Atomistic Modeling and Simulations of 2D Materials:
Chemical Vapor Deposition, Nanoporous Defects,
Force-Field Development, Wetting, and Friction
by
Ananth Govind Rajan
B.Tech., Chemical Engineering, Indian Institute of Technology Delhi (2013)
M.S., Chemical Engineering Practice, Massachusetts Institute of Technology (2015)
Submitted to the Department of Chemical Engineering
in partial fulfilment of the requirements for the degree of
DOCTOR OF PHILOSOPHY IN CHEMICAL ENGINEERING
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2019
© 2019 Massachusetts Institute of Technology. All rights reserved.
Author ……………………………………………………………………………………………...
Department of Chemical Engineering
December 18, 2018
Certified by ………………………………………………………………………………………...
Daniel Blankschtein
Herman P. Meissner (1929) Professor of Chemical Engineering
Thesis Advisor
Certified by ………………………………………………………………………………………...
Michael S. Strano
Carbon P. Dubbs Professor in Chemical Engineering
Thesis Advisor

Accepted by ………………………………………………………………………………………..
Patrick S. Doyle
Robert T. Haslam (1911) Professor of Chemical Engineering
Chairman, Committee for Graduate Students

Atomistic Modeling and Simulations of 2D Materials:
Chemical Vapor Deposition, Nanoporous Defects,
Force-Field Development, Wetting, and Friction
by
Ananth Govind Rajan
Submitted to the Department of Chemical Engineering on December 18, 2018
in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Chemical Engineering
Abstract
Two-dimensional (2D) materials, such as, graphene, transition metal dichalcogenides (TMDs)
(e.g., molybdenum disulfide (MoS2)), and hexagonal boron nitride (hBN), have recently received
considerable attention, due to their layer-number-dependent optoelectronic, mechanical, and
barrier properties. However, physical understanding of the controlled synthesis and interfacial
behavior of 2D materials is still lacking. In this thesis:
First, I construct a generalized mechanistic model for the growth of TMD monolayers using
chemical vapor deposition (CVD). Combining kinetic Monte Carlo (KMC) simulations and a
chemical engineering transport model, I am able to predict the experimentally-observed shape
and size evolution of the MoS2 morphology inside a CVD reactor.
Second, I address the challenge of solving the Isomer Cataloging Problem (ICP) for lattice
nanopores in 2D materials. Combining electronic structure density functional theory (DFT)
calculations, KMC simulations, and chemical graph theory, I generate a catalog of unique, mostprobable isomers of 2D lattice nanopores, demonstrating remarkable agreement with
experimental microscopy data for nanopores in graphene and hBN.
Third, I study the photoluminescent properties of nanoporous defects in hBN by combining my
solution to the ICP with extensive hybrid DFT calculations of electronic bandgaps. Doing so, I
map the experimentally-observed emission energies to one or more defect shapes in hBN,
thereby demonstrating structure-property relationships for defects in hBN, with implications for
single-photon emission from hBN devices.
Fourth, using molecular dynamics (MD) simulations, I show that electrostatic interactions play a
negligible role in determining the contact angle and the friction coefficient of water on the MoS2
basal plane. I show that other planes (e.g., the zigzag plane) are polar with respect to interactions
with water, thereby illustrating the role of edge effects in MoS2.
Fifth, I combine lattice dynamics calculations with DFT-based MD simulations to develop a
force field for hBN for use in mechanical and interfacial applications. The force field predicts the
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crystal structure, elastic constants, and phonon dispersion relation of hBN with good accuracy,
and demonstrates remarkable agreement with the interlayer and water-hBN binding energies
predicted by advanced ab initio calculations.
Finally, using MD simulations, I study the wetting and frictional properties of hBN by three
different liquids of varying degrees of polarity. I infer that electrostatic interactions affect the
frictional properties of various liquids in contact with hBN to different extents, and propose the
mean-squared total lateral force as a physical metric to rationalize this observation. This finding
implies that liquids with lower wettability can exhibit higher friction on hBN surfaces.
In conclusion, the theoretical and simulation methods developed and applied in this thesis should
inform the synthesis of 2D materials, and their use in various applications, such as,
optoelectronic devices, mechanical composites, and membranes for gas separation and water
desalination.
Thesis Supervisor:
Title:

Daniel Blankschtein
Herman P. Meissner (1929) Professor of Chemical Engineering

Thesis Supervisor:
Title:

Michael S. Strano
Carbon P. Dubbs Professor in Chemical Engineering
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transforming the 16 most-probable vacancy defects in hBN, via the edge diffusion of a single
nitrogen atom. Boron atoms are shown in cream color and nitrogen atoms are shown in blue
color........................................................................................................................................ 233
Figure 4-4. Spectral assignment of a family of hexagonal boron nitride lattice defects. (A)
Electronic energy gaps for the most-probable isomers of defects in hBN, calculated using density
functional theory (DFT), showing the DFT simulated gaps on the x-axis and the defect sizes on
the y-axis. The vertical pink band denotes the spectral range from 1.6 through 2.3 eV examined
experimentally in this work. Each defect size is assigned to an experimental peak from P1
through P6, based on a descending rank ordering of the simulated electronic energy gaps. (B)
Two different parity plots which compare the experimental emission energies and the simulated
DFT gap energies, based on two ways of assigning defect sizes to the experimental emission
energy peaks from P1 through P6. In the left panel (Assignment (i)), the simulated energy gap of
2.404 eV (N = 10) is assigned to P1, whereas in the right panel (Assignment (ii)), the simulated
energy gaps of 2.298 eV through 2.188 eV (N = 8, 16, 14, 9, 15) are assigned to peak P1. In both
cases, the remaining energy gaps are assigned based on a descending rank ordering of energies.
(C) Atomic models of the most-probable isomeric structures of vacancy defects in hBN for the
assigned peaks, which have been energetically optimized based on DFT calculations. The
corresponding transmission electron microscopy (TEM) images of the defects are shown on the
right, wherein the scale bars correspond to 5 Å. TEM images of several monovacancies (N=1)
and one triangular defect (N=9) can be seen. (D-E) Bar charts of the frequency of emission peaks
per unit area for (D) liquid-phase exfoliated hBN and (E) monolayer CVD hBN, as is (blue
color), and after reaction with boric acid (red color). The error bars correspond to the standard
deviation of the Gaussian fit. ................................................................................................... 235
Figure 4-5. High resolution transmission electron micrographs (HRTEM) of (A) multilayered
and (B) monolayered CVD hBN and the corresponding atomic models for each vacancy defect.
The scale bars correspond to 5 Å. In the micrographs of monolayered hBN, the nitrogen atoms
appear brighter than the boron atoms, due to their larger atomic weight................................... 239
Figure 4-6. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=1* (1,0) defect from a N=1 (1,0) defect. (B) Boron atom
hopping, leading to a 120° rotation of the N=3 (2,1) defect. (C) Nitrogen atom hopping to form a
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N=3* (2,1) defect from a N=3 (2,1) defect. (D) Nitrogen atom hopping to form a N=4* (3,1)
defect from a N=4 (3,1) defect. ............................................................................................... 247
Figure 4-7. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=5* (3,2) defect from a N=5 (3,2) defect. (B) Nitrogen atom
hopping to form a N=5*2 (3,2) defect from a N=5 (3,2) defect. (C) Nitrogen atom hopping to
form a N=6* (4,2) defect from a N=6 (4,2) defect. (D) Nitrogen atom hopping to form a N=7*
(5,2) defect from a N=7 (5,2) defect. ....................................................................................... 247
Figure 4-8. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=8* (5,3) defect from a N=8 (5,3) defect. (B) Nitrogen atom
hopping to form a N=8*2 (5,3) defect from a N=8 (5,3) defect. (C) Nitrogen atom hopping to
form a N=9* (6,3) defect from a N=9 (6,3) defect. (D) Nitrogen atom hopping to form a N=9**
(6,3) defect from a N=9* (6,3) defect. ..................................................................................... 248
Figure 4-9. Atomistic models of the initial (left panel) and final (right panel) states (A), and the
energy profile (B) for a boron atom hopping and leading to a 120° rotation of a N=3 (2,1) defect
in hexagonal boron nitride (hBN). The energy profiles are depicted in two cases: (i) for
monolayer hBN (blue color), wherein the defect is present in a single, isolated sheet of hBN, and
(ii) for trilayer hBN (orange color), wherein the defect is present in the middle layer, sandwiched
by two hBN layers – one at the top and one at the bottom........................................................ 249
Figure 4-10. Electronic energy-level diagram (at the G point of the supercell) for pristine
monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 250
Figure 4-11. Electronic energy-level diagram (at the G point of the supercell) for the N=1 (1,0)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 251
Figure 4-12. Electronic energy-level diagram (at the G point of the supercell) for the N=2 (1,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-Scuseria25

Ernzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 251
Figure 4-13. Electronic energy-level diagram (at the G point of the supercell) for the N=3 (2,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 252
Figure 4-14. Electronic energy-level diagram (at the G point of the supercell) for the N=4 (3,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 252
Figure 4-15. Electronic energy-level diagram (at the G point of the supercell) for the N=5 (3,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 253
Figure 4-16. Electronic energy-level diagram (at the G point of the supercell) for the N=6 (4,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 254
Figure 4-17. Electronic energy-level diagram (at the G point of the supercell) for the N=7 (5,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 254
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Figure 4-18. Electronic energy-level diagram (at the G point of the supercell) for the N=8 (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 255
Figure 4-19. Electronic energy-level diagram (at the G point of the supercell) for the N=9 (6,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 255
Figure 4-20. Electronic energy-level diagram (at the G point of the supercell) for the N=10 (6,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 256
Figure 4-21. Electronic energy-level diagram (at the G point of the supercell) for the N=11 (7,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 257
Figure 4-22. Electronic energy-level diagram (at the G point of the supercell) for the N=12 (8,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 257
Figure 4-23. Electronic energy-level diagram (at the G point of the supercell) for the N=13 (8,5)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
27

indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 258
Figure 4-24. Electronic energy-level diagram (at the G point of the supercell) for the N=14 (8,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 258
Figure 4-25. Electronic energy-level diagram (at the G point of the supercell) for the N=15 (9,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 259
Figure 4-26. Electronic energy-level diagram (at the G point of the supercell) for the N=16 (10,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 260
Figure 4-27. Electronic energy-level diagram (at the G point of the supercell) for the N=1 (0,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 260
Figure 4-28. Electronic energy-level diagram (at the G point of the supercell) for the N=1* (1,0)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 261
Figure 4-29. Electronic energy-level diagram (at the G point of the supercell) for the N=5* (3,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
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(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 261
Figure 4-30. Electronic energy-level diagram (at the G point of the supercell) for the N=6* (4,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 262
Figure 4-31. Electronic energy-level diagram (at the G point of the supercell) for the N=7* (5,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 263
Figure 4-32. Electronic energy-level diagram (at the G point of the supercell) for the N=8* (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 263
Figure 4-33. Electronic energy-level diagram (at the G point of the supercell) for the N=8*2 (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram............................................. 264
Figure 4-34. Simulated electronic energy gaps in monolayer hexagonal boron nitride (hBN) with
vacancy defects of various sizes, as a function of the defect size, N. Results are shown using
density functional theory (DFT) calculations with two different functionals: the generalized
gradient approximation Perdew-Burke-Ernzerhof (PBE) functional (purple color), and the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) functional (red color)........................................................ 265
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Figure 4-35. Electronic energy-level diagram (at the G point of the supercell) of the largest defect
considered in this study, i.e., the N=16 (10,6) defect, in monolayer hexagonal boron nitride,
calculated using the Perdew-Burke-Ernzerhof (PBE)28 generalized gradient approximation
density functional, for a 9´9 supercell (left panel) and a 10´10 supercell (right panel). Spin-up
states are shown in blue color and spin-down states are shown in red color. Filled spin-up states
are indicated with an up arrow () and filled spin-down states are indicated with a down arrow
(¯). The inferred energy gap is indicated above each energy diagram. The energy levels are
qualitatively similar for the two cases, and the inferred electronic energy gap differs by 0.06 eV
for the two cases. .................................................................................................................... 267
Figure 4-36. Electronic energy-level diagram (at the G point of the supercell) of the largest defect
considered in this study, i.e., the N=16 (10,6) defect, in monolayer hexagonal boron nitride,
calculated using the Heyd-Scuseria-Ernzerof (HSE06)27,43 hybrid exchange-correlation density
functional, for a 9´9 supercell (left panel) and a 10´10 supercell (right panel). Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram. The energy levels are
qualitatively similar for the two cases, and the inferred electronic energy gap differs by 0.003 eV
for the two cases. .................................................................................................................... 268
Figure 5-1. Representative equilibrium MD simulation snapshots of droplets composed of 4000
SPC/E water molecules on the bulk 2H MoS2 basal plane simulated using different force-field
models. Atoms of molybdenum, sulfur, oxygen, and hydrogen are shown in pink, yellow, red,
and white, respectively. Estimates of the macroscopic contact angle, θ, of SPC/E water on the
bulk MoS2 basal plane simulated using these force fields are reported on the top-right corner of
the corresponding snapshot. (A) SPC/E water completely wets (zero contact angle) MoS2
trilayers modeled using the force fields proposed by Becker et al. and Varshney et al. (B) The
force field proposed by Morita et al. yields a contact angle of 68.3°. (C) The force field proposed
by Liang et al. renders MoS2 hydrophobic and yields a contact angle of 104.5°. (D) The new
force field for MoS2 proposed by Sresht et al. in Ref. 26 yields a contact angle of 68.6° on the
bulk MoS2 basal plane, in excellent agreement with experiments. (E) Variations of the water
contact angle, θ (left-hand y axis) and of the cosine of the water contact angle cos θ (right-hand y
axis) with the inverse of the droplet radius R−1 for SPC/E water droplets on monolayer (ML),
bilayer (BL), and trilayer (TL) MoS2. Note that the intercept of the line of least squares fit to
cos θ vs R-6 , when R-6 → 0 is used to estimate the water contact angle for a macroscopic droplet
(R → ∞). ................................................................................................................................. 277
Figure 5-2. (A-B) Electrostatic (A) and Dispersion (B) interaction energy contours (with colored
scale bars) of a single O-atom at a distance of z = 3 Å above a monolayer MoS2 surface, inside
the MoS2 unit cell, with the S-atom shown in blue, and the Mo-atom shown in silver. (C)
Comparison of the electrostatic (solid) and dispersion (dashed) interaction energy of a single Oatom with an infinite MoS2 monolayer surface as a function of the vertical distance, with the Oatom located right above an S-atom (blue) and right above a Mo-atom (red). The time-averaged
axial density profile of water is shown by the dotted black line. .............................................. 283
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Figure 5-3. Simulated contact angle of water on a trilayer MoS2 surface, in three different cases:
(A) a frozen MoS2 sheet with polarized Mo and S atoms, (B) a frozen MoS2 sheet with non-polar
Mo and S atoms, and (C) a polarized, flexible MoS2 sheet. The intensity of the red dots
corresponds to the total number of water molecules present at a given location, sampled over the
entire simulation, such that regions with a darker color have a higher water density. The black
points represent the position of the liquid-vapor interface, calculated by fitting the radial density
profile to Eq. (5-4) (see Appendix 5.11.6 for the results of the fitting procedure)..................... 286
N 0)
Figure 5-4. Snapshots of the top view of the (A) basal (0001) plane, (B) armchair (21N1
N
plane, and (C) zig-zag (1010) plane of MoS2. The pink atoms represent molybdenum and the
yellow atoms represent sulfur. ................................................................................................. 287
Figure 5-5. (A) Water density profile and order parameter, cos θ, over a monolayer MoS2 sheet
as a function of the distance from the top sulfur layer. (B) Friction coefficient of water on a
monolayer MoS2 surface (λ), with inset showing the SPC/E water model. Both (A) and (B) are
shown in the presence (solid line) and in the absence (dashed line) of partial charges. (C)
Molecular structure of hBN. (D) Molecular structure of MoS2. The molecular structures were
generated using VESTA.64 ...................................................................................................... 290
Figure 5-6. Extrapolation of the contact angle of water nanodroplets obtained from MD
simulations for various temperatures: (a) T = 280 K, (b) T = 298 K, (c) T = 320 K, and (d) T =
350 K, to a macroscopic-sized droplet ( R ® ¥ ), using the linear plot between cos q and 1/R
given in Eq. (5-3). Note that cos q is plotted on the right axis (which is a linear scale), while the
corresponding value of q is plotted on the left axis (which is a non-linear scale). .................... 292
Figure 5-7. (a) Change in water layering, including the density profile, ρ(z), from a liquid-vapor
(LV) interface to a solid-liquid (SL) interface entails the entropic contribution to the work of
adhesion. (b) Estimation of the enthalpy and entropy of adhesion of water on a monolayer MoS2
surface, from a linear plot of the work of adhesion versus the absolute temperature................. 294
Figure 5-8. Variation of the contact angle θ (left-hand y axis) and the cosine of the contact angle
cos θ (right-hand y axis) with the inverse of the droplet radius R-1 for SPC/E water droplets on
trilayer MoS2, for the models of Morita et al.39 and of Liang et al.,41 predicted using molecular
dynamics (MD) simulations. The standard errors associated with cos θ and R-1 are shown using
error bars................................................................................................................................. 305
Figure 5-9. Radial density profile of water ρ(r), in a droplet consisting of 500 water molecules,
at various axial locations, z, above a monolayer MoS2 surface, in three different cases: (a) a
frozen MoS2 sheet with polarized Mo and S atoms, (b) a frozen MoS2 sheet with non-polar Mo
and S atoms, and (c) a polarized, flexible MoS2 sheet. Note that the axial distance is measured
from the top sulfur layer, and that these plots correspond to the three cases depicted in Figure 2
of the main text. The dots correspond to time-averaged MD simulations data, and the solid lines
correspond to fits to Eq. (5-4) in the main chapter. .................................................................. 309
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Figure 5-10. Histograms for the free-energy calculations to compute the work of adhesion of
water on monolayer MoS2, depicting the number of samples at each computed value of: (a)
dH/dλ, where H is the Hamiltonian of the system, (b) ΔH for the left interval (λ → λ-Δλ), and (c)
ΔH for the right interval (λ → λ + Δλ). It is evident that the intervals are overlapping sufficiently,
implying that the sampling of the simulation is adequate. ........................................................ 311
Figure 6-1. (A) Top view of the molecular model of a single layer of hBN, illustrating the
equilibrium B-N bond length (lF ), the equilibrium B-N-B angle (θF ), and the concept of 1–2, 1–
3, and 1–4 bonded neighbors. Boron atoms are shown in cream color and nitrogen atoms are
shown in blue color. (B) Illustration of the concept of an N-B-B-B improper dihedral, χ. Atom i
is a nitrogen atom, and is bonded to atoms j, k, and l, which are boron atoms. The improper
dihedral is the angle formed by the plane ijk (depicted in translucent blue color) and the plane jkl
(depicted in translucent red color). The angle χ quantifies the extent to which atom i is out of the
plane formed by atoms j, k, and l, and is zero when atoms i, j, k, and l are coplanar. ................ 322
Figure 6-2. (A) Comparison of the theoretically-predicted phonon dispersion relation of bulk
hBN (depicted in solid red lines) with the experimental data (depicted using filled blue circles)
reported by Serrano et al.52 The phonon dispersion relation is plotted along the ΓMKΓ direction
6
in the hBN reciprocal space, where the high-symmetry points are Γ = (0, 0, 0), M = [8 , 0,0\,
6 6

and K = [. , . , 0\ in units of the reciprocal space basis vectors. (B) hBN lattice along with the
primitive unit cell, containing one B atom and one N atom. Boron atoms are shown in cream
color and nitrogen atoms are shown in blue color. The basis vectors ^^^⃗
a6 and ^^^^⃗
a8 are also shown.
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Chapter 1
Introduction
1.1 An Overview of Two-Dimensional Materials
Two-dimensional (2D) materials are an up-and-coming class of materials which consist of a few
layers of atoms (usually less than ten1), exhibiting vastly different electrical, optical, and
magnetic properties than those displayed by their bulk, three-dimensional counterparts.2 2D
materials represent the ultimate limit of thinness of thin films,3 which have been studied for
decades by physicists and material scientists. In 2004, Geim, Novoselov, and other researchers at
the University of Manchester were able to isolate monolayer sheets of sp2 bonded carbon atoms
(Figure 1-1A), called “graphene”, by exfoliating graphite flakes repeatedly using a scotch tape.4
They found that the electrons in graphene behave as massless relativistic Dirac fermions, leading
to high carrier densities of 1013 cm-2 and extremely high carrier mobilities of 15,000 cm2V-1s-1.5
Moreover, graphene was shown to have a high thermal conductivity of the order of 3080-5150
Wm-1K-1, which made it highly suitable for fast dissipation of heat generated in nanoelectronic
devices.6
Given these unique, desirable properties, graphene was expected to bring about the next
revolution in semiconductor electronics, including enabling microchip miniaturization beyond
Moore’s law.7 Single-layer graphene is, however, a zero band-gap semimetal. Due to the lack of
an intrinsic band gap, graphene devices cannot be switched on/off and are therefore unable to
represent binary zeros and ones, which are central to the concept underlying digital electronics.
Therefore, despite its extraordinary properties, graphene is not directly suited for use in
transistors and optoelectronic devices. Recently, it has been shown that a band gap can be
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opened in (i) epitaxial graphene using graphene-substrate interactions,8 (ii) bilayer graphene
using strong gating,9 and (iii) trilayer graphene by applying a perpendicular electric field.10
However, these interesting engineering strategies suffer either from a band-gap mobility
tradeoff,11 or from a sensitivity to disorder in the system.12 Therefore, the search for a layered
material with an intrinsic band gap, which would not require artificial engineering strategies, led
to renewed interest in other layered materials, such as transition metal dichalcogenides (TMDs)
(e.g., molybdenum disulfide (Figure 1-1B)),13 hexagonal boron nitride (hBN)14 (Figure 1-1C),
and phosphorene,15 which could be exfoliated up to the monolayer limit, and could be utilized
directly, or as composite materials with graphene.16
A

