrogen atom that begins in
the N, gas phase and progresses through various intermediate surface species before joining
a large hBN sheet. First, we see that this nitrogen atom reacts with surface boron at ¢t =
0.28 ns forming an isolated NNB species. From this time until ¢ = 14.83 ns, this atom
becomes entangled with multiple B and N atoms forming a variety of intermediate motifs,
never returning to the Ny gas phase. This atom returns to a linked NNB state after forming
linked BNB and then later transiently makes multiple visits to a state where it forms the core
of a BNy moiety. During this time, it also forms an isolated NB3 or hBN nucleus multiple
times, although these are not incorporated into a larger hBN sheets and do not persist. It
also forms free BNB units during several periods. These free BNB units appear as a major
intermediate species during the synthesis process (Figure 3.4) and, as detailed further below,
are important for transporting N across the surface. Finally, at ¢ = 13.38 ns, the NB3 motif
becomes incorporated into larger hBN sheet. Apart from a few short transients where atoms
in the neighborhood of the selected N atom dissociate from the sheet, the N atom remains
part of a large hBN sheet for the remainder of the simulation.

A different nitrogen atom is followed in Figure 3.5B. The progression is much the same
as first except that after reaching the NBj3 state the first time, it returns to a linked NNB
state and then reforms Ny, which returns to the gas phase at t = 4.05 ns. Later, at t =
15.37 ns, this Ny reacts again with boron on the surface, passing through a series of in-
termediate states before finally forming part of an hBN sheet at t = 17.53 ns. This second
example demonstrates the dynamic nature of the synthesis process, which includes backward

reactions.

Statistics of the N, to hBN pathways. Figure 3.5A B provides just two examples. To
analyze these transitions statistically, we calculated the transition probabilities for nitrogen

atoms to move between each pair of states. This probabilistic analysis is derived from
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Figure 3.5: Pathways and transition probabilities of atomic nitrogen in hBN synthesis. (A)
and (B) illustrate the evolution of single nitrogen atoms during a simulation at 1750 K. (C)
and (D) provide a analysis of transition probabilities for nitrogen atoms between different

species, highlighting the most likely pathways contributing to hBN lattice formation at 1750
and 2000 K, respectively.
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aggregating individual atom transitions, offering a holistic view of the synthesis dynamics.
Note that these transition probabilities depend on the time interval used in the analysis,
which here was 2.5 ps. Transition probabilities for the most occupied states at 1750 K are
shown in Figure 3.5C. Starting with the transition from molecular nitrogen, Ny, we calculate
a transition probability of 0.002 to react with boron and form linked NNB (...N-N-B...)
structures. This probability is quite low because most Ny remains stably in the gas phase
and only reacts when it impinges on the surface; hence, this probability depends strongly on
the aspect ratio of the simulation system, as well as the boron concentration at the surface
and the temperature. There is a relatively high probability to revert to Ny gas from linked
NNB or free NNB (0.15 and 0.31, respectively), underscoring the relative instability of these
intermediate species and the stability of the N=N triple bond. Reaching the B;Ny state is
a critical juncture where the remaining N-N bonds are broken and subsequent intermediate
species contain no N-N bonds. B;N, exhibits a very low probability for direct reversion to
Ny gas (0.00015). For all states beyond this in the diagram, direct reversion to Ny within
the analysis interval (2.5 ps) never occurs, which might be expected since these species do
not include N-N bonds. After the N-N bonds break, both free BNB and linked BNB chains
are the dominant species along the pathway. The probability of transforming from the BoNg
transition state to the linked BNB (...B-N-B...) state is relativity high (0.097). These
linked BNB chains are sometimes small clusters of 4 or 5 non-nickel atoms and, other times,
they are edges of larger hBN sheets. Free BNB units also form from B;Ny with a lower, but
still non-negligible probability (0.011); these free BNB units are relatively long-lived since
paths away from this state are of relatively low probability.