B

C

Figure 1-1. Various 2D materials investigated in this thesis: (A) graphene, (B) molybdenum
disulfide (MoS2), and (C) hexagonal boron nitride (hBN). The top panel depicts the top view of
the 2D material and the bottom panel depicts the side view of the 2D material. Carbon atoms are
shown in green color, molybdenum atoms are shown in cyan color, sulfur atoms are shown in
yellow color, boron atoms are shown in cream color, and nitrogen atoms are shown in blue color.
Indeed, monolayer molybdenum disulfide (MoS2) is semiconducting, and possesses an
intrinsic direct bandgap,17 thereby making it suitable for use in electronic and optoelectronic
applications. Since its discovery, single-layer MoS2 has been successfully utilized in
transistors,18 integrated circuits with logic operations,19 membranes for molecular separations,20
and biological applications.21 On the other hand, hBN is an insulating 2D material, consisting of
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boron (B) and nitrogen (N) atoms arranged in a hexagonal lattice.14 The atomically-smooth hBN
surface has been explored as a high-quality substrate for graphene electronics.22 Moreover,
recently, there have been several efforts towards utilizing defects in hBN as emitters23–25 of
single photons,26 which are essential for applications in quantum computing27 and quantum
information.28 In terms of interfacial applications, the different frictional properties29,30 and
extents of interaction of ions with graphene and hBN surfaces,31,32 have been harnessed, to
enable osmotic power generation from seawater.33 Recently, researchers have also investigated
the use of nanoporous hBN layers for applications in gas separation34 and seawater
desalination.35
With respect to the synthesis of 2D materials, the simplest and most inexpensive method to
fabricate layered materials for investigations involving basic physics is “scotch-tape exfoliation”
or “micromechanical cleavage”,4,36 where bulk crystals of the desired material are repeatedly
exfoliated using a scotch tape, and the resulting thin films are then deposited onto different
substrates. Although this method enables the production of very high-quality films devoid of
defects, it is not scalable to allow the mass production of 2D material films with large area. In
this regard, chemical vapor deposition allows for the synthesis of large area, single-crystal
materials which are essential for applications in electronics and optoelectronics,37 where the
presence of grain boundaries causes a loss in electron mobility due to scattering. Indeed, many
2D materials, such as graphene, MoS2, hBN, and phosphorene, can be grown in their singlelayered or few-layered forms on various substrates, using chemical vapor deposition (CVD).38–41
In the CVD process, different chemical precursors are volatilized by the application of heat, and
are allowed to deposit and react on a growth substrate. As a result, CVD methods are, in general,
very sensitive to temperature and pressure, and to the relative placement of the precursors and
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the growth substrates, utilized in the CVD reactor. Often, in the same CVD reactor, one can
observe different morphologies and crystal sizes of the 2D material at different locations.42
Therefore, developing a better understanding of how the process conditions inside a CVD reactor
affect the morphology and size of the 2D material crystals would be a valuable undertaking, in
order to control the morphology and uniformity of 2D materials grown using CVD.
One of the prominent application areas, wherein 2D materials have immense potential, is
in the development of high-throughput, high-efficiency, and low-energy separation techniques
using atomically-thin membranes.43 To this end, a number of experimental studies have
examined the use of 2D materials in membrane separation applications, whether for gas
purification44–46 or for water desalination.47,48 Indeed, 2D materials offer the thinnest possible
barrier to the flow of gases or liquids, provided that there exist some nanoporous defects in the
2D material layer (Figure 1-2A), because pristine 2D materials, by themselves, are impermeable
to even the smallest of gases, such as, helium.49 Therefore, one often needs to create nanopores
of a desired size in 2D materials, in order to make them selectively-permeable to certain gases
and water, without allowing the passage of, say, other gases and salt ions.50,51 In general, the
experimental generation of nanopores in 2D materials involves two steps: (i) the nanopores are
first nucleated via the formation of single atom vacancies,92 and (ii) the vacancies are
subsequently enlarged by an etching process to grow nanopores of the required size.93-94 This
two-step process decouples the two important metrics which determine the permeance and the
separation factor of a given nanoporous 2D material membrane, namely, the nanopore density
and the nanopore size. However, the research community has not studied the etching process of
2D materials in great detail, although some outstanding modeling and simulation efforts have
been made in this direction.52–54
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Figure 1-2. (A) Schematic of a nanoporous graphene sheet used as a membrane to separate a
mixture of carbondioxide (CO2) and sulfur hexafluoride (SF6), adapted from Ref. 50 (Copyright
© 2017, American Chemical Society). (B) Twelve possible nanopores formed by removing 6
carbon atoms from the graphene lattice in a contiguous fashion. (C) Semi-log plot of the number
of possible isomers formed by removing N carbon atoms from the graphene lattice in a
contiguous fashion, versus the pore size, N.
Moreover, efforts to study the etching process of 2D materials are complicated by the lack
of an algorithm to distinguish between various isomers of nanopores in the graphene lattice.
Indeed, there exist multiple possible ways to remove a given number, say, N, of atoms from the
graphene lattice (and by extension, from other 2D material lattices) in a contiguous fashion,
leading to the existence of numerous “nanopore isomers” (Figure 1-2B depicts the atomistic
models of 12 possible nanopores when N=6 carbon atoms are removed from the graphene
lattice). In fact, the number of possible shapes (isomers) of extended defects in a graphene lattice
increases logarithmically with the number of atoms removed (Figure 1-2C), such that there are
about 106 possible isomers when N=20 carbon atoms are removed from the graphene lattice.55
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Clearly, a thorough mechanistic understanding of the formation of nanopores and extended
defects is required to predict the actual performance of 2D material membranes and devices,
because real membranes and devices will contain a collection of nanopores or intrinsic defects of
varying sizes and shapes. In fact, recent experimental work,56 including that from Professor
Strano’s research group,44 focused on creating nanoporous defects in 2D materials during the
CVD growth process itself, provides a unique opportunity to study the simultaneous growth and
etching of 2D materials.
Apart from chemical vapor deposition, the liquid-phase exfoliation of bulk crystals in a
suitable solvent/surfactant solution provides another convenient method to synthesize 2D
material solutions in large quantities (Figure 1-3A), because it can be readily scaled up, and is
also amenable to continuous manufacturing. Liquid-phase exfoliation also provides a
straightforward route to printable inks and chemical functionalization in a solution phase, and
allows deposition on arbitrary substrates.57 Further, it is possible to synthesize composites of 2D
materials by using techniques ranging from self-assembly of mixed dispersions,58 to layer-bylayer deposition of the exfoliated flakes.59 2D materials synthesized using liquid-phase
exfoliation will find wide applicability in applications, such as, sensors and membrane devices,
where the existence of polycrystalline films does not hamper the efficiency of the devices. In this
method, the powdered form of the bulk material (e.g., graphite for graphene and molybdenite for
MoS2) is ultrasonicated in a suitable liquid medium, leading to 2D material flakes of various
sizes (Figure 1-3B-D), with the pristine lattice intact, as indicated by transmission electron
microscopy images of the crystal (Figure 1-3E-F). Nevertheless, the selection of a suitable
solvent/surfactant for dispersing few-layered flakes of 2D materials is often carried out through a
trial-and-error approach, or through the use of empirical Hansen or Hildebrand solubility

48

parameter approaches.60 In this regard, the use of atomistic molecular dynamics (MD)
simulations to advance a fundamental understanding of why certain solvents are better for the
liquid-phase exfoliation of a particular 2D material (e.g., graphene,61 phosphorene,62
molybdenum disulfide63), would be useful. For example, my collaborative research work with
Dr. Vishnu Sresht, an alumnus of Professor Blankschtein’s research group, has shown that MD
simulations of MoS2 flakes immersed in various solvents (Figure 1-3G) can be used to compute
free-energy barriers of aggregation (Figure 1-3H), which could be used to rationalize the
experimentally-observed ranking of solvents with respect to their liquid-phase-exfoliation
efficacy.63
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Figure 1-3. Liquid-phase exfoliation of 2D materials. (A) Photographs of surfactant-stabilized
aqueous dispersions of MoS2, hBN, and WS2, adapted from Ref. 64 (Copyright © 2015,
American Chemical Society). (B-D) Optical microscopy images of MoS2 flakes, obtained after
ultrasonication of bulk MoS2 powder in N-methyl pyrrolidone (NMP) for 23 hours (B), 70 hours
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(C), and 106 hours (D), respectively, as reported in Ref. 65 (Copyright © 2012, American
Chemical Society). (E-F) High-resolution transmission electron microscopy (HRTEM) image of
an MoS2 flake (E), adapted from Ref. 65 (Copyright © 2012, American Chemical Society). The
region in the dashed box is shown, after enlargement and digital filtering, in panel (F). (G-H)
Molecular dynamics simulation investigation of the dispersion stability afforded to MoS2
nanoflakes by various organic solvents, as reported in Ref. 63. (G) Two MoS2 nanosheets
dispersed in NMP. Only a few representative solvent molecules are shown. (H) Potentials of
mean force, U, for two MoS2 nanosheets separated by distance d, and dispersed in various
organic solvents, such as iso-propyl alcohol (IPA), water (H2O), dimethyl sulfoxide (DMSO),
dimethyl formamide (DMF), and N-methyl pyrrolidone (NMP).
Such a modeling and MD simulation framework would require an accurate description,
not only of the interactions of a single 2D material layer with other 2D material layers, but also
of the interactions between a single 2D material layer and various solvents. However, when I
began working on my doctoral thesis, there was a lack of classical, transferrable force-field
parameters for some of the newer 2D materials, such as, MoS2 and hBN, which would allow an
in silico exploration of the liquid-phase exfoliation process of these new 2D materials. The
development of force fields to describe not just the mechanical properties of 2D materials, but
also the interfacial properties of such materials, is therefore a valuable goal. Indeed, in a number
of applications, including biosensors,66 desalination,67,68 gas separation,34 and osmotic power
harvesting,69 2D materials come in contact with other liquids and gases. Utilizing accurate force
fields, one would be able to understand how liquids interact with 2D materials, including
quantifying the wettability and frictional properties of the 2D materials, in terms of the flow of
liquids on surfaces coated with them. Indeed, the interfacial properties of 2D materials would
play an important role in dictating the performance of real devices, such as, separation
membranes, osmotic power harvesters, and biosensors.
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1.2 Motivation and Background
1.2.1 Development of Mechanistic Models for the Chemical Vapor Deposition
of 2D Materials
Chemical vapor deposition (CVD) is a synthesis method that allows the growth of large-area,
single crystal, and defect-free 2D material surfaces, which are required for optoelectronic
applications. With years of research, it is now possible to grow large-area graphene on various
metallic substrates including nickel,70 copper,71 and ruthenium,72 using methane and hydrogen
gases as precursors. There have been a number of attempts to model the complicated transport
phenomena occurring in the CVD reactor using kinetic models.38,73 These models have lent
reproducibility to the process by outlining several best practices for the growth process. The use
of CVD methods for the synthesis of few-atom-thick layered materials has also been aided by the
development of non-destructive, high-throughput methods for the identification of the thickness
and layer numbers of the grown samples. The most popular of these is Raman spectroscopy,
where the change in the layer number of the flakes leads to characteristic changes in the observed
spectrum both for graphene and MoS2.74,75
With the growing interest in MoS2, there have been various attempts to grow monolayer
molybdenum disulfide using CVD. Early attempts to synthesize MoS2 thin films for tribological
applications utilized hydrogen sulfide (H2S),76 which is corrosive. Instead, recent studies have
utilized the sublimation of molybdenum and sulfur containing solids to generate the required
gaseous precursors. Lee et al. demonstrated the growth of MoS2 on a SiO2/Si substrate at a
temperature of 650oC, using solid MoO3 and sulfur as precursors.77 Another approach makes use
of MoCl5 and sulfur precursors at a temperature of 800oC to grow MoS2 monolayers on silicon
dioxide, sapphire, and graphite substrates.78 However, a major problem with these approaches is
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the non-uniformity of the grown monolayer. In all these studies, there is a wide variety of
structures which are observed at different locations on the same substrate, owing to differences
in the kinetic regimes operating at different points in the CVD reactor. For example, Figure 1-4
depicts different shapes, including triangles, hexagons, and truncated triangles, formed along the
length of the growth substrate in the CVD synthesis of monolayer MoS2, as reported by Wang et
al.42 In another study, Zhang et al. grew dendritic, fractal like shapes of MoS2 on a SrTiO3
substrate. These authors postulated that the dendritic growth was due to a diffusion-limited
aggregation mechanism.79 From the above discussion, it is evident that due to the different
sublimation temperatures, and consequently different vapor pressures of these solid precursors at
the conditions prevalent in the reactor, it is unclear how the gaseous precursors combine to
produce monolayer MoS2 with the appropriate chemical composition.

Figure 1-4. Variety of structures observed in the CVD synthesis of monolayer MoS2 along the
length of the growth substrate, as observed in Ref. 42 (Copyright © 2014, American Chemical
Society). Argon (Ar) gas is utilized to transport sulfur (S) and molybdenum trioxide (MoO3)
precursors inside the CVD reactor. The authors postulate that a gradient in the concentration of
the molybdenum precursor (MoO3) contributes to the shape and size variation in the MoS2
flakes.
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Indeed, it is observed experimentally that small changes in temperature, pressure,
composition,

and

placement

of

precursors

and

substrates

can

result

in

large changes in the final stoichiometry and morphology of the deposited layers. A major
challenge is the use of solid precursors for the deposition of MoS2, which inevitably requires the
sublimation of these precursors. In order to effectively control the stoichiometric ratio of the
compounds, it is important to have a precise control on the rates of sublimation, and hence on the
temperatures of the precursors and the substrate. In this regard, there is a lack of
phenomenological models that can describe the complex kinetic processes occurring inside a
CVD furnace for the growth of transition metal dichalcogenides. The development of a multiscale kinetic model that can accurately predict the aspect ratios of the thin films produced can
have tremendous impact on the CVD process in general. The existence of such models would
allow the correct diagnosis of a failed CVD growth, by suggesting a change in process
parameters like temperature, pressure, or stoichiometric ratios. In this respect, thermodynamic
models based on density functional theory (DFT) have been developed to predict the stability of
different structures in the MoS2 growth process, by the use of phase diagrams.80–83 In this thesis,
however, I have developed kinetic models which can describe the growth process and the variety
of shapes and structures observed in the CVD synthesis of 2D materials at different locations on
the growth substrate. Such models are important because the growth process does not always
lead to thermodynamically stable equilibrium shapes. With the optimization of the CVD process,
I hope that large-scale MoS2, and other new 2D material surfaces, can be made available for the
fabrication of high-quality optical and electronic devices.
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1.2.2 Modeling the Creation of Nanopores in 2D Materials
The presence of extended defects or nanopores in two-dimensional (2D) materials modulates the
electronic,84,85 magnetic,86 electrochemical,87 and barrier48 properties of the 2D materials. In
terms of their electronic properties, the edges of graphene are different from the pristine
graphene basal plane.88,89 Moreover, a number of experimental studies have utilized nanopores in
graphene for gas46,90 and ionic separations,47,48 and for DNA sequencing.91 There are various
methods for creating nanopores in 2D materials, such as, oxidation with molecular oxygen or
ozone, liquid-phase oxidative etching, oxygen or hydrogen plasma-based etching, and
nanoparticle-catalyzed etching,92 each giving rise to a range of shapes and sizes of the created
nanopores. For example, Wang et al. utilized silicon nanoparticle-catalyzed etching to generate
nanopores in graphene.93 The transmission electron microscopy images of these nanopores and
their corresponding atomistic models are shown in Figure 1-5A. It is evident that nanopores
ranging in diameter from about 6 Å to 16 Å were formed, with all of them having irregular
shapes. If one could create a modeling framework to predict the shapes of nanopores that would
be formed in experimental studies, it would provide a very valuable tool for experimentalists
who desire to obtain physical insight and to better understand and rationalize their data. Indeed,
from a catalog of the shapes and sizes of the most-probable nanopores formed during the etching
process, one could predict the performance of real 2D material devices, e.g., the selectivity and
permeance of methane/carbon dioxide separation using nanoporous graphene.
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Figure 1-5. Variety of nanoporous defects in graphene, seen experimentally (A) and utilized in
molecular simulations (B). (A) Transmission electron microscopy (TEM) images (upper panel)
and corresponding atomistic models (lower panel) of graphene nanopores, obtained through the
use of silicon nanoparticle-catalyzed etching, as reported in Ref. 93 (Copyright © 2014,
American Chemical Society). (B) Atomistic models of eight different nanopores utilized in a
molecular simulation study of the permeation of hydrogen, helium, nitrogen, and methane
through a nanoporous graphene membrane, as reported in Ref. 94 (Copyright © 2012, American
Chemical Society).
In this regard, modeling and simulation studies have been carried out to understand how
magnetic,95 optoelectronic,96 and transport94,97,98 properties depend on the specific shapes and
sizes of certain nanopores in graphene and other 2D materials. For example, Sun et al. studied
the permeation of hydrogen, helium, nitrogen, and methane gases through a nanoporous
graphene membrane.94 In their study, ten different graphene nanopores were investigated, eight
of which are depicted in Figure 1-5B. The immediate question one may ask is why these ten
different nanopores were chosen, and if there is a rational principle behind the selection of these
nanopores. Similarly, in other modeling and simulation studies of nanoporous 2D materials,
nanopores of various shapes and sizes have been investigated,34,67,97 without any rational
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principle behind their selection. Therefore, it would be useful to develop a modeling framework
that could predict the sizes and shapes of the most-probable nanoporous defects in 2D materials,
so that the modeling and simulation community could rationally choose nanopore shapes to work
with, in order to make the best possible use of computational resources, which are typically
limited in their availability. Due to the wide variety of methods available to create nanopores in
2D materials,92 it would be extremely valuable if the modeling framework for understanding
pore creation in 2D materials is generalized, and independent of the chemical route adopted for
pore creation.
Moreover, at the atomic scale, minute changes in pore shapes can lead to large
differences in the performance of practical devices, e.g., the gas permeation fluxes and
selectivities through nanoporous graphene membranes.50 To this end, the inability to link a given
pore size with its molecular identity presents a gap between predictions of theory and
simulations, and what can be realized experimentally. This gap could be significantly narrowed
by solving the “Isomer Cataloging Problem” for 2D lattice materials, which addresses the
generation of a catalog of most-probable nanopore isomers in the 2D lattice. So far, there have
been no theoretical attempts aimed at solving this challenging problem. In this thesis, I provide a
solution to the “Isomer Cataloging Problem” for nanopores in graphene and hBN.

1.2.3 Force-Field Development for Modeling 2D Materials in Mechanical and
Interfacial Applications
With the increasing interest in MoS2, hBN, and other 2D materials, there have been attempts to
disperse them in organic solvents and in aqueous surfactant solutions. Liquid-phase exfoliation
has been demonstrated in a variety of media, including inorganic solvents, such as, N-methyl-2pyrrolidone (NMP) and dimethyl sulfoxide (DMSO), water containing surfactants, and mixtures
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of ethanol and water.99 The major challenge faced by the experimentalist is to come up with a
suitable choice of the solvent,60 surfactant,100 or in some cases, the co-solvent,101 to optimize the
exfoliation process for obtaining the desired flake size and thickness of the 2D material. As 2D
materials beyond graphene are being investigated, so are unconventional exfoliation media, such
as, ionic liquids, protein solutions, and polymer solutions.102–106 However, the efficacy of a given
exfoliation medium varies from 2D material to 2D material. For example, hBN can be exfoliated
using cyclohexyl-pyrrolidone (CHP),107 but phosphorene cannot.108 On the other hand, isopropyl alcohol (IPA) is effective in phosphorene exfoliation,108 but does not perform well in the
case of MoS2.60
While the possibilities of utilizing 2D materials for varied applications in the future are
endless, a physical understanding of the molecular processes underlying the exfoliation of these
materials is limited. Some light has been shed on the suitability of certain solvents for exfoliation
by the use of thermodynamic concepts like enthalpies of mixing and Hansen solubility
parameters.60,109 However, these approaches have met with limited success because of the kinetic
nature of the dispersion stability problem – the colloidal aggregation of 2D materials depends
strongly on the molecular structure of the solvent, and on the interfacial ordering that it is able to
induce at the solvent-2D material interface. These factors are not fully captured by the
convenient, albeit limited, understanding offered by the above-mentioned theories. This
deficiency motivates the use of molecular dynamics (MD) simulations to investigate the
exfoliation process in silico.
Unfortunately, progress in the use of MD simulations to investigate the exfoliation
process in silico has been hindered by the lack of suitable force fields to model the interlayer and
solvent-mediated interactions in the recently discovered 2D materials. This is reflected in the few
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modeling studies reported in the literature on the exfoliation of newly isolated 2D materials, such
as, MoS2 and hBN.110,111 In these studies, Kamath and Baker,110 and Mukhopadhyay and
Datta,111 respectively, investigated the use of ionic liquids and conventional organic solvents, for
the exfoliation and dispersion of hBN sheets. More recently, Ludwig et al. investigated the
mechanism of bismuth telluride (Bi2Te3) exfoliation in ionic liquids.112 However, it is
noteworthy that these studies utilized Lennard-Jones interaction parameters for the 2D material
sheets that can be traced back to the DREIDING force field37 and to the Universal Force Field,38
respectively, which are generic force fields and may not be able to capture the specificities of the
intersheet interactions. Moreover, although the partial charges for hBN were assigned through
quantum mechanical calculations,39 those for Bi2Te3 were taken from a study using lattice
dynamical optimization.40
In general, the choice of force fields utilized to model exfoliation processes in the upand-coming 2D materials is critical for obtaining meaningful results. The physical quantities
relevant to the exfoliation process include the equilibrium intersheet spacing between the layers,
and the surface energy of the solid.61 Force fields parameterized without taking the surface
energies and other interfacial properties into account could perform poorly in modeling the
exfoliation behavior of various solvents. For example, potentials generated solely from phonon
vibration modes, or from tribochemical properties, focus on reproducing the intra-layer
interactions, which are not sufficient to fully understand the exfoliation process. Further, if
partial charges derived from quantum chemical simulations are to be combined with dispersive
potentials like Lennard-Jones, the combined force-field parameters should be checked by
benchmarking against the lattice constants (which, in effect, includes the interlayer spacing), the
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bulk modulus, the elastic constants, and the surface energy, of the 2D material, before utilizing
them in simulations of interfacial systems.
Note that a typical classical force field consists of both bonded (Figure 1-6A) and
nonbonded (Figure 1-6B) interactions, where the bonded interactions are typically modeled using
harmonic (Hookean) bonds (two-body interactions), angles (three-body interactions), and
dihedrals (four-body interactions), and the nonbonded interactions are typically modeled using
electrostatic and dispersion (Lennard-Jones) interactions. While the data used to parameterize the
bonded interactions can be reliably obtained from ab initio electronic-structure calculations, the
data used to parameterize nonbonded interactions must be carefully benchmarked against
experimental data, because it is very challenging to reproduce dispersion interactions up to 1
kJ/mol accuracy using ab initio methods.113 The above discussion indicates that the development
of new and accurate force fields for the up-and-coming 2D materials will be a major contribution
to the field, because the newly developed force fields can then be used to model the exfoliation
process, thereby allowing the selection and design of optimal solvents and surfactants for the
liquid-phase exfoliation of 2D materials. Moreover, the newly developed force fields would also
represent a valuable tool to study the organization of liquid molecules around 2D material
surfaces in silico in other applications, including batteries, microfluidic devices, and biosensors.
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Figure 1-6. Concept of bonded (A) and nonbonded (B) interactions in a classical force field, with
atoms in yellow and blue color depicting two different chemical species. (A) Bonded interactions
are typically represented using a combination of Hookean bonds (characterized by a force
constant mn and instantaneous bond length o) between nearest-neighbor atoms, Hookean angular
terms (characterized by a force constant mp and an instantaneous angular measure q) between
two atoms bonded to a central atom, and Hookean improper dihedral terms (characterized by a
force constant mr and an instantaneous improper dihedral measure q) between three atoms
bonded to a central atom. (B) Nonbonded interactions are typically modeled using partial charges
(st ) for electrostatic interactions, and 12-6 Lennard-Jones parameters (ut , vt ) for dispersion
interactions. (C) While combining bonded and nonbonded interactions within a given 2D
material layer (or molecule), typically, nonbonded interactions between 1-2 (yellow-blue) and 13 (yellow-gray) atoms are scaled by a factor of zero, and interactions between 1-4 (yellow-black)
atoms are scaled by a factor chosen between 0.0 and 1.0. Nonbonded interactions beyond 1-5
(yellow-green) atoms are usually considered fully.

1.2.4 Understanding the Wetting and Frictional Properties of 2D Materials
The interfacial properties of a material play an important role in applications that involve contact
with a liquid medium. Indeed, with the proposed use of graphene, MoS2, hBN, and other 2D
materials in membranes,20,97 and other microfluidic devices,21,114 it is important to study how
liquids behave when brought in contact with 2D material coatings. The contact angle (q) of a
liquid droplet on any material determines whether the surface is solvophobic (q > 90x ) (Figure
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1-7A), or solvophilic (q < 90x ) (Figure 1-7B), and is therefore a key property which
characterizes the interfacial behavior of any material. For example, when the solvent is water, a
hydrophobic material cannot be safely used in biosensing applications, because it could lead to
denaturation of biological proteins.115 Similarly, in applications of 2D materials aimed at
desalination membranes, researchers may seek to precisely control the hydrophilicity of the
surface. Another key property of a solid-liquid interface is the slip length (Figure 1-7C), which
characterizes the frictional properties of the solid surface, and is a quantitative measure of the
extent to which the no-slip boundary condition is violated at the solid-liquid interface.116 As
depicted in Figure 1-7C, the slip length of a solid-liquid interface is defined as the hypothetical
distance within the solid surface, at which the liquid velocity can be extrapolated to be zero. The
slip length is typically calculable as the ratio between the bulk viscosity of the liquid and the
friction coefficient of the solid-liquid interface. The friction coefficient, in turn, is typically
computed from knowledge of the forces which operate between the solid surface and the
liquid.117,118
A

C
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Figure 1-7. (A-B) Concept of a solvophobic (A) and a solvophilic (B) surface, exhibiting liquid
contact angles on a solid surface (q) which are greater than 90° and less than 90°, respectively.
(C) Concept of slip flow at a solid-liquid interface, with the liquid exhibiting non-zero velocity at
the location of the solid surface. The liquid velocity profile is indicated using arrows of purple
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color, with longer arrows indicating a larger liquid velocity, as compared to shorter arrows. The
slip length (y), which is the hypothetical distance inside the solid surface, at which the liquid
velocity profile is extrapolated to be zero, is also indicated.
For several decades, it was believed that graphite is a hydrophobic surface.119 Only
recently, contact angle measurements on graphitic surfaces free of hydrocarbon contamination
revealed that graphitic surfaces are hydrophilic, with a water contact angle of around 65°.120
Similarly, recent measurements of the water contact angle on the bulk MoS2 and hBN basal
planes have revealed contact angle values of around 65°,121,122 indicating that these surfaces are
also mildly hydrophilic. It is therefore interesting to elucidate why, despite the different chemical
natures of graphene, MoS2, and hBN, these three surfaces exhibit a similar degree of interaction
with water molecules. Furthermore, it is also interesting to elucidate if this similarity in the
equilibrium interfacial properties (e.g., the water contact angle) of graphene, MoS2, and hBN,
also extends to the dynamic interfacial properties (e.g., the friction coefficient and the slip
length) of these 2D materials, particularly because of the different physical origins of the wetting
and frictional properties. The study of wetting phenomena using computer simulations will also
offer a unique opportunity to validate the force fields for 2D materials for use in molecular
dynamics simulations, making use of experimental data on the contact angles of water and other
liquids. Moreover, the study of contact angles of various liquids on 2D materials is not only
important to quantify the hydrophobicity of these materials, but also to understand the ordering
of liquid-phase molecules around such materials. These fundamental studies will help in
designing new chemical-functionalization techniques for 2D materials, and in motivating
applications in the varied fields of biosensors, membrane separations, lab-on-a-chip microfluidic
devices, and electrochemical energy systems, through an in-depth understanding of the physical
and chemical interactions operating at the surfaces of various 2D materials.
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1.3 Thesis Objectives
With the background and motivation presented in Section 1.2 in mind, the broad goals of my
thesis have been to understand and model the controlled synthesis of 2D materials, including the
creation of nanopores, and to understand and model the wetting and frictional properties of 2D
materials, including the development and validation of the required new force fields. In order to
meet these goals, the following four thesis objectives were accomplished:
1. Development of Mechanistic Models for the Chemical Vapor Deposition of 2D Materials: A
kinetic model to predict the different shapes and structures observed in the chemical vapor
deposition process for various transition metal dichalcogenide 2D materials, e.g., MoS2 and
WS2, was developed, and the model was validated using experimental data.
2. Modeling the Creation of Nanopores in 2D Materials: A model to predict the most-probable
shapes of nanopores in various 2D materials, such as, graphene and hBN was developed.
Graph-theoretical approaches were investigated in order to distinguish between various
nanopore shapes. Suitable approaches were investigated to validate the developed model
using experimental data.
3. Force Field Development for Modeling 2D Materials in Mechanical and Interfacial
Applications: The force fields available in the literature for MoS2 and hBN were validated by
computing properties which are essential for the correct representation of interfacial
phenomena, including a comparison of the simulated results with the available experimental
data. If the validation was found to be unsuccessful, or if the required force fields were not
available to begin with, new force fields were developed.
4. Understanding the Wetting and Frictional Properties of 2D Materials: The contact angles and
friction coefficients of various liquids on 2D material surfaces were calculated using
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computer simulations, and physical insights were obtained to explain the similarities and the
differences in these properties, between various 2D materials, such as, graphene, MoS2, and
hBN.

1.4 Overview of the Thesis and the Computational Methods Used
To accomplish the four objectives listed in Section 1.3, I utilized a number of different modeling
and simulation tools, including kinetic Monte Carlo (KMC) simulations,123 electronic structure
density functional theory (DFT) calculations,124,125 lattice dynamics calculations,126,127 and
molecular dynamics (MD) simulations,128 as described below.
KMC simulations123 are used to predict the time evolution of a system in which many
possible elementary chemical processes, e.g., the etching and edge diffusion of atoms, could
occur interspersed with each other, in a stochastic manner. In such a scenario, the outcome of the
KMC simulation, over many possible runs, as simulated using Gillespie’s algorithm,129 provides
a probabilistic description of reality. In this thesis, I utilized KMC simulations to understand the
chemical vapor deposition (CVD) growth of monolayers of transition metal dichalcogenides
(Chapter 2), and to predict the shapes of nanopores formed in various 2D materials (Chapter 3).
Specifically, in Chapter 2, I demonstrate the prediction of the shape and size variation of MoS2
flakes grown using CVD, as a function of the local molybdenum and sulfur precursor
concentrations, on the basis on my KMC simulations. Further, in Chapter 3, I utilize KMC
simulations to predict the shapes of the most-probable isomeric defects in 2D materials, such as
graphene and hexagonal boron nitride (hBN). For all the KMC simulations carried out in this
thesis, I wrote my own code in the MATLAB software package. It is noteworthy that, in Chapter
2, I determine the rates of various processes (e.g., the addition and removal of molybdenum and
sulfur atoms to atomic site in MoS2) by fitting to experimental data. On the other hand, in
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Chapter 3, I determine the rates of various processes (e.g., the etching and edge diffusion of
atoms) using density functional theory (DFT)124,125 calculations.
Indeed, DFT124,125 is a tool used to solve for the spatial distribution of electron density in a
chemical system, and to thereby predict the electronic energy of the system. In essence, this
involves solving the Schrödinger equation for electrons, through the use of the variational
principle,130 which states that the expectation value of the energy of an electronic system is
always greater than, or equal to, the ground state energy of that system. Accordingly, the system
energy is expressed as a functional of the spatially-varying electron density in the system, and
the electronic density in the system is varied, so as to attain the minimum energy possible.
According to quantum mechanics, the electron density is given by the squared absolute value of
the electronic wavefunction. The electronic wavefunction, in turn, can be approximated as a
linear combination of appropriately-chosen Gaussian or plane-wave basis functions. Therefore,
by minimizing the energy of the system as a function of the linear combination multiplier of each
basis function, one can obtain the ground-state wavefunction, the electron density, and the
energy of a given electronic system. In this thesis, I utilized DFT calculations to obtain firstprinciples estimates of the rates of etching and edge diffusion of atoms in graphene and in
hexagonal boron nitride (hBN) (Chapter 3), and to predict the bandgaps of pristine hBN and hBN
with nanoporous defects (Chapter 4). While standard generalized gradient approximation
(GGA)-based functionals, such as, the Perdew-Burke-Ernzerhof (PBE)131 density functional, are
able to predict the energetics of bond formation correctly, they underestimate the electronic band
gaps of chemical systems. Accordingly, although I utilized the PBE functional in Chapter 3, I
also utilized the hybrid Heyd-Scuseria-Ernzerhof (HSE06)132,133 functional in Chapter 4, which
eliminates the self-interaction error134 in DFT by including a fraction of the exact exchange
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energy (Pauli’s exclusion principle), and therefore, can be used to predict band gaps which are in
better agreement135 with the experimental data. In this thesis, I utilized the cp2k136 and the
Vienna Ab Initio Simulation Package (VASP)137 codes to carry out the DFT calculations.
Lattice dynamics126 is a simulation tool used to understand the various structural and
vibrational properties (e.g., the lattice and elastic constants and the phonon dispersion relation) of
crystalline materials, from knowledge of the atomic interactions in a system, and of how the
energy of the system changes as a function of small perturbations in the atomic coordinates.
Accordingly, the equilibrium crystal structure of a lattice can be determined by minimizing the
energy of the system as a function of the lattice constants. Similarly, the elastic constants can be
obtained using the second-order derivatives of the system energy as a function of small
perturbations (mechanical strains) applied to the lattice. Because the lattice and elastic constants
are readily calculable, lattice dynamics can also be used to fit force-field parameters, which
could subsequently be used in molecular dynamics (MD) simulations. In this thesis, I utilized the
General Utility Lattice Program (GULP)127 code to carry out the lattice dynamics calculations. In
Chapter 6, I combine DFT-based ab initio MD simulations and lattice dynamics calculations, to
develop a new classical force field for hBN, which can predict not only the lattice constants, the
elastic constants, and the phonon dispersion relation of hBN with good accuracy, but can also
predict the interactions of hBN layers with other hBN layers, and with water molecules, in good
agreement with advanced ab initio calculations.
MD simulations128 are a tool used to understand the thermodynamic properties of a
chemical system, by monitoring the thermal motion of its constituent atoms and molecules,
through the solution of Newton’s Second Law of Motion, based on the intermolecular forces
operating between the atoms and molecules. Thereafter, the energy of the system, and other
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thermodynamic properties, can be extracted by averaging the relevant quantities over the
simulation. These quantities, such as, the temperature, the pressure, and free energy changes, are
formulated on the basis of the principles of statistical mechanics.138 In this thesis, I utilized the
GROningen MAchine for Chemical Simulations (GROMACS),139 and the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)140 packages to carry out the MD
simulations, for predicting the wetting and the frictional properties of various liquids, including
water, interacting with different 2D materials, such as, MoS2 (Chapter 5) and hBN (Chapter 7).
Using these simulations, I show that, while dispersion interactions dominate over electrostatic
interactions in determining both the wettability and friction of the MoS2 basal plane, this
particular finding is only true for the frictional properties of the hBN basal plane. Moreover, I
utilize the findings in Chapters 5 and 7 to develop a deeper physical understanding of the
interfacial properties of heteropolar 2D materials, which consist of atoms with different
electronegativities (e.g., Mo and S in MoS2 and B and N in hBN), contrary to past research
efforts which focused on homopolar graphene.
To conclude, I hope that the combined use of various modeling and simulation techniques,
as demonstrated in this thesis, will encourage future multi-scale modeling and simulation
investigations of the controlled synthesis and interfacial behavior of 2D materials. Indeed, in
Chapter 8, I not only summarize the new scientific findings made in this thesis, but also discuss
some possible research directions, for the future.
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Chapter 2
Generalized Mechanistic Model for the Chemical Vapor
Deposition of 2D Transition Metal Dichalcogenide
Monolayers
2.1 Introduction
Transition metal dichalcogenides (TMDs)1 like molybdenum disulfide (MoS2) and tungsten
disulfide (WS2) are layered materials capable of exfoliation up to the monolayer limit,2 where
quantum confinement of charge carriers induces several phenomena of fundamental interest.3
While exfoliation can produce micron-scale flakes for certain physical and chemical studies,4,5
large area, chemical vapor deposition (CVD) growth can yield scalable synthesis for a number of
other applications like field-effect transistors,6–8 photo detectors,9–11 and high-performance gas
sensors.12,13 Despite initial experimental progress, there remains a notable lack of mechanistic
understanding of the factors that control the size and shape of evolving monolayer TMD domains
during CVD growth. Moreover, CVD synthesis methods in general are notoriously difficult to
extend across reactors in different laboratories, with subtle changes in reactor parameters and
growth conditions often confounding reproducibility. To address this challenge, in this chapter, I
introduce a generalized stochastic model of TMD synthesis, including independently validating it
using experimental data on the CVD growth of monolayer TMDs, as reported by Wang et al.14
The model is able to predict the systematic evolution of MoS2 morphology down the length of a
flow CVD reactor where variations in gas phase concentrations can be estimated (CSulfur = 9 to
965 µmol/m3, CMoO3 = 15 to 16 mmol/m3) under otherwise isothermal conditions (700 oC). The
model is also the first of its kind, allowing generalization to other TMD systems in alternate
reactors, with promise of improving control and reproducibility in TMD synthesis.
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Several research groups have demonstrated the growth of MoS2 on SiO2/Si substrates
using solid MoO3 and sulfur as precursors at temperatures ranging from 650 oC to 850 oC leading
to the formation of triangular and hexagonal monolayer flakes.14–19 Other solid precursors such
as MoCl520 and MoS2 powder21 have also been successfully employed. Among other TMDs,
CVD synthesis of WS2,16,22–26 MoSe2,10,27,28 and WSe28,29–31 have been explored. A recurring
issue in these studies is the non-uniformity of the grown monolayer. Usually, a wide variety of
structures are observed at different locations on the substrate in the same reactor (with published
results not always representative of the entire set). Due to different vapor pressures of the solid
precursors at the conditions prevalent in the reactor, there exist different kinetic regimes, making
it unclear how the gaseous precursors combine to produce monolayer MoS2 with a desired
chemical composition. Therefore, there is a need to understand the fundamental growth
mechanism, so that the process can be better controlled to achieve the desired morphology by
tuning the temperature, the pressure, the composition, and the placement of precursors and
substrates.
In order to experimentally understand the variation in the shapes and sizes of the crystals
due to concentration differences, a controlled study was carried out by Wang et al.,14 where they
deliberately introduced a gradient in the precursor concentrations. The authors found a gradual
variation of the crystal shape from triangles to hexagons, and back to triangles, along with a
monotonic decrease in the size of the crystals, as depicted in Figure 2-1A-B. This study was
unique in providing a careful and complete characterization of the flake morphology along the
length of the reactor. Wang et al. postulated that the gradation in the shapes was due to the
variation in the Mo:S stoichiometry from > 0.5 to < 0.5. Because these data relate 2D
morphology to the position within a concentration gradient, they are valuable for validating a
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mechanistic model of 2D growth. Accordingly, the objective of this chapter is two-fold: (i) to
develop a mechanistic model of the growth process of transition metal dichalcogenides via
chemical vapor deposition, and (ii) to validate the model using growth data from the literature.
18 cm

A

10 cm

argon gas
10 sccm

1”
boat with MoO3
powder (700oC)

sulfur powder
(150oC)

B

(1)
C

(2)

(3)

(4)

Mo-zz

S-zz

S-zz

Mo-zz

Mo-zz
S-zz

D

Figure 2-1. (A) Tubular reactor setup used by Wang et al. for the growth of molybdenum
disulfide monolayers. Four substrates for growth are kept upside down, with the MoO3 powder
exactly between the 1st and 2nd substrates. (B) Optical microscopy images of the MoS2
monolayers grown at different positions on the 2nd substrate are depicted, labeled (1) through (4).
Reprinted in part from Wang et al.,14 © Copyright 2014, American Chemical Society. (C)
Hexagonal MoS2 crystal depicting alternating S-zz and Mo-zz faces. Gray atoms represent
molybdenum and yellow atoms represent sulfur. (D) A to-scale version of the MoS2 unit cell
showing sulfur (yellow) and molybdenum (gray) atoms. Nearest and next-nearest neighbor bonds
are shown. (E-G) Fully filled coordination spheres of different sites in the MoS2 lattice, not
drawn to scale: (E) an empty z{,| site for SU having 3 nearest Mo neighbors and 7 next-nearest
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SU neighbors, (F) an empty }~,~ site for Mo having 6 nearest S neighbors (3 SU and 3 SL) and 6
next-nearest Mo neighbors, and (G) an empty {,| site for SL having 3 nearest Mo neighbors and
7 next-nearest SL neighbors. For clarity, the planes where the atoms lie are shown using dotted
lines. The bonds between the nearest sulfur and molybdenum atoms are not shown.
In the past, several studies of the growth of MoS2 nanolayers examined the
thermodynamics of growth. For example, electronic-structure density functional theory (DFT)
calculations were used to compute the thermodynamic stability of the various edges and edge
terminations in MoS2,32–35 and these were used to elucidate the size-dependent shapes of the
nanoclusters.36 Under typical reaction conditions, however, growth takes place away from the
thermodynamic limit, in that the atoms do not relax to their absolute favorable positions in the
lattice. Hence, in this chapter, I develop a growth model based on a kinetic Monte Carlo (KMC)
simulation of the TMD CVD process using the terrace-ledge-kink (TLK) formalism introduced
by Stranski and Kossel,37–41 where the surface is assumed to be a terrace with unsaturated bonds
represented by atoms at ledges and kinks. Note that TMDs are non-Kossel crystals (non-simple
cubic crystals having more than one species in the unit cell),42–46 thereby introducing a
cooperativity effect of the chemical species involved, because of the varied but related
coordination environments in the lattice. Here, I show that a stochastic model consisting of a
site-dependent activation energy barrier, described using a series of Evans-Polanyi47 relations,
leads to remarkable quantitative agreement with both crystal shape and size evolution along the
reactor. I found that the introduction of next-nearest lattice neighbors into the energetics of the
model is critical to describe the correct crystal shape transition from triangles to hexagons based
on the local stoichiometry in the CVD reactor. The model is able to satisfactorily explain the
variation in shape and size of MoS2 monolayers synthesized by CVD in the Wang et al. data set,
and has important implications for growth at various process conditions.
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I begin with a consideration of the Wang et al. experimental setup and data.14 As shown in
(a), Wang et al. employed a 1” diameter tubular CVD reactor with the sulfur precursor kept
upstream at a temperature of 150 oC, and the MoO3 precursor kept 18 cm downstream in another
boat (with a depth of 1 cm) at a temperature of 700 oC. Four SiO2/Si substrates (each 2 cm long)
for growth were kept upside down on the MoO3 boat, leaving some space at the ends for the
sulfur vapors to enter and exit the boat. The MoO3 powder was placed exactly in between the
first and the second substrate. Argon gas at a flow rate of 10 standard cubic centimeters per
minute (sccm) was used as a carrier gas, and the growth time was 10 minutes excluding the
temperature ramp up and ramp down. Figure 2-1B depicts the variation in the shape and size of
the MoS2 crystals along the second substrate, with regions labeled (1) through (4), as found in
their study. Figure 2-1B shows that the crystal shape transitions from triangular to hexagonal and
back to triangular with a monotonic reduction in the lateral size of the crystals, possibly due to a
vapor phase concentration gradient of the precursors. Note that Wang et al. observed dendritic
structures at a higher flow rate of 100 sccm, compared to the 10 sccm flow rate used here as the
validation data set. Indeed, at higher precursor concentrations, which are induced by higher
sublimation rates, surface diffusion limitations can set in, leading to dendritic structures.
However, in this chapter, I focus on growth under kinetically-limited conditions.