Here we use “hBN” to denote nitrogen atoms that are bonded exclusively to 3 boron
atoms when these boron atoms are also bonded exclusively to two other nitrogen atoms,
corresponding to at least a 10-atom nanosheet of hBN. On the other hand, “NB3” denotes
nitrogen atoms that do not fulfill the above criteria, but are bonded exclusively to 3 boron
atoms, sometimes representing free NB3, but more often representing nitrogen atoms forming
small hBN nuclei or near the edges of larger hBN sheets. Transition probabilities from linked

BNB to NBj and from NBj to larger hBN motifs (“hBN”) are quite low at 1750 K, suggesting
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that these transformations are likely rate limiting steps for hBN growth.

Temperature dependence of the N, to hBN pathways. Figure 3.5D shows that the
pathways at 2000 K are in many respect similar to those at 1750 K; however, there are a
few differences that account for the failure to form large hBN sheets at this temperature.
First, the transition probabilities from the Ny gas phase are similar, which might be ex-

pected since the rate at which Ny strikes the surface only changes little (about 7% greater,

\/2000 K /1750 K &~ 1.07). The probability of the reverse transition, from N-N—... to Ny, is
significantly larger (0.203 at 1750 K and 0.373 at 2000 K), implying that the initial N-N—. ..
motif is less stable at the higher temperature. The transition probabilities from NNB motifs
to NyBy are comparable for 1750 and 2000 K. On the other hand, transition probabilities
from N9By to BNB motifs and from BNB to NB3 motifs are significantly larger at 2000 K.
However, the probability of NB; motifs to incorporate into a larger hBN sheet is about 3
times smaller at 2000 K than at 1750 K. Furthermore, the probability of nitrogen in larger
hBN sheets to revert to an incomplete hBN neighborhood (“NBj3”) is about 16 times larger.
Hence, while a higher temperature facilitates some steps in the growth of hBN, the proba-
bility of the final step, forming an extended hBN sheet, is significantly reduced at 2000 K
compared to 1750 K, and the hBN sheets are much less stable (often breaking up shortly
after formation). The structural organization and clustering behavior of boron and nitro-
gen atoms at 1750 and 2000 K are further elucidated in Supporting Information by radial
concentration analyses for B-B and B—N pairs, which highlight key differences in short- and

long-range ordering.

hBN Formation: Surface Interactions and Buoyancy. It is important to emphasize
that the boron—nitrogen species, such as BNB groups, are formed at the liquid Ni surface
and remain there throughout our simulations. Atomic N produced during the reaction also
remain mostly bound to the interface. On the other hand, Ni-solvated boron atoms are able
to transfer between the surface and bulk liquid Ni phase, although the concentration is higher

on the surface (Figure 1.1). These results are consistent with our previous calculations with
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solid Ni showing that boron easily penetrates sublayers, but that nitrogen remains confined
to the surface.”™ Although Ni-solvated nitrogen atoms did enter the bulk liquid Ni on a
few occasions, more complex species entering the bulk never occurred. Hence, the synthesis
process appears to be confined to the surface and the hBN forms there. However, the
inclusion of other components in the solvent (such as Cr) that increase nitrogen solubility
may allow more of the reaction to occur in bulk Ni. This surface-confinement mechanism
also relates to the potential role of buoyancy in the behavior of hBN. Hexagonal boron
nitride has a lower mass density than liquid nickel; hence, once the hBN crystals are large
enough, perhaps buoyancy would contribute to keeping them at the interface under typical
experimental conditions. However, as detailed below, buoyancy is not relevant for the small
sheets formed in our simulations (where gravity is not modeled). To demonstrate this, we
find the scale height H, given by:
kgT

H = , 3.1
(PNi - PhBN) Vg ( )

where kg7 is the thermal energy, pn; and ppgn are the mass densities of liquid Ni and
crystalline hBN, V' is the volume of the hBN nanocrystal, and g is the acceleration of gravity.
For nanocrystals (volumes less than that of a 10 nm-cube), the scale height is much larger
than the size of the apparatus, meaning that the effect of buoyancy is negligible compared
to atomic and molecular forces. We hypothesize that hBN is formed at the liquid Ni surface,
not due to buoyancy, but because (1) the Ny available there, (2) the concentration of boron is
enhanced there, and (3) the nickel-boron species appear trapped there. Therefore, the hBN
remains at the interface due to atomic and molecular interactions, with further contributions
from buoyancy when the hBN sheets approach the micrometer scale in size. Additionally,
the inclusion of other components in the solvent (such as Cr) that increase nitrogen solubility

may allow more of the reaction to occur in bulk Ni.