2.2 Formulation of the Kinetic Model
Focusing on the crystal structure of MoS2 in particular, the lowest energy faces in the basal plane
are the Mo-zigzag (Mo-zz, (101N0)) and the S-zigzag (S-zz, (1N010)) faces,34,48 depicted in Figure
2-1C. According to the kinetic Wulff criterion, any growing crystal tends to have those faces
which grow the slowest, with the faster growing faces disappearing with time.49,50 Since the Mozz and S-zz faces are the lowest energy faces,34,48 they grow the slowest and therefore are the
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dominant ones in the growth process. A competition between the rates of growths of these faces
(ÄÅÇÉÑ,ÖxÜáá and ÄÅÇÉÑ,àÜáá ) would naturally lead to the variation in crystal shapes from
equilateral triangular to truncated triangular to hexagonal. For example, if ÄÅÇÉÑ,àÜáá ≫
ÄÅÇÉÑ,ÖxÜáá , the S-zz faces will disappear, leading to triangular crystals having Mo-zz terminated
faces, and vice-versa. On the other hand, if the faces have comparable growth rates
(ÄÅÇÉÑ,ÖxÜáá ≈ ÄÅÇÉÑ,àÜáá ), roughly hexagonal shapes would form. Mechanistically, the MoS2
crystal is built up by the addition of molybdenum and sulfur atoms (which can be derived from
the pyrolysis of a wide range of precursors) to specific lattice sites (see Appendix 2.10.1 for a
note). Growth is then centrally dependent on the energetics of atomic addition, which leads to
disparate rates of the growing faces. Beginning with this hypothesis, I construct a model of the
growth process based on the TLK surface formalism.37–41 Since monolayer MoS2 consists of a
molybdenum layer sandwiched between two sulfur layers (see the MoS2 unit cell in Figure
2-1D), the growth process can be decomposed into the following steps: (i) addition of an upper
layer of sulfur atoms (SU) to the lattice (ãå + ç ⇌ çàè ), (ii) addition of molybdenum atoms
(Mo) to the lattice (êë + í ⇌ íÖx ), and (iii) addition of a lower layer of sulfur atoms (SL) to the
lattice (ãì + î ⇌ îàï ). Note that ç, í, and î denote the three different types of empty lattice
sites to which the upper layer of sulfur atoms, the molybdenum atoms, and the lower layer of
sulfur atoms can be incorporated, respectively. Figure 2-1E-G depicts the fully filled
coordination spheres of ç, í, and î sites in a MoS2 lattice. As shown in Figure 2-1E, an ç site
has 3 nearest-neighbor Mo sites and 7 next-nearest neighbor SU sites (6 SU atoms in the upper
layer and 1 SL atom right underneath). On the other hand, a í site (Figure 2-1F) has 6 nearest
neighbor S sites (3 SU and 3 SL) and 6 next-nearest neighbor Mo sites. Similarly, a î site (Figure
2-1G) has 3 nearest-neighbor Mo sites and 7 next-nearest neighbor SL sites. However, due to
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random filling of sites during the growth process, the coordination sphere of any empty site does
not need to be fully filled. Consequently, empty sites for SU, Mo, or SL (ç, í, or î) can be of
different types based on the number of filled neighboring sites (ñ6 ) and filled next-neighboring
sites (ñ8 ) to that site at a particular instant during the growth process, and can be labeled as
çóò ,óh , íóò ,óh , or îóò,óh . Clearly, ñ6 ≤ 3 and ñ8 ≤ 7 for an ç or î site, and ñ6 ≤ 6 and ñ8 ≤ 6
for a í site.
An equal preference for these sites during the growth process will lead to irregular shapes
of the crystal. In order to achieve the regular triangular/hexagonal crystal shapes observed
experimentally14 during the growth process, it is necessary that there be a preference among the
Mo and S atoms to occupy certain types of sites, motivating site-dependent activation barriers. I
formulate this dependence as an Evans-Polanyi relation,47 which relates the activation energy of
incorporation (úù ) to the enthalpies of bond formation using the numbers of filled nearest (ñ6 )
and next-nearest (ñ8 ) neighbors, i.e., the number of bonds formed:51
úù,ûüò,üh = †àå + yàå (ñ6 Δ°ÖxÜà + ñ8 Δ°àÜà )

(2-1)

úù,¢üò,üh = †Öx + yÖx (ñ6 Δ°ÖxÜà + ñ8 Δ°ÖxÜÖx )

(2-2)

úù,£üò,üh = †àì + yàì (ñ6 Δ°ÖxÜà + ñ8 Δ°àÜà )

(2-3)

The parameter † in Eqs. (2-1)–(2-3) is an energy term and denotes the intrinsic barrier for
addition to a particular type of site identified by the indicated subscript (Mo for molybdenum,
and S for SU and SL). Since the upper and lower layer sulfur sites are identical, †àå = †àì = †à
(the van der Waals interactions of the MoS2 crystal with the substrate (e.g., Si/SiO2) are weaker
than the chemical bonds in the crystal, and therefore, lattice matching issues are not considered
here52). Note that because † denotes the energy required to deform electronic orbitals to form a
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transition state, it is necessarily independent of the heat of bond formation. The parameter y
(with the appropriate subscripts) is a transfer coefficient (0 ≤ y ≤ 1), and denotes the
proportionality constant for barrier reduction based on the heat of bond formation with the
nearest neighbors (ñ6 in number) and with the next-nearest neighbors (ñ8 in number). As with
the † parameters, yàå = yàì = yà . Note that I require a reactive site to have at least one bonded
neighbor, i.e., ñ6 > 0, and that I set negative barriers to zero. Δ°ÖxÜà is the enthalpy of
formation of a Mo-S nearest-neighbor bond, Δ°ÖxÜÖx is the enthalpy of formation of a Mo-Mo
next-nearest neighbor bond, and Δ°àÜà is the enthalpy of formation of a S-S next-nearest
neighbor bond. These enthalpies were estimated from the enthalpy of formation of various
vacancies in monolayer MoS2 to be Δ°ÖxÜà = -1.325 eV, Δ°ÖxÜÖx = -0.882 eV, and Δ°àÜà =
-0.288 eV, as outlined in Appendix 2.10.2. I found that including repulsive next-nearest neighbor
interactions (Δ°ÖxÜÖx > 0, Δ°àÜà > 0) does not lead to growth of the crystal, thereby
justifying that values of all three enthalpies calculated are negative. Since bond formation is an
exothermic process, the barrier for incorporation will be lower for a site with higher ñ6 or ñ8 ,
causing incoming Mo and S atoms to occupy sites that maximize their coordination number,
leading to regular crystal shapes. Ultimately, the values of the four constants †à , †Öx , yà , and
yÖx (fitted in this study) depend on the chemistry of the process, and will be different for
different precursors like MoO3, MoCl5, and (NH4)2MoS4.
Because the incorporation of atoms into the lattice is a slow step as explained later, the
adsorption and diffusion of species on the surface to the lattice sites can collectively be
represented as collisions of the reacting atoms with the surface sites. If §•t¶Ñ is the catchment
area of a single empty site on the MoS2 lattice, the total collision rate of species ß = {S, MoO. }
(ÄÉxnn,t ) can be estimated using the ideal-gas law (because the vapor phase is dilute) as follows37:
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¨t
ÄÉxnn,t = ´
∞ ±≤ §•t¶Ñ
`2≠êt ÆØ

(2-4)

where ¨t denotes the partial pressure of precursor ß in the vapor phase above the growth
substrate, êt denotes the molar mass of precursor ß, Æ is the universal gas constant, ±≤ is the
Avogadro constant, and Ø is the absolute temperature of the substrate. Since the lattice constants
for the Mo and S hexagonal sub-lattices are o = 3.16 Å (Figure 2-1E-G), §•t¶Ñ for all types of
sites on the MoS2 lattice (çóò ,óh , íóò ,óh , or îóò ,óh , collectively denoted as ç/í/îóò ,óh ) is given by
§•t¶Ñ =

√. nh
8

= 8.65 Å8 . Only a fraction of the collisions, which are sufficiently energetic (as

determined by the energy barrier for a given site), will lead to occupation of empty Mo or S sites.
The rate of filling of any empty site (ÄÅtnn ) is hence given by:
ÄÅtnn,û/ ¢/£ =

¨t ±≤
`2≠êt ÆØ

§•t¶Ñ exp ´−

úù,û/¢/£üò,üh
mª Ø

∞

(2-5)

where mª is the Boltzmann constant. Since atoms in the filled lattice sites are in a state of
constant vibration, a few of these vibrations would be successful in dislodging atoms from the
crystal. The rate of escape of an atom from a filled site (ÄÑ•É ) is given by:53,54
ÄÑ•É,û/¢/£ = º exp ´−

úΩ,û/¢/£üò,üh
mª Ø

∞

(2-6)

where º is the frequency of vibration of atoms in the lattice (=1013 s-1) and úΩ is the activation
energy for atom dislocation. For any given process, the activation energies for the forward (úÅ )
and backward (úæ ) reactions are related through the enthalpy change (Δ°) as úÅ − úæ = Δ°. It
then follows that:
úΩ,û/£üò,üh = †à − (1 − yà )(ñ6 Δ°ÖxÜà + ñ8 Δ°àÜà )
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(2-7)

úΩ,¢üò ,üh = †Öx − (1 − yÖx )(ñ6 Δ°ÖxÜà + ñ8 Δ°ÖxÜÖx )

(2-8)

In order to simulate the growth process using the above site-dependent model (Eqs. (2-1)–
(2-8)), a stochastic lattice kinetic Monte Carlo (KMC)55 routine was setup in MATLAB R2013a,
as described in the Methods section. In order to validate my KMC simulations, I carried out two
types of validation: (a) using spatially-varying reactor data from the Wang et al.14 study, and (b)
using data across experimental CVD data sets from different research groups (Lee et al.16 and
Schmidt et al.56 for MoS2; and Lee et al.,16 Peimyoo et al.,26 and Rong et al.24 for WS2). To allow
comparison of the simulated and the experimental crystal sizes, experimental side lengths in the
validation studies considered were converted to equivalent circle diameters by utilizing
conversion factors for the relevant shapes (triangle/hexagon/truncated triangle) as discussed in
Appendix 2.10.3.

2.3 Formulation of the Transport Model
In a typical MoS2 CVD growth process, solid precursors such as MoO3 and sulfur are kept at
different locations in a heated furnace. The process can be divided into the following steps: (1)
precursors sublime and are transported downstream by a carrier gas, (2) they diffuse from the
bulk vapor towards the substrate (which is placed further downstream or upside down over one
of the precursor sources), (3) they adsorb onto the surface, (4) adatoms of the precursors diffuse
along the surface, and (5) they react to form product structures. Step (1) determines the
concentration profile in the vapor phase above the substrate, and controls the dynamics of crystal
growth. In regions of the reactor where both reactants are present and crystal growth is taking
place, the convective transport of precursors occurs simultaneously with the reaction, and spatial
concentration gradients develop (e.g., inside the MoO3 boat, all steps (1)-(5) take place). This
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causes the precursor concentrations to decrease along the length of the MoO3 boat, and possibly
over the boat cross-sectional area, thereby introducing rate limitations in the system.
Consequently, two types of Thiele moduli57 can be estimated: (i) a convective one quantifying
¡

the ratio of the reaction rate to the convective mass transport rate as ø¿ = ¬√¿≤, and (ii) a
diffusive one quantifying the ratio of the reaction rate to the diffusive mass transport rate as
øΩ =

¡
ƒ
≈

Ω ≤∆

, where Ä is the rate of reaction, « is the vapor phase concentration of the precursors,

§ is the cross-sectional area of the reactor, and §• is the area of the growth substrate (see
Appendix 2.10.7 for values). A crude estimate of Ä can be made using the surface coverage of
MoS2 crystals on the substrates during the reported growth time. In the absence of elaborate data
on surface coverage and substrate sizes, upper bounds on these (assuming 100% monolayer
coverage on a 10 cm2 substrate) were estimated to be << 1 for the data sets considered in this
study, indicating that there are no vapor transport limitations in the system – convective or
diffusive. Consequently, steps (1) and (2) are not rate limiting. Step (3) is a non-activated process
because there is no activation barrier to physiosorption of the precursors onto the substrate. The
rate of this process can be estimated by the ideal-gas law because the vapor phase is dilute.
Finally, the microscopic placement of atoms in the crystal (and consequently its shape) is
determined by the surface diffusion step (4) and the incorporation step (5). Surface diffusion can
affect the crystal growth shape and size by limiting the amount of precursors that reach the
growing crystal. However, such a scenario usually leads to the formation of irregular dendrite
like structures, unlike the regular triangles and hexagons observed by Wang et al. (Figure 2-1B).
Consequently, I rule out step (4) to be limiting. The rates of steps (3) and (5) put together, as
given in Eqs. (2-5) and (2-6), can then be used to describe the rate of addition and desorption of
atoms to/from lattice sites.
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Before doing that, the vapor phase concentrations of the precursors need to be calculated.
To this end, I calculated mass transfer coefficients for solid precursor sublimation using a
Sherwood number correlation for laminar flow over a flat plate58 (ß = ã, êë». ):
6/8

6/.

ãℎt = 0.664 ÆÀì,t ãÃt
where ãℎt =
—
œΩŒ

ÕŒ ì
ΩŒ

is the Sherwood number, ÆÀì =

œ¬
NNNì
–
—

(2-9)

< 5 × 10” is the Reynolds number, ãÃ =

≳ 0.6 is the Schmidt number, mt denotes the average mass transfer coefficient, ’ denotes the

length of the solid precursor heap along the flow direction (taken to be 1 cm), ÷t denotes the
diffusion coefficient of the species in the vapor phase, ◊ denotes the mass density of the vapor
(calculated using the ideal-gas law), ÿ denotes the viscosity of the vapor, and ŸN denotes the
average convective velocity of the carrier gas over the precursor (see Appendix 2.10.6 for
details). If «t∗ (Ø) denotes the saturated molar concentration at the solid-vapor interface (see
Appendix 2.10.6 for vapor pressure data), then, by solving a differential mole balance I obtain
the vapor phase concentrations of the precursors («t ):
mt §›
(2-10)
ﬁﬂ
ŸN §
where § denotes the relevant cross-sectional area at the location where the precursor is placed
«t = «t∗ ¤1 − exp ‹−

(i.e., the reactor area for an uncovered boat, and the boat area for a boat covered by substrates),
and §› denotes the area of the solid precursor heap (taken to be 1 cm × 1 cm).

2.4 Validation using the Wang et al. Data
Implementing the above transport model for the Wang et al.14 data set, the concentrations at
location (1) were estimated to be «à,6 = 965 µmol/m. and «Öx‚„ ,6 = 15.9 mmol/m. (for the
other studies considered, this data is documented in Appendix 2.10.7). Given these
concentrations, around 11 µg of sulfur and 130 µg of MoO3 are consumed during a period of 10
90

minutes (out of a total of 80 mg of sulfur and 15 mg of MoO3).14 As a result, these two
concentrations can be maintained during the entire crystal growth process. It is known that under
these conditions, MoS2 crystals take the shape of triangles with a side length of around 48 µm,14
which corresponds to an equivalent circle diameter of 35.6 µm. This information was used to
estimate values of †à , †Öx , yà , and yÖx as follows:
1. It was assumed that nucleation is a fast process. Consequently, the entire growth time in the
Wang et al. study, i.e., 10 minutes,14 is available for the crystal to grow. Since it is not
possible to simulate such a long growth trajectory, a short trajectory consisting of 20,000
KMC time steps was simulated using the above concentrations. The last 10,000 steps were
used to extrapolate to the crystal size at 10 minutes, using an analysis presented later in the
paper.
2. The values of the 4 parameters were varied until the crystal shape predicted at the end of the
20,000 time step run and the linearly extrapolated crystal size at 10 minutes matched the
experimentally observed crystal shape and size at location (1).
The selected values of †à = 1.110 eV, †Öx = 1.793 eV, yà = 0.38, and yÖx = 0.225 were
used to proceed forward (a justification of why †Öx > †à is provided later). The † parameters
are associated with the activation barrier for the chemical transformation taking place during the
growth process, and a typical value would be around 30 kcal/mol (~ 1.3 eV),59 which is
consistent with the fitted values that I obtain. The selected parameter values should be able to
demonstrate the experimentally observed shape transition given the concentration profile in the
reactor. This local concentration variation was estimated using two species continuity equations.
The system as such is unsteady, but can be simplified using a pseudo steady-state
approximation.57 Specifically, the process time scale (growth time) is 10 minutes, while the time
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it takes for the gaseous species to cross the 2 cm substrate piece (over which the shape variation
is being studied) is about 32 seconds. Under these conditions, the concentration profile was
obtained by solving the steady-state transport equation (ß = ã, êë». ). Specifically,
ŸNℎ

Â«t
Â8 «t
= ÷t ℎ 8 + ÄxÁÑ¡Çnn,t ±ó¬Én
ÂÊ
ÂÊ

(2-11)

where ŸN = 0.63 mm/s denotes the average carrier gas velocity inside the boat, ℎ = 1 cm
denotes the height of the boat, ±ó¬Én denotes the average nucleation density (per unit area) on the
substrate, and ÄxÁÑ¡Çnn,t denotes the average rate of consumption of the gaseous species, which
will vary with position in the reactor based on the local concentrations of sulfur and MoO3. I will
discuss how ÄxÁÑ¡Çnn,t is estimated later, but once estimated, the average nucleation density was
adjusted to ±ó¬Én = 9 × 1066 mÜ8 so that the concentration gradient (Figure 2-2 inset) ensured
that the predicted final crystal shapes and sizes at different locations in the reactor (Figure 2-2)
were comparable with the experimental data (Figure 2-1A-B). Note that I had to fit ±ó¬Én
because the vapor phase concentrations at the reactor outlet are not known experimentally. In
addition, note that I have neglected any side reactions for MoO3, and hence, have assumed a
stoichiometry of 2:1 for S:MoO3 for the consumption rates. If the vapor phase concentrations
were known, as in the later validation section on comparing growth across reactor data sets, the
model would not require ±ó¬Én to be fitted. Data from 100 KMC runs was averaged to generate
the bar graphs in Figure 2-2, and the error bars represent the standard deviation in the simulated
data. The dotted lines in Figure 2-2 inset (0 mm, 3 mm, 6 mm, 10 mm) are the midpoints of
locations (1)-(4), where the precursor concentrations are obtained, respectively. Note that I
picked the concentrations at the midpoints of the 4 locations on the substrate because the exact
position of the crystal shapes (1)-(4) within each location are not precisely known. In practice,
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because the concentrations will fall smoothly as simulated, the crystal shape and size transition
will be gradual, rather than abrupt. This explains the deviation of the model from the data for
later locations, where due to an uncertainty in the precise location, the estimated concentrations
are fairly representative of the location, but are not absolute values. It is clear that my model is
able to quantitatively capture the variation in crystal shape and size caused by the local
stoichiometry in the reactor. The concentration profile in the Figure 2-2 inset clearly shows that
the rapid change in the sulfur concentration is responsible for the change in the shape and size of
the crystals, as it is the limiting reagent. This finding contradicts the assertion by Wang et al. that
the MoO3 concentration is the responsible factor. Note that using data from the same reactor
reduces the uncertainty in the parameter values, because it is known that the sulfur concentration
would have to fall dramatically to bring about the observed change in crystal shapes. In other
words, the fall in MoO3 concentration is not sufficient to explain the observed experimental
crystal shape and size variation.