Validation of predicted species with quantum calculations and experimental data.

Free B-N and BNB motifs are important intermediates in the process of hBN synthesis shown
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in Figure 3.5. Therefore, we sought to verify the stability of these motifs on a liquid Ni surface
in quantum-level calculations and, where possible, compare to experiment. The B-N and
BNB motifs were extracted from the ReaxFF simulation at 1750 K and placed on top of a
15 x 16 x 13 A3 slab of liquid nickel with free surfaces along the z-axis. After equilibration
under ReaxF'F'| these systems were simulated under ab initio molecular dynamics. The DFT-
based ab initio simulations verified the stability of the B-N and BNB motifs prevalent in
ReaxFF simulations, although the time scales probed by the ab initio method were much
shorter (0.24-0.30 ps versus 500 ps).

We also compared the geometry of the motifs between ReaxFF and ab initio calculations.
The probability density functions in Figure 3.6A,B compare the B-N bond lengths predicted
by ReaxFF to ab initio calculations for B-N and BNB motifs, respectively. While the ReaxFF
data show a higher density around the experimental bond lengths for analogous organic
compounds, the ab initio data exhibit a broader distribution, suggesting some disagreement
between the two methods, particularly for the free BNB motif, though the overall trends
remain comparable. Interestingly, ReaxFF and ab initio molecular dynamics exhibit similar
peaks in the B-N bond length histogram for the B-N dimer, although the mean value for ab
initio MD is somewhat larger. For BNB, the mean value and peak value for ab initio MD is
slightly larger than those from ReaxFF.

It is also possible to compare these bond lengths with experimentally derived bond lengths
for organic compounds with similar B-N configurations. ReaxFF predicts an average bond
length of 1.29 + 0.15 A (Mean + SD) for a free B-N motif on nickel, which lies between
that observed experimentally for compounds with B=N triple bonds, such as tBu-B=N-{Bu
(1.26 A),™ and B=N double bonds, such as Mes,B~=N*=B~Mes, (1.34 A)™ (¢Bu is the
tert-butyl group and Mes is the mesityl group, a derivative of 1,3,5-trimethylbenzene). For
the BNB motif, the B-N bond lengths predicted by ReaxFF (1.34 + 0.07 A, Mean 4 SD) are
consistent with those in double-bonded B=N=B motifs, such as in Mes;B~"=NT=B~Mes,
(1.34 A)™ and H,BNH, (1.39 A)™.

It should be noted that the B-N bond lengths in hBN sheets are longer than in these

small motifs: 1.45 A™77 Organic compounds with B-N double and triple bonds appear more
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analogous to the B-N and BNB motifs on molten nickel than hBN. The organic compounds
are consistent with the coordination observed in the simulation because both the boron
and nitrogen atoms in the B—N motif are typically coordinated with one Ni atom each
(Figure 3.6A), and the two boron atoms of the BNB motif are coordinated to two Ni atoms
each. The B-N motif, therefore, might be more precisely described as Ni-B~ = N*-Ni.
Likewise, the BNB motif might be more accurately called Ni;B~=N*=B~Ni,.

The BNB angles predicted by the ReaxFF simulations fall within the range observed in
the ab initio simulations (Figure 3.6C). However, the ab initio angle distribution is signifi-
cantly broader, and the mean is significantly smaller (ab initio: 109.3 © £+ 11.61°, ReaxFF:
123.7° £+ 6.6°, Mean 4+ SD). This discrepancy suggests some imperfection in the ReaxFF
model; nonetheless, it appears that the stability and structure of Ni-bound BNB motifs

predicted by ReaxFF are qualitatively correct.

A I —— ReaxFF B [ —— ReaxFF C —— ReaxFF
r —— abinitio 6; —— ab initio o~ —— ab initio
ar -—- Experiment | _ 't —--- Experiment Tw 0.06
Tt Tt g
<t <5- Ni N 5,0.05"
r s =R I [ _ -~Nio
Z3 Ni-B=N-Ni |2 | SB=N=B_ 1S
2 2ar Ni Ng-o.o4-
o | o | =
T | o | @
Ez; 4_?3‘ Zo.o3f
- 1 -
o a F
c | i S oL =
o [ i 24 = 0.02f
[] 1 [- 3 I3
= 1- 1 = | ]
[l i o [ 2
, i 1- 2o.01-
I r o
1 L
[ ! [
1 PRI ! RN NI L et A .
88 10 1.2 1.4 16 1.8 2083 T0o 1.2 T4 16 1.8 2.0000—gr——i5——tio——mho—Téo—Teo
Bond Distance (A) Bond Distance (A) Angle (degrees)

Figure 3.6: Comparison of B-N motif geometry between ReaxFF and ab initio simulations,
with additional comparison to experimental values for analogous organic compounds. (A)
and (B): Probability density functions of B—-N bond distances for free B-N and BNB motifs,
respectively, on molten nickel. (C) Probability density function of the B-N-B bond angle in
free. BNB motifs. The ReaxFF and ab initio data are compared, with experimental values
marked by dashed lines, demonstrating a reasonable agreement between the methods.
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Diffusion of B and N species at the Ni surface. To understand how boron and
nitrogen are transported across the liquid Ni surface, we calculated the two-dimensional
diffusion coefficients for different boron and nitrogen species at the liquid nickel surface at
1800 K (Figure 3.7). These species included atomic boron (Figure 3.7A), atomic nitrogen
(Figure 3.7B), free BNB groups (Figure 3.7C), and an hBN sheet with a diameter of about
13 A (Figure 3.7D). Interestingly, free BNB diffuses more rapidly than atomic nitrogen and
boron (Figure 3.7E). A least squares fit of the mean square displacements in Figure 3.7
(discarding transient in the 1.6 ps), yields 2D diffusion coefficients of 353, 303, 324, and
88 A2 /us for atomic B, atomic N, free BNB, and hBN sheet motifs.

Note that “atomic” boron and nitrogen are not really free atoms, but are coordinated with
multiple nickel atoms at all times, forming transient compounds like NigN or NigB. Compared
to boron, nitrogen forms stronger, more directional bonds, reducing its mobility ™. This
explains why boron shows higher mean square displacement values compared to nitrogen.
Moreover, both boron and nitrogen exhibit a strong affinity for the interface, and we did not
observe them leaving it during our simulations. Hence, because free BNB diffuses rapidly
and, as shown in the previous sections, is among the most common intermediate species
containing nitrogen, it plays an important role of transporting nitrogen across the surface
and exchanging nitrogen between different hBN crystal nuclei. The 13 A hBN sheet (25 N
atoms and 28 B atoms) diffuses much more slowly than the smaller units, such as atomic B
and BNB. Hence, growth of hBN appears to be an Ostwald ripening process, wherein larger

hBN sheets grow and smaller hBN sheets dissipate mainly by exchanging BNB groups.

Conclusion

Our study has elucidated the atomic-scale mechanisms underlying synthesis of hexagonal
boron nitride (hBN) using nickel metal flux. By leveraging classical reactive molecular dy-
namics simulations, we have demonstrated the significance of surface phenomena in the
formation of hBN. Our simulations reveal that hBN synthesis is initiated by the interaction

between Ny and nickel-solvated boron atoms, leading to the formation of NNB intermediate
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Figure 3.7: Rates of diffusion for boron and nitrogen species at the surface of liquid Nu.
(A-D) Images of the considered species at the surface of liquid Ni, including (A) atomic
boron, (B) atomic nitrogen, (C) a free BNB group, and (D) a small hBN sheet. (E) Mean
square displacement (MSD) in the xy-plane for these species as a function of time, averaged
over § ps subtrajectories extracted from 40 independent simulations.