Figure 2-2. Validation of the model using experimental data from Wang et al.14: Shapes and
sizes of the MoS2 crystal predicted by the model at locations (1-4) of the reactor. The shapes are
extracted at the end of 20,000 time steps of a single KMC simulation run, depicting the transition
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from triangles to hexagons and back. Standard deviation error bars from 100 KMC runs are
shown. Experimental side lengths have been converted to an equivalent circle diameter (see
Appendix 2.10.3). Shown in the inset figure are the normalized concentration profiles computed
by solving the transport equation, Eq. (2-11). The dotted lines in the inset figure correspond to
locations (1-4) in the reactor.
The results presented above indicate an effect of the stoichiometry of the precursors on
the shape and size of the MoS2 monolayer crystal. In particular, a very high or very low
concentration of sulfur, i.e., a stoichiometric imbalance, leads to the formation of triangular
crystals, while an intermediate concentration of sulfur leads to hexagonal-shaped crystals with a
smooth transition through truncated triangles. To further understand the variation in crystal
shapes with the vapor phase compositions, I tracked the types of sites preferred by Mo and S
during the crystal growth process. Figure 2-3A-C depicts the types of sites preferred by
incoming sulfur atoms at three different locations in the reactor where downward triangles,
hexagons, and upward triangles are formed. On the other hand, Figure 2-4A-C depicts the types
of sites which are available to the incoming sulfur atoms during the growth process at these
locations. Similarly, Figure 2-3D-F depicts the types of sites preferred by incoming Mo atoms,
and Figure 2-4D-F depicts the types of sites available to incoming Mo atoms.
Comparing Figure 2-3A-C and Figure 2-4A-C (Figure 2-3D-F and Figure 2-4D-F), it is
evident that the availability of sites is not the sole determinant of the final preference of
incoming S (Mo) atoms for empty sites. For example, although ç/î6,8 (í8,8 ) sites are most
abundant in region (1), the ç/î6,. (í.,. ) site is most preferred by the incoming S (Mo) atoms.
This implies that the MoS2 crystal is formed by sequential occupation of only certain types of
empty sites. An examination of Figure 2-3A-F allows one to infer the change in the types of sites
occupied by Mo and S atoms which accompanies the crystal shape transition from “downward”
triangles (i.e., triangles terminated by Mo-zz edges in my lattice representation of MoS2) to
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hexagons to “upward” triangles (i.e., triangles terminated by S-zz edges in my lattice
representation of MoS2). This data is presented in Table 2-1, which clearly shows that the
transition from “upward” triangles to hexagons is induced by a shift in preference of the
incoming Mo atoms from í.,. sites to í8,. sites with an increase in the Mo vapor phase
concentration (relative to the sulfur vapor concentration). At even higher Mo concentrations, the
preference for í8,. sites exceeds that for í.,. sites, leading to the formation of “downward”
triangles.

Figure 2-3. (A-C) Preference of sites by incoming S atoms to form: (A) upward triangle, (B)
hexagon, and (C) downward triangle; and (D-F) preference of sites by incoming Mo atoms to
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form: (D) upward triangle, (E) hexagon, and (F) downward triangle. These site preferences were
obtained by binning the last 2000 time steps of a single KMC run for each of the three shapes.

Figure 2-4. (A-C) Availability of sites for incoming S atoms to form: (A) upward triangle, (B)
hexagon, and (C) downward triangle; and (D-F) availability of sites for incoming Mo atoms to
form: (D) upward triangle, (E) hexagon, and (F) downward triangle. These site availabilities
were obtained by binning the last 2000 time steps of a single KMC run for each of the three
shapes.
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Table 2-1. Most preferred sites for incoming Mo and S atoms under different scenarios.
Shape of the MoS2 flake
Upward Triangle

Hexagon

Most Preferred Site for S
Atoms
ç/î6,.

Most Preferred Site for Mo
Atoms
í.,.

(ç/î8,Ë also significant)

(íË,. also significant)

ç/î8,./Ë
(ç/î6,. also significant)

í.,.

Downward Triangle
(ç/î6,.

ç/î8,./Ë
no more significant)

(í8,. also significant)
í8,.

In order to explain the correlation between the crystal shape observed and the site
preferences of Mo and S, with the change in vapor phase stoichiometry, I refer the reader to
Figure 2-5A-B, where a hexagonal MoS2 seed crystal is depicted with 3 sulfur zigzag (S-zz) and
3 molybdenum zigzag (Mo-zz) edges. The figure shows that S-zz faces mostly offer ç/î8,./Ë
sites providing 2 neighbors, 3/4 next-nearest neighbors to incoming S atoms, and í8,. sites
providing 2 neighbors, 3 next-nearest neighbors to incoming Mo atoms. On the other hand, Mozz faces offer ç/î6,./Ë sites providing 1 neighbor, 3/4 next-nearest neighbors to incoming S
atoms, and íË,. sites providing up to a maximum of 4 nearest, 3 next-nearest neighbors to
incoming Mo atoms. Based on my postulated site-dependent activation barrier, it is known that
sites with greater number of neighbors and next-nearest neighbors are more reactive.
Consequently, at low Mo concentrations relative to sulfur in the vapor phase (i.e., at location
(1)), the incoming Mo atoms would prefer to land more on Mo-zz faces offering a higher
coordination number (í./Ë,. sites) during the initial crystal growth phase. The S atoms, on the
other hand, will distribute amongst both S-zz and Mo-zz faces, because they are in excess. This
will cause the Mo-zz face to have a higher growth rate than that of the S-zz face. Therefore,
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according to the kinetic Wulff criterion,49,50 such growth conditions will lead to the formation of
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Figure 2-5. (A-B) Hexagonal MoS2 crystal seeds with the S-zz and Mo-zz faces depicting the
addition of (A) S-atoms to the lattice, and (B) Mo-atoms to the lattice. Solid yellow atoms
represent sulfur (both upper and lower layer) and solid gray atoms represent molybdenum in the
lattice, with both nearest and next-nearest neighbor bonds shown. Translucent yellow atoms and
translucent gray atoms represent empty sulfur sites and empty molybdenum sites, respectively,
awaiting addition of an atom from the vapor phase. The green arrows denote the order of
sequential addition of atoms (atom-by-atom growth). The different types of sites available for
incoming Mo and S atoms on the faces are shown. The molecular structures were generated
using VESTA.60 (C) Unifying the growth rate for triangles, truncated triangles, and hexagons,
using a piecewise function which switches between the truncated triangular branch to the
È
< 0.1196, the inset shows a schematic depicting two
triangular branch below a ratio [ÈÍ \
Î

ÏÌÓ

different types of sides (ÔÍ and ÔÎ ) in a truncated triangular flake. (D) Performance of the
analytical theory in matching simulation data: comparison of the sizes of the crystals obtained by
fitting Eqs. (2-18)-(2-21) to the KMC simulation results with the actual equivalent circular
diameter predicted in the KMC runs.
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As the concentration of molybdenum precursors relative to sulfur increases in the vapor
phase (i.e., closer to location (3)), Mo atoms will also begin to occupy less favorable sites of the
type í8,. , which lie on the S-zz faces. This will lead to comparable growth velocities for the S-zz
and the Mo-zz faces. Consequently, the crystal shape will transition towards a hexagon, with an
almost equal distribution of incoming Mo atoms among the í8,. and í.,. sites, as shown in
Figure 2-3E. Analogously, at extremely high Mo concentrations (location (4)), due to a sulfur
deficiency, the incoming sulfur atoms will prefer ç/î8,. sites on the S-zz faces more than ç/
î6,. on the Mo-zz faces (Figure 2-3C). This leads to a higher growth velocity for the S-zz faces,
causing them to disappear over time. Therefore, there is a transition back to (“downward”)
triangular shapes having Mo-zz terminations. Such variation of edge terminations between Mozz and S-zz faces has been observed experimentally in the past,34,48 lending credence to my
model.
Next-nearest neighbors appear to be critical in forming the regular crystal shapes observed.
Due to the incorporation of the next-nearest neighbors in the activation energy model, the
addition of an atom to the edge causes the next added one to be just beside it to maximize the
coordination number. This forces the faces to grow line-by-line by promoting “kink sites”, and is
the reason why sites with 3 next-nearest neighbors are the most preferred ones. In their absence,
the faces would grow in a haphazard fashion, leading to protrusions and extensions, thereby
deviating from the regular flat-faced crystal shapes observed experimentally.

2.5 Scaling Analysis and Analytical Model
The time scales in experimental CVD studies are of order 1 hr, which are difficult to access via
simulation. Therefore, to obtain actual crystal growth sizes by extrapolating the simulation data
to experimental timescales, I formulated the following scaling analysis. Assume that the crystal
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is growing as a truncated triangle with alternating side lengths ÅÇÉÑ,àÜáá and ÅÇÉÑ,ÖxÜáá ,
denoted for convenience using 6 and 8 , as depicted in the Figure 2-5C inset. Let the faces have
growth rates ÄÅÇÉÑ,àÜáá and ÄÅÇÉÑ,ÖxÜáá , respectively, again denoted by Ä6 and Ä8 for convenience.
According to the kinetic Wulff criterion, Ä8 ≫ Ä6 (6 ≫ 8 ) for S-zz terminated triangles to
occur, Ä6 ≫ Ä8 (8 ≫ 6 ) for Mo-zz terminated triangles to occur, and Ä6 = Ä8 (6 = 8 ) for
regular hexagons to occur. If ℎ denotes the height of a monolayer of MoS2, the rate of change
(ÂÒ/ÂÚ) in volume of the crystal Ò =

√.
(68
Ë

+ 46 8 + 88 ) ℎ can be expressed in terms of the

growth rates at the two types of faces as follows:
ÂÒ
Â √3
= ´ (68 + 46 8 + 88 ) ℎ∞ = (3Ä6 6 + 3Ä8 8 )ℎ
ÂÚ ÂÚ 4

(2-12)

Equation (2-12) can be rewritten as follows:
6 Â6 + 26 Â8 + 28 Â6 + 8 Â8
= 2√3ÂÚ
Ä6 6 + Ä8 8

(2-13)

At steady state, since the shape of the crystal does not change, the rates of growth should be
inversely proportional to the side lengths, i.e., Ä6 6 = Ä8 8 , provided that the products Ä6 6 and
Ä8 8 are well defined. Clearly, the product Ät t is not well defined for equilateral triangles,
because Ät → ∞ and t → 0 make the product indeterminate. However, for truncated triangles
and hexagons, the relation Ä6 6 = Ä8 8 is valid, so that using 8 = Ä6 6 /Ä8 in Eq. (2-13) yields a
first-order differential equation for 6 , whose solution is given by:
6 (Ú) − 6 (ÚF ) =

4√3Ä6
(Ú − ÚF )
Ä6
Ä6 8
¤1 + 4 [Ä \ + [Ä \ ﬂ
8
8
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(2-14)

where 6 (Ú) denotes the length of the S-zz faces at time Ú, and 6 (ÚF ) denotes the length of the
S-zz faces at time ÚF . Eq. (2-14) shows that the simple geometric arguments used here yield
crystal side lengths in a truncated triangular shape which vary linearly with time. A similar
analysis can be done for regular hexagons and equilateral triangles to yield Eqs. (2-15) and
(2-16) below (see Appendix 2.10.4 for details):
For regular hexagons: (Ú) −  (ÚF ) =

8√.¡ÛÙıˆ
.

(Ú − ÚF )

For equilateral triangles: (Ú) − (ÚF ) = 2√3ÄÅÇÉÑ (Ú − ÚF )

(2-15)
(2-16)

Equations (2-14)–(2-16) are useful because they allow estimation of the crystal size at any given
future time, provided that any two data points for the steady crystal growth process are available.
Note that the limiting case of Ä6 → Ä8 for Eq. (2-14) correctly reproduces Eq. (2-15) for regular
hexagons. However, for equilateral triangles, the indeterminate form of the product Ät t causes a
discontinuity; specifically, in the limit Ä6 → 0 and Ä8 → ∞, Eq. (2-14) yields a prefactor of 4√3
instead of a prefactor of 2√3 in Eq. (2-16). Therefore, if a unified expression encompassing all
¡

the growth regimes (0 < ¡ò < ∞) is desired, a suitable combination of Eqs. (2-14) and (2-16)
h

must be used. Note that the side lengths 6 and 8 in Eqs. (2-14) – (2-16) would also have to be
converted to their equivalent circular diameters to enable proper comparison across shapes (see
Appendix 2.10.3). In fact, a similar linear scaling also holds for the equivalent circle
diameter, Â(Ú), which is how the KMC simulation measures sizes. Specifically,
Â (Ú) − Â (ÚF ) = 2ÄÉt¡ÉnÑ (Ú − ÚF ) ≡ mÉt¡ÉnÑ (Ú − ÚF )

(2-17)

where mÉt¡ÉnÑ is an “equivalent circular growth rate constant”, and can be readily obtained by
fitting simulation data to Eq. (2-17). Note that the analysis above assumes that crystal growth is
irreversible and that atom addition only takes place at the growing faces.
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Apart from enabling an extrapolation of the crystal growth size (see Appendix 2.10.8),
the scaling analysis above leads to a closed-form analytical expression for Ät,xÁÑ¡Çnn , required in
Eq. (2-11). For this purpose, the KMC simulation was run with 200 different input precursor
concentration combinations (0 < ¨à ≤ «à,6 ÆØ and 0 < ¨Öx‚„ ≤ «Öx‚„ ,6 ÆØ), at 4 different
temperatures (600 oC, 650 oC, 700 oC, and 750 oC). The equivalent circular growth rate constant
(mÉt¡ÉnÑ ) for each of the above cases was determined by taking the mean of 100 KMC runs, each
consisting of 20,000 time steps. This dataset was fit to a unified growth rate expression for
triangles, truncated triangles, and hexagons, obtained by combining Eqs. (2-14)–(2-16) in a
piecewise fashion, as shown in Appendix 2.10.5 (see Figure 2-5C):

mÉt¡ÉnÑ
2√3

‹

≠
√3

ﬁ

6¯
8

¡

where Ä˝tó = min(Ä6 , Ä8 ), [¡ò \
h

Ä6
‹ ﬁ
<ç
Ä8 ˝tó
=
2Ä6 Ä8
Ä6
⎨
≥ç
⎪`Ä 8 + 4Ä Ä + Ä 8 ; ‹Ä8 ﬁ
˝tó
6
8
8
⎩ 6
⎧Ä˝tó ;
⎪

¡

˝tó

¡

= min [¡ò , ¡h \,
h

ò

(2-18)

Ä6 = ÄÅÇÉÑ,àÜáá is the linear growth rate of

the S-zz face, Ä8 = ÄÖxÜáá is the linear growth rate of the Mo-zz face, and ç is the ratio where
the switch from truncated triangular growth rate to triangular growth rate occurs. Because Eqs.
(14)-(16) are only valid for irreversible crystal growth at the faces, only those data points which
had less than a 5% desorption occurrence (i.e., a maximum of 1000 desorption steps out of a total
20,000 KMC time steps) were considered. In order to collapse the (¨à , ¨Öx‚„ , mÉt¡ÉnÑ ) dataset
into closed-form analytical expressions, I used a semi-empirical Arrhenius power-law expression
for the crystal growth rates of the S-zz and Mo-zz faces as follows:
ÄÅÇÉÑ,àÜáá

úàÜáá
¨à #ò ¨Öx‚„ $ò
= Ä6 = màÜáá exp ‹−
ﬁ‹
ﬁ ‹
ﬁ
mª Ø
1 Pa
1 Pa
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(2-19)

ÄÅÇÉÑ,ÖxÜáá

úÖxÜáá
¨à #h ¨Öx‚„ $h
= Ä8 = mÖxÜáá exp ‹−
ﬁ‹
ﬁ ‹
ﬁ
mª Ø
1 Pa
1 Pa

(2-20)

where ¨à and ¨Öx‚„ are the partial pressures expressed in pascal, and the fitting parameters
involved are the Arrhenius pre-exponential factors for the S-zz and Mo-zz faces (màÜáá and
mÖxÜáá ), the activation energies for the S-zz and Mo-zz faces (úàÜáá and úÖxÜáá), and the
power-law exponents (%6 , &6 , %8 , and &8 ). The power-law exponents are not all independent
because an ñ-fold increase in precursor concentrations should only scale up the growth rate ñ
times and should not alter the growth regime (i.e., the Ä6 /Ä8 ratio); this leads to the condition
%6 + &6 = %8 + &8 on the power-law exponents. Using the KMC data, the best-fit values were
found to be: màÜáá = 32.55 nm s Ü6 , mÖxÜáá = 85.78 nm s Ü6 , úàÜáá = 0.257 eV, úÖxÜáá =
0.0843 eV, %6 = 0.429, &6 = 0.586, %8 = 0.991, &8 = 0.024, and ç = 0.1196.
A comparison of the theoretical fit and the simulated sizes depicted in Figure 2-5D shows
that the combined theoretical growth rate expression fits the simulated data well, with a rootmean squared error of 0.18. The accurate fit using the above expression is very significant
because it demonstrates the cooperativity effect of the precursors in non-Kossel crystals. In other
words, although the original rate expressions involve only the individual species’ partial
pressures (Eq. (2-5)), the final rate is described by a rate law involving partial pressures of both
precursors. Using Eqs. (2-17)–(2-20), one can estimate the consumption rate of sulfur/Mo at one
growth site (ÄxÁÑ¡Çnn,t ), required for solving the species transport equation (Eq. (2-11)). Since the
variation of the equivalent circular diameter of the growing crystal with time is described by Eq.
(2-17), the time-dependent area of the crystal is given by:
§ (Ú ) =

≠
≠
8
'Â(Ú)( = [Â(ÚF ) + mÉt¡ÉnÑ (Ú − ÚF )]8
4
4
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(2-21)

Using the area of a single site (§•t¶Ñ ) defined earlier and §(ÚF ) =

+,-h
Ë

, the average rate of

consumption of S and MoO3 per growth site is given by:
1
(§(Ú) − §(ÚF ))⁄§•t¶Ñ mÉt¡ÉnÑ ≠
mÉt¡ÉnÑ
(Ú − ÚF )ﬂ (2-22)
ÄxÁÑ¡Çnn,à = ÄxÁÑ¡Çnn,Öx‚„ =
=
¤ÂF +
(Ú − ÚF )
2
2§•t¶Ñ
2
The combined growth rate expressions in Eqs. (2-18)–(2-20) can also be used to derive an
analytical criterion to determine the shape and edge terminations of the growing crystal, based on
precursor concentrations. According to the kinetic Wulff criterion, for the Mo-zz faces to be
dominant, ÄÖxÜáá < ÄàÜáá , so that one can use the power-law rate expressions to write:
(%6 − %8 ) ln(¨à ) + (&6 − &8 ) ln(¨Öx ) > ln ‹

mÖx
ﬁ
mà

(2-23)

Therefore, concentration pairs for which the above inequality is satisfied will have Mo
terminated faces, and concentration pairs for which the inequality is reversed will have S
terminated faces. Equation (2-23) is fairly sensitive to the parameters obtained, because of the
exponential form of the equation. A plot of Eq. (2-23), including how it divides the concentration
space into Mo-zz terminated shapes and S-zz terminated shapes, is shown in Figure 2-6 for a
temperature of 700 oC. Points close to the line correspond to truncated triangles or hexagons
because ÄàÜáá ≈ ÄÖxÜáá . Points far away from the line correspond to triangles, with Mo-zz or Szz terminations, as the case may be. Hence, the line is able to perform fairly well in creating a
“kinetic phase diagram” of the MoS2 growth process at 700 oC. Simulations conducted at other
temperatures (600 oC-750 oC) showed that the partition line (Eq. (2-23)) shifts to the right at
higher temperatures, and shifts to the left at lower temperatures (see Appendix 2.10.9). This is
consistent with the expectation that with increasing temperature, Mo-zz faces dominate at
increasingly higher S concentrations. Indeed, at higher temperatures, the greater intrinsic barrier
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for Mo sites (†Öx > †à ) can be surpassed more easily due to increased thermal energy (mª Ø).
Finally, the minimum S:Mo ratio obtained in the simulations (averaged over 100 KMC runs), at
700 oC was found to be 1.956, whereas the maximum S:Mo ratio was found to be 2.035, thereby
indicating that no undesirable compounds were formed (Figure 2-6).
Concentration space for MoS CVD growth from MoO , T = 700oC
2

3
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Stoic
Exp - Wang
Est - Wang
Exp - Schmidt
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Figure 2-6. Kinetic phase diagram of the growth process: A log-log plot of the MoO3 partial
pressure versus the sulfur partial pressure depicting 200 concentration pairs simulated at a
temperature of 700 oC and the actual crystal shapes obtained from the KMC simulations. The
black line represents the analytical criterion given by Eq. (2-23), while the blue line represents
the stoichiometric 2:1 S:Mo partial pressure curve. The estimated vapor phase partial pressures
in the studies by Wang et al. (blue circle) and Schmidt et al. (red circle) and the vapor phase
pressures at locations (1)-(4) in the Wang et al. reactor (blue squares) are depicted. The S:Mo
ratio in the top-leftmost shape is 1.956, whereas that in the bottom-rightmost shape is 2.035, with
other crystals having values in between. This confirms that no undesirable compounds are
formed in the growth process.

2.6 Model Validation across TMD Reactor Data Sets
My transport model also enables comparison of reactor data sets across different studies reported
in the literature. For validation across MoS2 data sets, I fed the calculated vapor phase precursor
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concentrations for the growths reported by Lee et al.16 and Schmidt et al.56 (see Appendix
2.10.7) into my KMC simulation using the four fitting parameters (†Öx , †à , yÖx , yà ) listed above,
and tabulated the simulated crystal shape and size versus the experimentally-observed crystal
shape and size (Table 2-2). The model can predict the experimental crystal shapes accurately, as
well as crystal sizes to within a factor of 5 using the chosen values of †à , †Öx , yà , and yÖx .
Table 2-2. Comparison of the experimental and simulated sizes for MoS2 and WS2 crystal
growths. Both the experimental and the simulated shapes are triangles.
Material

Authors

Experimental Size* (µm)

Simulated Size* (µm)

MoS2

Wang et al. 14

< 35.6

35.2 ± 1.7 (calibrated)

Lee et al. 16

< 15

7.0 ± 1.0

Schmidt et al. 56

> 7.4

24.6 ± 1.5

Lee et al. 16

< 7.4

7.2 ± 0.2 (calibrated)

Rong et al. 24

< 275

54.0 ± 2.3

Peimyoo et al. 26

< 7.4

3.0 ± 0.1

WS2

* Equivalent circle diameter.
I also tested the model for the growth of WS2. Because only limited vacancy (v) formation
energies for WS2 were available (W-v and S-v)61 (unlike the Mo-v, S-v, MoS-v, and MoS2-v data
available for MoS262), I could not estimate the actual bond enthalpies involved in the WS2
growth process. Therefore, as a first approximation, I assumed that WS2 has the same bond
enthalpies as MoS2, because the monoatom (Mo, W, S) vacancy energies in the two solids are
similar.61,62 Moreover, because varying concentration data from the same reactor (akin to the
Wang et al. study for MoS2) is not available in any of the reported studies for WS2, it is not
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known conclusively whether †/ > †à or †à > †/ . For WS2, the data set by Lee et al.16 was
used to calibrate the model. The increased growth temperatures employed in WS2 growth (> 800
o

C) cause extremely high rates of escape of sulfur atoms from the lattice (given by Eq. (2-6)),

leading to challenges in the fitting process. Due to this challenge, coupled with the fact that the
calculated WO3 vapor phase concentrations are extremely low (see Appendix 2.10.7), I had to
increase the WO3 impingement rate by a factor of 105 (this increase corresponds to a desorption
barrier of ~ 1 eV at a temperature of 800 o C), to obtain agreement with experimental data. The
final fitting parameters used are †à = 1.3 eV, †/ = 0.0 eV, yà = 0.2, and y/ = 0.0, the high †à
value ensuring a reduced S-atom escape rate, while the low †/ values ensuring a high W-atom
impingement rate. The above challenges motivate the study of the role of surface adsorption,
surface diffusion, and edge diffusion in the WS2 growth process, in greater depth. To check
model validity across reactor data in the literature, these parameter values were used along with
the reactor conditions reported by Peimyoo et al.26 and Rong et al.,24 and the experimentallyobserved crystal shapes and sizes were compared with the KMC results (Table 2-2). I note that
the agreement of the model with experimental data is quite satisfactory, especially considering
that the temperatures utilized in the above studies vary by 50 oC to 270 oC (see Appendix 2.10.7
for specific values). Based on the above comparison across disparate reactor data sets, which has
been done for the first time in this thesis, I conclude that my model can describe the physics of
the crystal growth mechanism, although the variations between experimental and simulated data
may seem significant. In principle, the crystal growth model, as formulated, is exact. The major
cause for variations between the experimental and the simulated data is the use of theoretically
estimated vapor phase concentrations, because it is a challenge to measure the vapor phase
concentrations experimentally. The equations used to estimate the vapor concentrations are
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typically exponential (see Appendix 2.10.6), and can incur errors over significant temperature
variations such as the 270 oC range considered here.

2.7 Effects of Surface Diffusion on the Model
The model presented here neglects limitations posed by surface diffusion, which if accounted
for, can lead to crystal shapes other than regular triangles and hexagons. For example, Zhang et
al. grew dendritic, fractal-like crystal shapes of MoS2 on a SrTiO3 substrate.63 I note, but do not
expand upon in this chapter, that the formation of dendrites can be described using a slip-stick
mechanism, in which the diffusion process is extremely slow so that atoms directly attach to
wherever they encounter on the growing crystal.64 In some cases, diffusion limitations become
important after faceting has occurred to form a regular shape. Then, the corners of the regular
shape necessarily have access to a higher concentration of precursors, leading to self-accelerated,
localized growth. This phenomenon, referred to as a branching instability,65 leads to the
formation of 3-pointed stars and other similar structures. Additionally, edge diffusion effects
have been shown to be important for equilibrating the flake morphology.66,67 The y parameters
can be thought of as effectively mimicking the edge diffusion process by de-incentivizing
reaction at sites from which atoms will have migrated away. It is possible to extend the modeling
framework presented here to incorporate such growth conditions by explicitly including the
surface and edge diffusion of adatoms. This growth limit can be considered in future work.

2.8 Conclusions
In this chapter, I present a stochastic, kinetic model for the growth of TMD monolayers using
CVD. A site-dependent activation energy based on the number of nearest and next-nearest
neighbors is postulated in the form of an Evans-Polanyi relation. The model makes use of
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intrinsic bond energies, and is able to satisfactorily predict the variation in shape and size of the
grown MoS2 crystals from triangular to hexagonal due to the local stoichiometry in the CVD
reactor used to generate the data set reported by Wang et al. A transport model was developed
and allowed comparison of experimental data across different studies for MoS2 and WS2
monolayers for the first time. Through the model, I also demonstrate the cooperativity effects of
the precursors involved, including the various types of lattice sites that they prefer during the
crystal growth process. I also derive a unified analytical theory for the growth of truncated
triangles, equilateral triangles, and regular hexagons, which is valid for any crystal having two
types of competing crystal facets. Further, I show that it is possible to use the theory presented
here to partition the concentration space, in the case of MoS2 growth, into regions of Mo-zz
terminated triangular growth, S-zz terminated triangular growth, and close to hexagonal growth.
The utility of this model is that it enables rational manipulation of process parameters like
temperatures and concentrations to obtain desired crystal shapes and edge terminations for
various applications. Moreover, the model can be extended to describe the crystal growth of
other types of shapes, such as, pyramids, fullerenes, and nanotubes, and other TMDs like MoSe2
and WTe2 which are currently being synthesized for their unique properties. The model presented
here is independent of the precursors used because it does not require knowledge of the
chemistry of bond breakage and formation. Accordingly, the model can be used to describe
crystal growth processes involving MoCl5, (NH4)2MoS4, and other such precursors, provided that
controlled experimental data are available to make appropriate changes to the parameter values.
In future studies, experiments probing the effect of temperature on edge terminations and crystal
shapes across different runs, and/or the effect of concentration gradient-driven crystal growth in
the same run, would be extremely helpful in narrowing down the range of Evans-Polanyi
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parameters needed to fit the experimental growth data. The systematic theoretical approach
presented in this chapter improves understanding of the mechanism behind the growth of TMD
monolayers, and will also help improve the uniformity of CVD-grown 2D materials.

2.9 Methods
In the past, KMC simulations have been widely used to study hexagonal and triangular crystal
shapes in simple hexagonal systems like Pt/Pt (111).68–70 In this chapter, three hexagonal lattices
(one each for SU, Mo, and SL) were used to represent the sites in the simulation. A neighbor list
was used to keep track of the types of empty and filled sites at each time step. A hexagonal seed
crystal was initialized, and was allowed to grow by addition of Mo and S atoms to the lattice,
based on the input concentrations of sulfur and MoO3. At each time step, the type of site to be
populated or vacated was decided based on Gillespie’s algorithm.71–75 The time step was then
incremented, and the neighbor lists were updated. The simulation was run for a desired duration
of time, at the end of which the size and shape of the MoS2 monolayer crystal could be extracted.
Since it was not computationally feasible to simulate crystal growth during several minutes, I
formulated a scaling analysis described in the main text to extrapolate to the final growth size
using a linear fit of the last 10,000 time steps of a 20,000 step KMC run. The first 10,000 time
steps were provided for the steady-state shape to set in. Further, because the shape of the crystal
in the KMC run is not known a priori, growth sizes in the simulation were calculated as the
equivalent circle diameter (the diameter of a circle having the same area as that of the crystal) of
the average filled area on the three sub-lattices (SU, Mo, and SL). Data from 100 KMC runs were
used to obtain the mean simulated crystal growth sizes and their standard deviations.
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2.10 Appendices
2.10.1 Note on the Mechanism of MoS2 CVD Growth
Instead of Mo and S atoms getting attached to the growing lattice one-by-one, another plausible
mechanism is where MoS2 units are formed in the vapor phase, and then get attached to the
growing lattice. However, in such a scenario, there would be no shape transition, because then, it
would always be the same concentration of incoming MoS2 groups for the S-zz and Mo-zz faces.
In other words, the only difference between the S-zz and the Mo-zz edges would be their
different lattice environments, which would not change with location in the reactor, even if there
were a concentration gradient. The experimental data of Wang et al.14 clearly rule out this
alternate mechanism. Note that so far there has been no experimental study on the vapor phase
characterization of the intermediates in the process, although there have been studies directed at
the solid phase chemistry.76

2.10.2 Calculation of Bond Energies in the System
The Mo-S, Mo-Mo, and S-S bond energies can be computed from the energetics of formation of
vacancies in monolayer MoS2. Specifically, if the vacancy formation energies for the Movacancy, the S-vacancy, the MoS-vacancy, and the MoS2-vacancy are available, I can formulate
4 linear equations based on the number of bonds of each type having to be broken, as shown in

Table 2-3.
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Table 2-3. Energy required for the formation of various types of vacancies in MoS2, along with
the number of different bonds (Mo-S, Mo-Mo, and S-S) that would need to be broken to create
such vacancies.
Type of Vacancy

Mo-Vacancy
S-Vacancy
MoS-Vacancy
MoS2-Vacancy

# of Mo-S
Bonds
Broken
6
3
8
10

# of Mo-Mo
Bonds
Broken
6
0
6
6

# of S-S
Bonds
Broken
0
7
7
13

Vacancy
Formation
Energy62 (eV)
13.44
5.89
17.36
22.63

These linear equations can be solved using least-squares to obtain:
úÖxÜà = 1.325 eV, ú ÖxÜÖx = 0.882 eV, and úàÜà = 0.288 eV

2.10.3 Conversion of Experimental Side Lengths to Equivalent Circle
Diameters for various Crystal Shapes
The crystal size in the KMC routine is calculated as the diameter of a circle having the same
area, §, as the crystal (that is, as an equivalent circle diameter). To convert the experimental side
lengths into equivalent diameters (for comparison purposes), the following conversion factors are
used:
Truncated Triangles

§=

≠Â 8 √368
8
8 8
01 + 4 ‹ ﬁ + ‹ ﬁ 1 ⇒ 6 = 3
=
4
4
6
6

Í
Î

≠
4 Â
8
8 8
√3 ¤1 + 4 [ \ + [ \ ﬂ
6
6

(2-24)

Regular Hexagons
≠Â 8 3√3 8
§=
=

4
2

⇒

=‹
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≠
6√3

Í
Î

ﬁ Â = 0.550Â

(2-25)

Equilateral Triangles
≠Â 8 √3 8
§=
=

4
4

⇒

=‹

≠
√3

Í
Î

(2-26)

ﬁ Â = 1.347Â

Table 2-4 below lists the conversion factors for the various crystal shapes at the 5 different
locations along the substrate, corresponding to the data of Wang et al.
Table 2-4. Conversion of actual experimental crystal sizes in the study of Wang et al. to the
corresponding equivalent circle diameters.
Location

Shape

(1)
(2)
(3)
(4)
(5)

Triangle
Truncated Triangle (ÔÎ /ÔÍ = 0.24)
Truncated Triangle (ÔÎ /ÔÍ = 0.35)
Hexagon
Triangle
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Experimental
Side Length, Ô
(µm)
47.9
12.3
7.8
4.1
2.8

Equivalent Circle
Diameter, 5 (µm)
35.6
13.0
9.2
7.5
2.1

2.10.4 Derivation of Linear Scaling between Crystal Size and Growth Time
for Regular Hexagons and Equilateral Triangles
The derivation of the linear scaling between crystal size and growth time for truncated triangles
was presented as Eqs. (2-12), (2-13), and (2-14) in the main chapter. Here, I follow a similar
procedure for regular hexagons and equilateral triangles.
Regular Hexagons
Consider a crystal growing as a regular hexagon. In this case, as explained in the main text, the
growth rates of all the 6 faces of the hexagon will be equal, say Ä. Let  denote the length of each
side. If ℎ denotes the height of a monolayer, the volume of the crystal Ò can be written as
follows:

Ò=
The rate of change of volume with time,

,6
,¶

3√3 8
 ℎ
2

(2-27)

, can be expressed in terms of the growth rate at each

of the six faces:
ÂÒ
Â 3√3 8
= ´
 ℎ∞ = Ä(6)ℎ
ÂÚ ÂÚ 2

(2-28)

Equation (2-28) is a first-order ordinary differential equation for (Ú), which can be solved to
yield:
(Ú) − (ÚF ) =

2√3Ä
(Ú − ÚF )
3

Note that Eq. (2-29) corresponds to Eq. (2-15) in the main text.
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(2-29)

Equilateral Triangles
Consider a crystal growing as an equilateral triangle. In this case, as explained in the main text,
the growth rates of all the 3 faces of the triangle will be equal, say Ä. Let  denote the length of
each side. If ℎ denotes the height of a monolayer, the volume of the crystal, Ò, can be written as
follows:

Ò=
The rate of change of volume with time,

,6
,¶

√3 8
 ℎ
4

(2-30)

, can be expressed in terms of the growth rate at each

of the three faces as follows:
ÂÒ
Â √3
= ´  8 ℎ∞ = Ä(3)ℎ
ÂÚ ÂÚ 4

(2-31)

Equation (2-31) is a first-order ordinary differential equation for (Ú) which can be solved to
yield:
(Ú) −  (ÚF ) = 2√3Ä(Ú − ÚF )

(2-32)

Note that Eq. (2-32) corresponds to Eq. (2-16) in the main text.

2.10.5 A Combined Analytical Growth Theory for Triangles, Hexagons, and
Truncated Triangles
In order to compare the crystal growth rates of hexagons, triangles, and truncated triangles, I
converted the side growth rates to the corresponding rates for the diameter of an equivalent
circle. Before deriving the combined analytical growth model for hexagons, triangles, and
truncated triangles, I derive the growth equation for a circle.
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Growth Equation for a Circle
As shown earlier for a truncated triangle, a regular hexagon, and an equilateral triangle (see Eqs.
(2-12), (2-13), (2-14), (2-27), (2-28), (2-29), (2-30), (2-31), and (2-32)), I can also derive a linear
growth rate for the diameter, d, of a circular crystal. Specifically, the area § of the crystal and the
+

perimeter ¨ of the crystal are given by: § = Ë Â 8 and ¨ = ≠Â, so that:
ÂÒ
Â ≠
= [ Â 8 ℎ\ = ÄÉt¡ÉnÑ (≠Â)ℎ
ÂÚ ÂÚ 4

(2-33)

Equation (2-33) is a first-order ordinary differential equation for Â(Ú) whose solution is given
by:
Â (Ú) − Â (ÚF ) = 2ÄÉt¡ÉnÑ (Ú − ÚF ) ≡ mÉt¡ÉnÑ (Ú − ÚF )

(2-34)

where mÉt¡ÉnÑ is an “equivalent circular growth rate constant”, and can be readily obtained by
fitting KMC simulation data to Eq. (2-34). Note that Eq. (2-34) corresponds to Eq. (2-17) in the
main chapter. Next, I convert the growth rates for various crystal shapes into those for an
equivalent circle.
Truncated Triangles
For truncated triangles, using the conversion factor in Eq. (2-24), as well as the relation Ä6 6 =
Ä8 8 presented in the main text, in the growth equation Eq. (2-14) of the main text, yields:
Â (Ú) − Â(ÚF ) =

4√3Ä6
≠
‹ ﬁ
√3

6¯
8

Ä
Ä 8
71 + 4 [ 6 \ + [ 6 \
Ä8
Ä8
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(Ú − ÚF ) ≡ mÉt¡ÉnÑ (Ú − ÚF )

(2-35)

Regular Hexagons
For regular hexagons, using the conversion factor in Eq. (2-25) in the growth equation Eq. (2-29)
yields:

Â(Ú) − Â (ÚF ) =

2√2ÄÅÇÉÑ
≠
‹ ﬁ
√3

6¯
8

(Ú − ÚF ) ≡ mÉt¡ÉnÑ (Ú − ÚF )

(2-36)

Equilateral Triangles
For equilateral triangles, using the conversion factor in Eq. (2-26) in the growth equation Eq.
(2-31) yields:

Â(Ú) − Â (ÚF ) =

2√3ÄÅÇÉÑ
≠
‹ ﬁ
√3

6¯
8

(Ú − ÚF ) ≡ mÉt¡ÉnÑ (Ú − ÚF )

(2-37)

An examination of Eqs. (2-35), (2-36), and (2-37) shows that the growth rates for the three cases
considered above can be conveniently written as follows:

mÉt¡ÉnÑ
2√3

‹

≠
√3

ﬁ

6¯
8

⎧
⎪
⎪
=

Ä6 ;

shape = triangle

2
; Ä6 ;
3

shape = hexagon

⎨
2Ä6 Ä8
⎪
⎪
; shape = truncated triangle
⎩`Ä68 + 4Ä6 Ä8 + Ä88

(2-38)

where faces of type “1”, i.e., S-zz faces, dominate (Ä6 ≪ Ä8 ). Recognizing that substituting Ä6 =
Ä8 in Eq. (2-35) yields Eq. (2-36), I can rewrite Eq. (2-38) as follows:
mÉt¡ÉnÑ
2√3

‹

≠
√3

ﬁ

6¯
8

Ä6 ;
2Ä6 Ä8

shape = triangle

=>
; shape = truncated triangle / hexagon
`Ä68 + 4Ä6 Ä8 + Ä88
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(2-39)

Note that the transition between triangles (Ä6 ≪ Ä8 ) and truncated triangles/hexagons (Ä6 ~Ä8 ) can
be assumed to occur at a critical value of

mÉt¡ÉnÑ
2√3

‹

≠
√3

ﬁ

6¯
8

=

¡ò
¡h

= ç, which yields:
Ä6
<ç
Ä8

⎧Ä6 ;
⎪

2Ä6 Ä8
Ä6
⎨
; ≥ç
⎪ `Ä 8 + 4Ä Ä + Ä 8 Ä8
6 8
6
8
⎩

(2-40)

Equation (2-40) can describe the growth law for equilateral triangles, truncated triangles, and
hexagons, when faces of type “1” dominate, i.e., for 0 ≤

¡ò
¡h

≤ 1. To include cases where faces of

¡

type “2” dominate, i.e., 1 < ¡ò < ∞, I recognize that the slower growing face is the dominant
h

one, and modify Eq. (2-40) as follows:

mÉt¡ÉnÑ
2√3

‹

≠
√3

6¯
8

ﬁ

Ä6
‹ ﬁ
<ç
Ä8 ˝tó
=
2Ä6 Ä8
Ä6
⎨
;
‹
ﬁ
≥ç
⎪`Ä 8 + 4Ä Ä + Ä 8
Ä
8
˝tó
6 8
8
⎩ 6
⎧Ä˝tó ;
⎪

¡

where Ä˝tó = min(Ä6 , Ä8 ) and [¡ò \
h

¡

˝tó

(2-41)

¡

= min [¡ò , ¡h \. Note that Eq. (2-41) is identical to the
h

ò

combined analytical growth rate expression, Eq. (2-18), presented in the main chapter.

2.10.6 Transport Model
a. Calculation of Vapor Phase Diffusivities of Precursors
The diffusivities of the precursors in the carrier gas (÷) were calculated using the
Chapman-Enskog relation.77 Specifically,

8

Ã@
1=
÷ 0


ê6 + ê8
0.0026280 7Ø . [ 2ê
\
6 ê8
A

8 (6,6)∗
∗
u68
Ω68 (Ø68
)
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(2-42)

where A is the pressure of the system in atm, Ø is the absolute temperature of the system,
ê6 and ê8 are the molar masses of the precursor and the carrier gas in g/mol,
respectively, {ut , vt } are the 12-6 Lennard-Jones parameters of the precursor (ß = 1) and
∗
=
the carrier gas (ß = 2), Ø68

ÕC D
Eòh

(6,6)∗

is the reduced temperature, and Ω68

integral. Combining rules are applicable such that u68 = [
(6,6)∗

values of u and v are listed in Table 2-5; and Ω68

FòGFh
8

is a collision
ò

\ and v68 = (v6 v8 )h . The

is available in tabular format77.

Table 2-5. 12-6 Lennard-Jones parameters and molar masses of the various chemical species
involved in the CVD process.
H (İ)

K
(N)
LM

Molar Mass
(g/mol)

Nitrogen77

3.681

91.5

28.0

Argon77

3.418

124

39.95

Sulfur78

3.84

50

32.0

MoO378

4.86

100

143.94

WO378*

4.86

100

231.84

* In the absence of more reliable data, the parameters for WO3 were assumed to
be the same as those for MoO3.
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b. Calculation of Carrier Gas Viscosity
The viscosities of helium and nitrogen (as a function of temperature) were obtained from
the National Institute of Standards & Technology (NIST) online database of fluid
properties.79,80 For argon, the correlation developed by Younglove and Hanley81 (Eq. 1 in
Ref. 6) was used.
c. Calculation of Carrier Gas Velocity over Precursor
The carrier gas velocity was required for use in the mass transfer calculations outlined in
Eqs. (2-9) and (2-10) of the main chapter. Calculation of the carrier gas velocity over the
precursors can be divided into two cases, as depicted in Figure 2-7:
i.

The precursor is placed in an uncovered boat: flow containing the sublimed
precursor occurs over the entire cross-section of the reactor, §¡ .

ii.

The precursor is placed in a boat covered on top with substrates: flow containing
the sublimed precursor occurs over a reduced cross-section, §æxÇ¶ .