species. These species typically pass through an N-centered Ny,B, transition state to reach
relatively stable BNB species. These BNB species then either combine to form hBN crys-
tal nuclei or incorporate themselves into larger hBN sheets. This process is predominantly
surface-confined, since these intermediate species appear to exist only at the surface. Cal-
culation of the diffusivity of these intermediate species suggests that the hBN sheets grow
by an Ostwald ripening process, with larger sheets tending to accumulate more BNB units,
while smaller sheets on average lose nitrogen to break-up into BNB units. Additionally,
our research provides insights into the temperature-dependent behavior of hBN formation,
revealing a decrease in the rate of hBN sheet formation with increasing temperature from
1750-1900 K and a precipitous drop in hBN formation at 2000 K and beyond. While NNB
and BNB intermediates are formed in similar amounts for all temperatures 1750-2200 K, at
2000 K and above the probability of coalescence of NB3 species into larger hBN sheets is
much reduced and the probability of break-up of hBN and NBj3 into linked and free BNB
species is increased. These results suggest that a flux with a lower melting temperature may
be desirable, although it remains to seen how the mechanisms of synthesis may change with

the composition of the flux. Future studies are needed to determine how the synthesis mech-
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anisms might differ with different metal solvents, synthesis conditions, or in the presence of

impurities.
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Appendix A

Supplementary Methods

Figure A.1: Lower (A) and upper (B) surfaces of the liquid Ni slab after 32.6 ns of simu-
lation at 1750 K. The boundaries of the periodic image are shown by black lines. The largest
covalently linked B/N clusters are highlighted by bright colors, while the nickel and other B/N
species are shown in drab colors. Colors are B, pink; N, blue; and Ni, gray.
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The radial concentration plots provide insights into the atomic organization and the effect
of temperature on B-B and B-N distributions. After discarding the initial 15 ns equilibration
period, in panel A (B-B concentration), a peak near 2.0 Aat 2000 K represents short-range
B-B interactions, likely due to the presence of boron-rich species or BNB intermediates. This
peak is notably absent at 1750 K, indicating a lack of free boron or B-B clustering at lower
temperatures. This absence can be attributed to the interface at 1750 K being predominantly
occupied by hBN sheets, where boron is incorporated into ordered B-N networks, suppress-
ing the formation of free boron aggregates. In panel B (B-N concentration), the first peak
at 1.45 Acorresponds to the nearest-neighbor B-N bond, consistent with the bond length
observed in hexagonal boron nitride (hBN). The persistence of this peak at both tempera-
tures indicates that short-range B-N bonding is maintained even at 2000 K. However, the
reduction in peak height and the diminished secondary peaks at 2000 K suggest a significant
loss of long-range order. At 1750 K, well-defined secondary peaks at 2.5 Aand 2.9 Arepresent
the second and third nearest-neighbor B-N distances in hBN, reflecting extended structural
ordering. Conversely, at 2000 K, these peaks are absent, consistent with the formation of
BNB intermediates rather than extended hBN sheets. These observations support the con-
clusions discussed in the main text. At 1750 K, the formation of large, ordered hBN sheets
dominates, restricting free boron availability and promoting long-range B-N ordering. In
contrast, at 2000 K, the increased thermal energy disrupts the formation of extended hBN
sheets, favoring the presence of BNB chains and other intermediates. This interpretation
aligns with the hypothesis that temperature plays a crucial role in determining boron avail-
ability and the structural organization of hBN, corroborating the growth dynamics observed

in the simulations.
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Figure A.2: Radial concentration of boron-boron (A) and boron-nitrogen (B) pairs at 1750
K and 2000 K. The first 15 ns of the simulation have been discarded to ensure the analysis
reflects the steady-state behavior.

ReaxFF parameter file used in this work

This is force field is the same as that used in for Liu et al. 2017.7 It also includes H and Cr,

which have not been rigorously tested. This file is also included in the Zenodo repository for

this work ( https://zenodo.org/records/11037080 ).

Reactive MD-force field: Ni/Cr/B/N force field, March 10, 2015
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