Figure 2-7. Depiction of carrier gas velocity calculations over various types of precursor
arrangements: case (i) where the precursor is in an uncovered boat, and case (ii) where
the precursor is in a boat covered on top with substrates.
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In case (i), the carrier gas velocity (ŸN) is just the flow rate of the carrier gas at standard
temperature and pressure (STP) conditions (sàDO ), corrected for changes in temperature
and pressure, divided by the cross-sectional area of the reactor tube, §¡ , that is,
ŸN =

sàDO Ø [P ]
1
´
∞‹
ﬁ
§¡ 273.15 ¨ [†Ú@]

(2-43)

In case (ii), the carrier gas velocity in the boat needs to be corrected for the loss in head
that happens due to the change in the flow direction. This can be formulated using
Bernoulli’s equation corrected for head loss. If ŸN = ŸNæxÇ¶ is the convective velocity of
the gas inside the boat, and ŸNx¬¶ is the convective velocity around the boat, conservation
of mass of the carrier gas requires the following:
ŸNæxÇ¶ §æxÇ¶ + ŸNx¬¶ (§¡ − §æxÇ¶ ) = sàDO ´

Ø [P ]
1
∞‹
ﬁ
273.15 ¨ [†Ú@]

(2-44)

Further, the pressure drop encountered by the carrier gas inside the boat must equal the
pressure drop in the region outside the boat, so that:58,82
1
’æxÇ¶
1
’æxÇ¶
1
8
8
8
Qx¬¶ ŸNx¬¶
´
∞ = QæxÇ¶ ŸNæxÇ¶
´
∞ + mæÑó,• ŸNæxÇ¶
2
ÂR,x¬¶
2
ÂR,æxÇ¶
2

(2-45)

where ÂR,x¬¶ and ÂR,æxÇ¶ are the hydraulic diameters58 of the regions around the boat and
in the boat, respectively, given by:
ÂR =

4 × (Wetted area)
Perimeter

(2-46)

Note that in Eq. (2-45), Q denotes Darcy’s friction factor of the boat / outer region around
the boat, given by58:
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QæxÇ¶ =

64
;
ÆÀæxÇ¶

ÆÀæxÇ¶ =

◊ŸNæxÇ¶ ÂR,æxÇ¶
ÿ

(2-47)

64
;
ÆÀx¬¶

ÆÀx¬¶ =

◊ŸNx¬¶ ÂR,x¬¶
ÿ

(2-48)

Qx¬¶ =

In addition, in Eq. (2-45), mæÑó,• denotes the loss-coefficient due to the two bends (2 ×
0.9)82 and the two constrictions (area reduction) where the vapor enters the boat (2 ×
0.5)82, so that mæÑó,• = 2.8, and ’æxÇ¶ denotes the length of the boat. Equations (2-44)
and (2-45) can be solved simultaneously to yield the value of ŸNæxÇ¶ , which can then be
used in the transport model. Note that before the mass transfer model can be utilized, one
also needs to calculate the saturated vapor phase concentration (« ∗ ), as outlined below.
d. Calculation of Saturated Vapor Phase Concentrations of Precursors
i.

Sulfur: The vapor pressure of sulfur (A∗ ) is described by the following correlation
(389 K < T < 1313 K)83:
.

A∗
Ø
Ø 8
Ø .
Ø 2 ØÉ
ln ‹ ﬁ = T§ ‹1 − ﬁ + U ‹1 − ﬁ + « ‹1 − ﬁ + ÷ ‹1 − ﬁ V ‹ ﬁ
AÉ
ØÉ
ØÉ
ØÉ
ØÉ
Ø

(2-49)

where Ø is the absolute temperature of the sulfur precursor in Kelvin, A = -7.246, B
= 0.187, C = 5.271, D = -12.128, ØÉ = 1313 K, and AÉ = 18208 kPa.
ii.

MoO3: The vapor pressure of MoO3 (A∗ ) is described by the following correlation
(600 oC < T < 700 oC)84:
4.576 log A∗ (êë». )óN = −

75400
+ 62.3 ± 0.2
Ø

(2-50)

where A∗ is the pressure in atmospheres, T is the absolute temperature of the MoO3
precursor in Kelvin, and ñN is the average molecular association number.84
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iii.

WO3: The vapor pressure of WO3 (A∗ ) is described by the following correlation (800
o

C < T < 1250 oC)85:
log A∗ = 17.973 −

27295
Ø

(2-51)

where A∗ is the pressure in mm Hg, and T is the absolute temperature of WO3.
Using the correlations above, one can calculate the required vapor pressures (A∗ ), which
can then be used to calculate the saturated vapor phase molar concentration (« ∗ ),
assuming the validity of ideal-gas law for a dilute vapor:
« ∗ (Ø) =

A∗ (Ø)
ÆØ

(2-52)

e. Calculation of Actual Vapor Phase Concentrations of Precursors
The saturated molar concentration (« ∗ ) is then used to calculate the actual concentration
(«) in the vapor phase using the molar balance Eq. (10), as outlined in the main text. Note
that if the precursor is vaporized at a given temperature (ØX¡ÑÉ ) and the substrate is
present at a different temperature (Ø•¬æ• ), the concentration must be corrected for the
change in flow rate at the two locations. Specifically,
«•¬æ• = «X¡ÑÉ ‹

123

ØX¡ÑÉ
ﬁ
Ø•¬æ•

(2-53)

2.10.7 Tabulation of Vapor Phase Concentrations in the Various Studies Considered
Table 2-6. Compilation of the known and calculated process parameters for the various studies considered to validate the model. In all
the studies considered, the growth pressure was 1 atm. The carrier gas in all cases was argon, except for the study of Schmidt et al.,
where nitrogen was used.
Authors

MoS2
Wang et
al. 14
Lee et al.16
Schmidt et
al.56
WS2
Lee et al.16
Rong et
al.24
Peimyoo et
al.26

Gas
Flow
(sccm)

Time
(min)

(”)

./01/
(oC)

0234
(cm/s)

05
(cm/s)

.234
(oC)

10

10

1

700

0.063

0.051

700

10

5

1

650

0.042

0.055

650

30

5

2

700

0.006

0.041

700

5

5

1

800

0.024

800

100

60

1

860

1.617

0.027
3
0.546

1070

200

10

2

800

0.646

0.315

800

623 4
(m2/s)

7∗234
(mol/
m 3)

7234
(mol /
m 3)

.5
(oC)

65 (m2/s)

7∗5
(mol /
m 3)

75
(mol /
m 3)

7.76E05
7.1E05
8.63E05

0.0207

0.0159

150

3.5E-05

0.0073

9.65E-04

0.0026

0.0023

180

3.94E-05

0.0314

0.0207

0.0206

180

4.12E-05

0.0314

4.762E03
1.5E-03

8.75E05
0.0001
26
8.75E05

5.16E10
5.35E05
5.16E10

4.93E10
6.44E06
1.81E11

180

3.94E-05

0.0314

180

3.94E-05

0.0314

250

5.02E-05

0.3893

5.397E03
1.385E03
8.046E03

Notation: ! denotes the diameter of the reactor tube, "#$%# denotes the temperature of the substrate, subscript &'( denotes the
dichalcogenide precursor, subscript S denotes the sulfur precursor, ) denotes the carrier gas velocity over the respective precursor, "
denotes the temperature of the respective precursor, * denotes the vapor phase diffusivity of the respective precursor, + ∗ denotes the
saturated vapor phase concentration of the respective precursor, and + denotes the actual vapor phase concentration of the respective
precursor.

2.10.8 Linear Trends of Simulated Crystal Sizes
The data for the crystal size (equivalent circle diameter), !(#), versus time # obtained from the
KMC simulations was fit to Eq. (S11) to obtain the “equivalent circular growth rate constant”,
%&'(&)* . The fits for three different cases of MoS2 growth at locations (1)-(4) of the Wang et al.14
reactor are shown in Figure 2-8 below. In all four cases, the data conforms really well to the
linear fit.

Figure 2-8. Linear trends for the size of MoS2 crystals at different locations (1), (2), (3) and (4)
in the Wang et al.14 reactor for a single KMC simulation using the calculated concentration
125

profile. Size data was collected after 10,000 KMC time steps to allow the crystal shape to attain
steady state, and was taken up to 20,000 KMC time steps. The final extrapolated equivalent
circle diameter at 10 minutes, and the R2 value of the fit are listed in parenthesis adjacent to the
heading for each plot. The simulated KMC values are shown in blue color, and the linear fit is
shown in dashed red color.

2.10.9 “Kinetic Phase Diagram” for MoS2 CVD Growth at Various
Temperatures

Figure 2-9. Crystal shapes obtained from the KMC simulation at a temperature of 600oC. The
black line corresponds to Eq. (23) in the main text, and the blue line is the stoichiometric 2:1
S:Mo line. Note that the black line shifts to the left as the temperature decreases from 700 oC,
and that all the simulated points shown in the Figure correspond to less than 5% desorption of
atoms (i.e., <1000 steps out of 20,000 KMC time steps), so that Eqs. (18)-(20) of the main text,
which require the growth to be irreversible, are applicable. The S:Mo ratio in the top-leftmost
shape is 1.962, whereas that in the bottom-rightmost shape is 2.035, with other crystals having
values in between. This confirms that no undesirable compounds are formed in the growth
process.
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Figure 2-10. Crystal shapes obtained from the KMC simulation at a temperature of 650 oC. The
black line corresponds to Eq. (23) in the main text, and the blue line is the stoichiometric 2:1
S:Mo line. Note that the black line shifts to the left as the temperature decreases from 700 oC,
and that all the simulated points shown in the Figure correspond to less than 5% desorption of
atoms (i.e., <1000 steps out of 20,000 KMC time steps), so that Eqs. (18)-(20) of the main text,
which require the growth to be irreversible, are applicable. The S:Mo ratio in the top-leftmost
shape is 1.959, whereas that in the bottom-rightmost shape is 2.035, with other crystals having
values in between. This confirms that no undesirable compounds are formed in the growth
process.
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Figure 2-11. Crystal shapes obtained from the KMC simulation at a temperature of 750 oC. The
black line corresponds to Eq. (23) in the main text while the blue line is the stoichiometric 2:1
S:Mo line. Note that the black line moves to the right as the temperature increases from 700 oC.
Only points which had less than 5% desorption of atoms (i.e., <1000 steps out of 20,000 KMC
time steps) are shown here because the theory (Eqs. (18)-(20) in the main text) is only valid for
irreversible growth. The S:Mo ratio in the top-leftmost shape is 1.955, whereas that in the
bottom-rightmost shape is 2.036, with other crystals having values in between. This confirms
that no undesirable compounds are formed in the growth process.
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Chapter 3
Addressing the Isomer Cataloging Problem for Nanopores
in Two-Dimensional Materials using Multiscale Atomistic
Simulations
3.1 Introduction
Extended defects or nanopores in two-dimensional (2D) materials, such as graphene and
hexagonal boron nitride (hBN), can be used to tailor their electronic,1,2 magnetic,3
electrochemical,4 and barrier5 properties. Indeed, the electronic structure of graphene at the edges
is different from that of the pristine graphene basal plane.6,7 Moreover, perfect graphene has been
shown to be impermeable to even the smallest of gases, including helium,8 while a number of
experimental studies have demonstrated the use of nanoporous graphene for gas9,10 and ionic
sieving,11,5 and DNA sequencing.12 However, the link between an experimentally created
nanopore and the identification of its molecular identity is confounded by the fact that the
number of possible nanopore shapes on a triangular lattice (e.g., graphene) increases
exponentially with the number of vacancy atoms, such that the size of a nanopore is no longer a
unique descriptor of the pore geometry. Topologically, each possible nanopore in graphene
corresponds to a triangular “lattice animal” (or polyiamond). Borrowing results from the
enumeration of polyiamonds,13,14 I observe that when 8 carbon atoms are removed from the
graphene lattice, there are only 66 possible nanopore isomers (i.e., nanopores of different shapes
formed by removing exactly the same number of carbon atoms from the graphene lattice in a
contiguous fashion). However, when 12 carbon atoms are removed, there are 3226 possible
nanopore isomers! At the atomic scale, small changes in pore shapes can lead to widely different
macroscopically-observed properties, such as gas permeation fluxes and selectivities through
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nanopores.15 Therefore, the inability to link a given pore size with its molecular identity presents
a gap between predictions of theory and simulations, and what can be realized experimentally.
This gap could be closed by solving the “Isomer Cataloging Problem”, which exists for all 2D
materials, and addresses the generation of a catalog of most-probable nanopore isomers in the 2D
lattice. To the best of my knowledge, no theoretical study has presented a solution to this
challenging problem. In this chapter, I present a solution methodology to this problem, and
demonstrate its applicability for the case of monolayer graphene and hBN. By generating,
cataloging, and probabilistically ranking each potential isomer using a multi-scale atomistic
simulation approach, I can collapse the intractable isomer tree into 3 to 6 most stable isomers for
each carbon vacancy number, such that the occurrence and observation of these isomers are the
most probable. Importantly, this algorithm is able to predict the few isomers that are reported
experimentally in the literature with atomic level resolution, as well as the kinetics of the
experimentally observed isomerization of nanopores.
The Isomer Cataloging Problem currently hampers connection between specific
theoretical predictions and experimental studies in several important application areas of 2D
materials. For example, emerging membrane technology based on graphene, hBN, and transition
metal dichalcogenides, such as MoS2, may potentially revolutionize the field of separations5,9–11
and osmotic power harvesting16,17 because of the possibility of extreme size-exclusion and
minimal resistance to fluid flow. In this regard, theoretical studies have demonstrated their
potential by providing insight into how magnetic,18 optoelectronic,19 and transport20–22 properties
depend on the specific shapes and sizes of certain graphene nanopores. When an experiment
reveals, say, a certain flux or activation barrier for transport of gases through a nanoporous 2D
material sample, the likely question one would ask is: “what are the possible shapes and sizes of
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nanopores that would lead to the observed transport?”. A possible methodology to connect
experimentally observed separation data to nanopore structures is to hypothesize the existence of
an ensemble of pores that leads to theoretical predictions of the gas fluxes or activation barriers
which are consistent with the experimental values. As the number of possible graphene
nanopores increases exponentially with size (when N=30, there are around 400 billion
isomers!13), it is challenging to perform such an analysis. To this end, a solution to the Isomer
Cataloging Problem is valuable, wherein one can consider only a small subset of the mostprobable pore structures so as to obtain agreement of the theoretically-predicted gas fluxes (or
other relevant physical observables) with the appropriate experimental data.
In the past, simulations have investigated the creation of nanopores in graphene under
various experimental conditions. Early kinetic modeling23 established the dominance of zigzag
edges in graphite samples. More recently, Girit et al.24 compared experimental pore opening
videos, obtained using transmission electron microscopy (TEM), with kinetic Monte Carlo
(KMC) simulations, and confirmed the prevalence of zigzag edges in the opened pores. Russo
and Golovchenko,25 in their study on atom-by-atom nucleation and growth of graphene
nanopores, used KMC simulations to demonstrate qualitative agreement between simulated
shapes and experimentally observed nanopores. These studies fitted the pore enlargement rates to
experimental data. Incorporating ab initio rates,26 Yoon et al. used reactive force field molecular
dynamics (MD) simulations to shed light on defect creation in graphene under various conditions
of bombardment by noble gas ions, and compared their results with experimental TEM images in
a qualitative fashion. However, the use of MD simulations restricts the simulation to picoseconds
of time, whereas etching of nanopores can occur on the time scale of minutes. Adopting a
different approach, a few studies have investigated the thermodynamic stability of graphene
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nanopores, by computing the energetics of formation of extended vacancies in graphene.18,27
However, as I show in this chapter, the thermodynamic stability of a pore is very different from
its kinetic stability.
In order to incorporate ab initio rates (which are essential because experimentally observed
etching rates do not allow for calibration of the rates of all possible atomic events, especially the
diffusion of under-coordinated atoms along pore edges), while allowing for simulations which
can reach up to minutes of simulation time, I adopt a multi-scale modeling approach to catalog
the most-probable isomers (MPI) which would appear in nanoporous graphene. This approach
combines extensive electronic-structure density functional theory (DFT) calculations with KMC
simulations28,29 to arrive stochastically at the most-probable set of isomers. DFT calculations are
used to determine the activation barriers for an exhaustive catalog of atomic rearrangements in
the lattice. To enable high-throughput sorting of isomers from the list of stochastically generated
pores, I develop a novel chemical informatics scheme based on graph-theoretic principles.
Finally, the most-probable isomers are compared with experimental data from the literature, and
the methodology is extended to the case of nanoporous hBN.

3.2 Isomer Cataloging Methodology
There are several experimental techniques to open sub-nanometer pores in graphene, giving rise
to a range of pore shapes and sizes.30 In these disparate experimental techniques: (i) pore
nucleation and pore growth are decoupled, and (ii) the formation of a larger pore proceeds via
the formation of a smaller pore, through the stochastic removal (etching) of carbon atoms.
Therefore, to generate a catalog of nanopores, I begin with a graphene sheet having a
monoatomic vacancy, and use a KMC simulation framework to successively remove carbon
atoms from the lattice, while allowing the atoms to relax via atomic rearrangements.
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KMC simulations require knowledge of the rates of all possible physical events in the
system. To this end, in this chapter, atomic rates are computed using an Arrhenius-type
3

relationship: + = - exp 1− 5 47 8, where + is the rate of the physical process, - is the atomic
6

prefactor, 9: is the activation barrier for the process, %; is the Boltzmann constant, and < is the
absolute temperature of the system. Activation barriers for etching were determined using a
combination of a quadratic enthalpy-activation barrier relationship31 and DFT-calculated reaction
enthalpies of etching. According to the Marcus reaction-rate theory for atom-transfer reactions,32
BC

G

the activation barrier (9: ) is related to the reaction enthalpy (Δ>( ) as: 9: = 9:? 11 + FD 8 ,
E3
4

where 9:? is the intrinsic activation barrier. This quadratic relationship is able to accurately
describe the relationship between reaction enthalpy and activation barrier for both endothermic
and exothermic reactions, as compared to the linear Evans-Polanyi relationship.33 A zigzag atom
(green atom in Figure 3-1D) has 2 bonded neighbors, each of which possesses 3 bonded
neighbors.34 On the other hand, an armchair atom (green atom in Figure 3-1E) has 2 bonded
neighbors, one of which possesses 2/3 bonded neighbors and the other possesses 2 bonded
neighbors.34 I calculated reaction enthalpies for the etching of different types of atoms in
nanoporous graphene: armchair, zigzag, and singly-bonded atoms,34 as outlined in the Methods
section. The calculated reaction enthalpies are listed in Table 3-1, in the presence of commonly
encountered silicon etchant atoms.35
Experimental work by Robertson et al.36 systematically reported high-resolution TEM
images of nanopores in graphene. In that work, the observed rate of etching of carbon atoms, in
the presence of silicon contaminant atoms, was found to be 0.01 s-1, at a temperature of 500 oC,
for the first four atoms removed from the graphene lattice, starting with a monoatom vacancy.
Since the first four atoms to be etched from the graphene lattice are all zigzag type of atoms (see
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Appendix 3.7.1), they will encounter similar barriers to etching. It then follows that, using an
atomic prefactor (-) of 1013 Hz (see Appendix 3.7.2 for a discussion on the choice of the
prefactor considered in my KMC simulations),37 the experimentally observed etching rate of 0.01
s-1 for zigzag atoms corresponds to an activation barrier of 2.301 eV. Consequently, using the
enthalpy of etching listed in Table 3-1 for a zigzag atom, I determine the intrinsic activation
barrier, 9:? , to be 2.092 eV for graphene. Based on this value of 9:? , and the values of Δ>( for the
etching of armchair and singly bonded carbon atoms, I tabulate the respective activation barriers
for the etching of armchair and singly bonded atoms in Table 3-1.
Table 3-1. Enthalpies and activation barriers for the etching of different types of carbon atoms in
the graphene lattice.
Type of Atom
Armchair
Zigzag
Singly Bonded

Enthalpy of
etching bare edge
(eV)
0.338
-1.631
-0.466

Enthalpy of etching
in the presence of a
Si atom (eV)
0.387
0.408
-2.496

Activation barrier for
etching (eV)
2.280
2.301
1.030

Atomic rearrangement (edge diffusion) rates were calculated using an atomic prefactor
(-)37 of 1013 Hz, and the associated activation energy barriers, determined using DFT-based
nudged elastic band (NEB)38 calculations, as outlined in the Methods section. These new
calculations are significant given the lack of data regarding activation barriers for atomic-scale
rearrangements in the graphene lattice,39 and provide opportunities for calibration of classical
reactive models. Rearrangements up to third-nearest neighbors (Figure 3-1A) in the graphene
lattice were considered, starting and ending at one of these carbon atom types: singlycoordinated (1), doubly-coordinated armchair (2A), doubly-coordinated zigzag (2Z), or triplycoordinated (3). Figure 3-1A depicts the nearest (N), next-nearest (NN), and next-to-next nearest
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(NNN) atomic sites to a carbon atom (shown in cyan color) in red, green, and white color,
respectively.
A

B

C

F

G

D

NNN
NN
N
C

E

H

I

J

K

Figure 3-1. Validation of calculated activation barriers for atomic rearrangements in the
graphene lattice. (A) Illustration of the concept of nearest (N), next-nearest (NN), and next-tonext nearest (NNN) atomic sites, shown in red, green, and white color, respectively. (B-G)
Molecular models depicting the initial (B, D, F) and final (C, E, G) states for the process of
diffusion of a carbon atom from a 2Z site to: a nearest 2Z site (B, C), next-nearest 2A site (D, E),
and next-to-next nearest (F, G) 2Z site, with the diffusing atom shown in red (N), green (NN),
and white (NNN) color, respectively. (H-K) Transmission electron microscopy (TEM) images
(H-I) and corresponding molecular models (J-K), adapted from Robertson et al.25 (Copyright ©
2014, American Chemical Society), of an experimentally observed transition occurring in the
graphene lattice, which involves a series of three 2Z to 2Z NNN atomic movements, occurring
over a period of 18 s.
The results of these barrier calculations are summarized in Table 3-2, and molecular
models of example transitions starting at a 2Z site and ending at a N, NN, and NNN 2Z site,
respectively are depicted in Figure 3-1 B-C, D-E, and F-G. Examination of the first-principles
data set in Table 3-2 reveals that several of the atomic rearrangements considered are relevant
only at high temperatures exceeding 1000 oC, due to activation barriers greater than 3 eV.
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Table 3-2. Activation barriers for rearrangements (edge diffusion) of carbon atoms starting from,
and ending at, different types of sites in the graphene lattice, determined using CI-NEB
calculations. N refers to nearest neighbor sites, NN refers to next-nearest neighbor sites, and
NNN refers to next-to-next nearest neighbor sites. 1 refers to a singly-bonded site, 2A refers to a
doubly-bonded armchair site, 2Z refers to a doubly-bonded zigzag site, and 3 refers to a triplybonded site. To read the table, refer to the corresponding row for the source site, and to the
corresponding column for the destination site. NP refers to an edge diffusion process which is
not possible, and NC denotes that the NEB calculations did not converge. Diffusion events
leading to a reduction in the number of bonded neighbors are highlighted in gray color.
N (eV)
1→
2A →
2Z →
3→
NN (eV)
1→
2A →
2Z →
3→
NNN
(eV)
1→
2A →
2Z →
3→

1
0
0
0
NP
1
0
4.794
3.463
0.872
1

2A
0
2.691
7.409
NP
2A
2.689
4.853
3.580
5.580
2A

2Z
0
1.372
1.211
NP
2Z
2.100
5.357
6.593
2.906
2Z

3
NP
NP
NP
NP
3
1.947
2.325
2.906
3.479
3

0
4.615
1.091
4.819

2.510
6.885
4.666
8.012

0.867
6.479
2.856
NC

4.566
3.312
NC
5.336

I validated one of these barriers by direct comparison with experimental data from
Robertson et al.36 The transition between the two pore states depicted in Figure 3-1H and Figure
3-1I (Figure 3-1J and Figure 3-1K) took place in about 18 s at a temperature of 700 oC.36 This
transition can be effected through a set of three consecutive 2Z to 2Z NNN atomic movements.
From Table 3-1, the barrier of one such transition is 2.856 eV, which compares well with the
experimentally-deduced barrier of 2.66 eV (assuming a prefactor of 1×1013 Hz). Note that, with a
prefactor of 1.309×1014 Hz, at a temperature of 700 oC, or an effective temperature of ~770 oC
(which is possible due to heating of the lattice because of electronic collisions), with a pre-
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exponential factor of 1×1013 Hz, one would obtain exact agreement between experiment and
simulation for this transition.
Equipped with experimentally-consistent edge diffusion barriers and etching rates, I
carried out three different “in silico pore opening experiments”. In the first experiment, carbon
atoms are removed from the graphene lattice one-by-one, and the atoms are not allowed to
rearrange in between the etching steps. In the second in silico experiment, carbon atoms are
allowed to move (i.e., to diffuse along the edges) in between the etching steps, to take into
account the effect of atomic rearrangements. Finally, in the third experiment, atoms are not
allowed to move in between the etching steps, and the etching rates are now calculated using an
experimentally-validated theory of electron beam sputtering.40 All the in silico experiments were
repeated 1000 times for each nanopore size considered (see Appendix 3.7.3 for a discussion on
the sufficiency of 1000 KMC runs in determining the frequencies of observation of the MPIs).
In order to identify and catalog unique isomers and their respective probabilities from the
results of the in silico experiments, I formulated a novel graph theoretic approach, which also
takes into account the underlying symmetries of graphene (space group p6mm). Below, I define
the antimolecule of a pore to be the molecule formed by the atoms removed from the 2D material
lattice to form that pore. I identify the antimolecule to be the representative molecular structure
for each nanopore in a 2D material. In Figure 3-2 A-B, I depict an example pore formed by
removing 6 carbon atoms from pristine graphene, along with the pore’s antimolecule (shown in
white color) and rim atoms (shown in yellow color). To find out if two nanopores are identical, I
check if the molecular graphs associated with them (as embodied by the adjacency matrices41 of
the respective antimolecules) are identical (“isomorphic”). In order to account for the orientation
of bonds in 2D materials (which are not freely rotatable), I label each bond in the antimolecule
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with its orientation with respect to the coordinate axes, as outlined in the Methods section. In
Figure 3-2 C-D, I explain why bonds in 2D materials are not freely rotatable. Indeed, the
antimolecules of the distinct pores depicted in Figure 3-2C and Figure 3-2D differ only by the
rotation of a single C-C bond in the graphene lattice, indicating the importance of distinguishing
between bond orientations when comparing pore shapes. Note that, while checking for
isomorphism of antimolecules, I allow for six-fold rotation and mirror symmetries in graphene
(see Methods section for details). For the case of hBN, in addition, I ensure that identical
nanopores have equal number of B and N atoms, respectively.
A

B

F

I

G

J

K 10

Number of isomers

H

D

C

(e)

(d)
E

C

5

10 4
10 3
10 2
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No edge diffusion (KMC)
With edge diffusion (KMC)

10 1
10 0

0
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20

25
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35

Pore size (N)

Figure 3-2 (A-B) Concept of an antimolecule. A nanopore in graphene, formed by removing 6
atoms from the lattice, is depicted in panel (A). Carbon atoms at the pore rim are shown in green
color. The antimolecule of the pore depicted in (A) is shown in panel (B). The antimolecule
atoms are depicted in white color. (C-D) Non-rotatability of bonds in the graphene lattice. The
distinct pores depicted in panels (C) and (D) have antimolecules differing solely by the rotation
of a single C-C bond. (E-J) Schematic depicting the sequential etching of carbon atoms to form a
nanopore with 8 carbon atoms removed from the graphene lattice. In each image, the atom about
to be etched is depicted in red color. (K) Log plot of the number of isomers found in 1000 KMC
runs, with (in blue color) and without (in green color) considering edge diffusion, versus the size
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of the nanopore. The total number of possible isomers, from counting of triangular lattice
animals, is plotted in red color, versus the size of the nanopore.

3.3 Nanopores in Graphene
I have carried out the KMC algorithm for up to 28 carbon atoms removed from the graphene
lattice. As an illustration, molecular models depicting the sequential enlargement of a pore
formed by removing 8 carbon atoms from the graphene lattice are depicted in Figure 3-2E-J. I
distinguished between non-identical nanopores to count the number of unique isomers obtained
in 1,000 KMC runs at a temperature of 500 °C (see Appendix 3.7.4 for a discussion on how
temperature does not change the shapes, or relative rank ordering, of the MPIs, but only alters
their rates of formation). This data is graphically depicted in Figure 3-2K, in green color for the
first in silico experiment (without edge diffusion considered), and in blue color for the second in
silico experiment (with edge diffusion considered), and aims to show that the number of isomers
increases rapidly with the number of carbon atoms removed from the lattice, as intuition might
suggest. In addition, Figure 3-2K depicts the total possible number of isomers, enumerated in a
brute-force fashion, in red color (note that for N=30, there exist approximately 400 billion
isomers!13). It is noteworthy that the list of isomers generated in the KMC simulations is not
exhaustive, and only represents a small fraction of the possible pores, which makes comparison
with experimental data more straightforward.
To this end, I have used the limited number of high-resolution aberration corrected TEM
images of sub-nanometer nanopores available in the literature, plus five new TEM images of
graphene nanopores. The comparison is based on the following hypothesis: TEM images
reported in the literature should be of the most abundant pores, since imaging of pores is akin to
finding a needle in a haystack. Accordingly, I report the top four MPIs of graphene nanopores
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formed by removing N = 6, 7, 8, 10, 12, 13, 19, and 20 carbon atoms, as obtained from my KMC
simulations in the first in silico experiment (i.e., without incorporating edge diffusion) in Figure
3-3 (see Appendix 3.7.5 for other pore sizes). The corresponding results for the second in silico
experiment (i.e., including the effects of edge diffusion) are reported in Appendix 3.7.6. On the
left-hand side of Figure 3-3, I report the sizes (N) of the isomers considered, along with the
number of isomers obtained in 1000 KMC simulations (H'IJ,L??? ) as “4/H'IJ,L??? ”, the “4”
implying that only the top four-most probable isomers are depicted. Additionally, above each
nanopore isomer in Figure 3-3, I report its frequency of observation (in percent) in 1000 KMC
simulations. Finally, wherever the simulated nanopore isomer directly corresponds to an
observed experimental nanopore, I indicate the agreement with an orange border, and cite the
corresponding experimental work.
Two important conclusions can be drawn from Figure 3-3, and its comparison with the
results in Appendix 3.7.6: (i) the obtained MPIs offer a striking agreement when compared to the
limited TEM images of nanopores available in the literature, considering that anywhere between
12 and 593 nanopore isomers were obtained (see Appendix 3.7.7 for a comment about the
probabilities of the top four MPIs as a function of the size of the nanopore), and (ii) the inclusion
of edge difusion effects does not impact the relative abundance of the isomers considerably. Note
that such an analysis based on the frequencies of observation of the MPIs was possible because
the MPIs formed by removing the same number of atoms from the graphene lattice have similar
formation times (see Appendix 3.7.8), indicating that none of the isomers are kinetically
forbidden.
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Figure 3-3. Comparison of the results of the first in silico experiment (i.e., without including the
effect of edge diffusion) with experimental TEM images available in the literature. The leftmost
panel describes the sizes (N) of the isomers considered, and the number of isomers obtained in
1000 KMC simulations (H'IJ,L??? ) as “4/H'IJ,L??? ”, the “4” implying that only the top four MPIs
are depicted. The frequency of observation of each isomer in 1000 KMC simulations resulting in
N-sized pores is reported in percent above each isomer. Wherever the simulated nanopore isomer
directly corresponds to an observed experimental nanopore, the agreement is indicated with an
orange border and the corresponding experimental work is cited. Experimental data are taken
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from (a) Robertson et al.,36 (b) this chapter (University of Oxford), (c) this chapter (Lockheed
Martin Space), and (d) Wang et al.35 (Copyrights © 2014 and 2015, American Chemical
Society).
On the other hand, the assumption that electron-beam scattering solely determines the
etching rates precludes the observation of the experimentally-observed nanopore shapes in the
simulated dataset (see Appendix 3.7.9). This finding provides a proof-by-contradiction that
electron-beam scattering theory does not accurately represent the physics of nanopore creation in
the experimental studies considered, and puts on firm ground earlier hypotheses that
nanoparticle-catalyzed etching of graphene considerably alters the kinetics of etching as
compared to simple electron-beam sputtering.40 In this way, MPIs can be utilized to falsify
proposed mechanistic details even when the number of observed structures is low (see Appendix
3.7.10 for further validation using evidence-of-absence/less prevalence of nanopore shapes
not/less observed in experimental microscopy data). Finally, I have also observed that some of
the experimentally-observed nanopores using TEM are less frequent or are not seen in my
simulated dataset, because my on-lattice framework does not incorporate the formation of StoneWales defects39 and 7-membered and 8-membered rings42 or the possibility of reconstruction of
armchair and zigzag edges43 (see Appendix 3.7.11), thereby providing opportunities to improve
my modeling framework.
To verify whether the simulated probability of nanopores correlates with their
thermodynamic stability, I computed the relaxed (geometry-optimized) energies of formation of
the most-probable isomers, after geometry optimization, using DFT calculations (see Appendix
3.7.12 for calculations indicating that entropic and vibrational effects44 are not significant).
Accordingly, Figure 3-16 in Appendix 3.7.13 depicts a plot of the absolute formation energy of
the nanopores for the top four most-probable isomers formed by removing N = 6, 7, 8, 10, and
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13 carbon atoms from the graphene lattice, without edge diffusion considered. The dotted line in
Figure 3-16 denotes the average formation energy of nanopores as a function of the pore size, N.
As expected, the average formation energy of a nanopore increases with an increase in size of the
pore. The bars in Figure 3-16 (labeled as 1st, 2nd, 3rd, and 4th) are arranged in decreasing order of
the probabilities of occurrence of the isomers, such that the leftmost bar (1st) for a given pore size
(N) is the most-probable isomer. Considering this fact, an examination of Figure 3-16 in
Appendix 3.7.13 reveals that it is not necessary, given a pore size, for isomers which are more
abundant to have a lower formation energy. For example, the most-probable isomer for N=8,
labeled as 1st in Figure 3-16, has the highest formation energy (21.28 eV) amongst all the
isomers (1st, 2nd, 3rd, and 4th) considered for N=8 (see Appendix 3.7.13 for further evidence using
all possible isomers for the case when N=6). This finding indicates that more thermodynamically
stable pores (i.e., those possessing lower formation energies) need not necessarily be more
kinetically stable (i.e., more probable in the isomer tree). This key finding highlights the
importance of the type of analysis presented in this chapter.

3.4 Nanopores in Hexagonal Boron Nitride
I extended my methodology to present a solution for cataloging the most-probable isomers in
monolayer hBN. Several studies have observed nitrogen-terminated triangular defects in hBN
under a TEM.45–49 It is known that the number of atoms removed from the hBN lattice to form a
triangular pore belongs to the set of square numbers (N = 1, 4, 9, 16, …).49 I calculated the
reaction enthalpies for etching of different types of B and N atoms in nanoporous hBN: armchair,
zigzag, and singly-bonded atoms, as outlined in the Methods section. These values are listed in
Table 3-3, for etching in the presence and in the absence of silicon etchant atoms. Subsequently,
as I did in the graphene case, the activation barrier (9: ) was related to the reaction enthalpy
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(Δ>( ) as: 9: = 9:? 11 + E3FD 8 , where 9:? is the intrinsic activation barrier. The value of 9:? was
4

determined to be 1.116 eV, by fitting etching rates to a recent experimental dataset,49 as
explained in Appendix 3.7.14. Subsequently, using the activation barriers for etching, as listed in
Table 3-3, I used my combined graph-theoretic-KMC methodology to simulate the most
probable isomers for N=9 atoms removed from the hBN lattice. Similar to my calculations for
graphene, only when the B/N etching rates are calculated in the presence of silicon contaminant
atoms, the KMC simulations yield the experimentally observed nitrogen-terminated triangular
defects (see the simulated pore shapes in Figure 3-4 and Appendix 3.7.15). As Figure 3-4 shows,
the DFT-predicted etching rates in the presence of silicon etchant atoms are such that solely
triangular shapes with nitrogen-terminated edges are formed (with 100% probability!), which
compares well with the experimental findings. These results give further confidence that, with
knowledge of lattice energetics alone, the proposed overall approach can find accurate
representative isomers for 2D lattices.

Table 3-3. Enthalpies and activation barriers for the etching of different types of B and N atoms
in the hBN lattice.
Type of Atom

Enthalpy of etching
bare edge (eV)
B
N

Enthalpy of etching in the
presence of a Si atom (eV)
B
N

Activation barrier
for etching (eV)
B
N

Armchair

3.272

3.464

0.392

2.779

1.321

2.938

Zigzag

-0.302

-0.614

-1.458

1.949

0.506

2.304

Singly
Bonded

0.167

-0.694

3.484

0.050

3.538

1.142
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a. Meyer et al., Nano Lett. (2009)
c. Kotakoski et al., Phys. Rev. B (2010)
e. Gilbert et al., Sci. Rep. (2017)

b. Ryu et al., Nanoscale (2015)
d. Pham et al., Nano Lett. (2016)

Figure 3-4. Solution of the isomer cataloging problem for nanopores in monolayer hexagonal
boron nitride (hBN). The top-left panel depicts the only isomer obtained in 1000 KMC
simulations, for a pore of size N=9. 100% of the observed pores are triangular in shape, and have
edges terminated with nitrogen atoms. Nitrogen atoms are depicted in blue color and boron
atoms are depicted in cream color. The other panels depict experimental TEM images, adapted
from a. Meyer et al.,45 b. Ryu et al.,46 c. Kotakoski et al.,47 d. Pham et al.,48 and e. Gilbert et
al.,49 demonstrating a prevalence of triangular pores in the hBN samples. (Copyright © 2009 and
2016 American Chemical Society, © 2015 Royal Society of Chemistry, © 2010 American
Physical Society, and © 2017 Nature Publishing Group).

3.5 Methods
3.5.1 DFT Calculations
Electronic structure density functional theory (DFT) calculations for graphene were carried out
using the mixed Gaussian and plane waves (GPW) approach,50 as implemented in the opensource package cp2k.51 For hBN, I utilized the Projector Augmented Wave (PAW)
formalism,52,53 as implemented in the Vienna Ab initio Simulation Package (VASP).54,55 In both
cases, spin polarization was taken into account, and due to large supercell sizes, reciprocal space
sampling was limited to the M point in k-space. The Perdew-Burke-Ernzerhof (PBE)56
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generalized gradient approximation (GGA) functional was utilized to represent the exchangecorrelation energy of the system. Vacuum space of about 20 Å was provided in the direction
perpendicular to the graphene/hBN nanoribbon plane, as well as in the direction perpendicular to
the nanoribbon edge. Molecular structures were geometry optimized so that the maximum force
on any atom was less than 0.005 eV/Å. Enthalpies of etching (Δ>*N&O ) were determined using the
relaxed energies as: Δ>*N&O = (9*PQ*RL + 9:NJS,*TUS ) − 9*PQ* , where 9*PQ* is the energy of the
pristine edge, 9*PQ*RL is the energy of the respective edge with one carbon (C), boron (B), or
nitrogen (N) atom removed, and 9:NJS,UV)5 is the energy of a single C, B, or N atom in the
respective equilibrium phase. For carbon, the most-stable allotrope is graphite, for boron, it is the
β-rhombohedral phase, and for nitrogen, it is the gaseous state. Accordingly, 9:NJS,UV)5 for
carbon is the energy of one carbon atom in the graphene lattice, for boron, it is the energy of one
boron atom in the β-rhombohedral phase (whose unit cell contains 105 atoms), and for nitrogen,
it is half the energy of a single isolated nitrogen molecule (because gaseous densities are very
low, in my calculations, I can assume an isolated molecule). In the calculation of both 9*PQ* and
9*PQ*RL , a silicon atom was used to passivate the edge. It is well-known experimentally that
silicon atoms are prominent impurities in CVD grown 2D material samples, and often contribute
to etching of nanopores.35,36 Climbing image nudged elastic band (CI-NEB)57 calculations were
used to determine the activation barriers for various atomic rearrangements (edge diffusion
processes) in the graphene lattice. Whenever possible, the CI-NEB calculations were wellconverged such that forces in the direction perpendicular to the minimum energy path are less
than 0.0005 Ha/Bo (=0.0257 eV/Å). Because the CI-NEB calculations were tedious to converge,
for some cases, I was only able to converge to less stringent criteria. These criteria are
documented in Appendix 3.7.16. Formation energies of nanopores (Δ>W ) were calculated using
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DFT as: Δ>W = (9XJ(* + H9Y ) − 9X('IN'Z* , where H is the number of carbon atoms removed,
9X('IN'Z* is the energy of the pristine graphene lattice, 9XJ(* is the energy of the graphene lattice
with the pore atoms removed, and 9Y is the energy of one carbon atom in the graphene lattice.

3.5.2 Details Regarding cp2k Calculations
In cp2k, the molecularly optimized (MOLOPT) triple zeta basis sets with two polarization
functions (TZV2P)58 were used to describe the valence electrons in carbon and silicon atoms.
Norm-conserving Godecker-Hutter-Tutter (GTH) pseudopotentials59 were used to describe the
core electrons. Grimme’s D3 dispersion correction60 was applied to account for van der Waals
interactions. Fermi-Dirac smearing at a temperature of 300 K was utilized to speed up the
convergence of the DFT calculations.

3.5.3 Details Regarding VASP Calculations
In VASP, a plane wave energy cutoff of 500 eV was utilized. Grimme’s D3 dispersion correction
with Becke-Johnson damping61 was applied to account for the van der Waals interactions.
Gaussian electron density smearing, with a width of 0.2 eV, was utilized to rapidly converge the
DFT calculations.

3.5.4 KMC Simulations
Kinetic Monte Carlo (KMC) simulations28 based on Gillespie’s algorithm62 were carried out
using a code developed in MATLAB R2016b, at a temperature of 500 °C.36 Note that three
important modifications need to be accommodated in the standard KMC algorithm before
simulating the formation of nanopores along with edge diffusion. The first is that the system
should be prevented from getting stuck in “superbasins”28 during the course of the simulation,
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due to certain rates being much faster than the others (see Table 3-2). For this purpose, if the
system visits the same set of states repeatedly in the simulation, then, after a certain number of
steps (say, 50), any one of the steps which takes the system out of the superbasin is selected with
Gillespie’s probability. This is because, due to rapid kinetics, the system is equally likely to be in
any of the states of the superbasin, and therefore, all the pathways which lead the system out of
the superbasin are considered. This concept is explained with an illustration in Appendix 3.7.17.
Secondly, any atom cannot migrate to a site having no neighbors (because the enthalpy change
involved in such a process, as documented in the Appendix 3.7.18, is massively endothermic). If
any such “hanging” atom is created by the etching process, it can migrate to any neighbor,
nearest-neighbor, or next-nearest neighbor site in a barrierless fashion. The third modification to
the KMC algorithm is required because the ab initio calculated activation barriers for edge
diffusion processes are “off-lattice”, in that they correspond to energetically minimized (using
DFT) initial and final states, and therefore, do not correspond to atoms existing solely at the
perfect crystal lattice positions. On the other hand, the KMC simulation is carried out in an “onlattice” framework. As a result, I do not allow any edge diffusion process, which results in a
reduction in the number of bonded neighbors of a diffusing atom (these transitions are
highlighted in yellow color in Table 3-2). Most of these transitions possess barriers which are
much higher than 2.5 eV, and therefore, are anyway slower than the etching of atoms in the
system. For transitions 2A→1 (N) and 2Z→1 (N), which possess a barrier of zero, the energy
minimized initial and final states have the same energy, whereas the states before energy
minimization necessarily do not possess the same energy, such that one of the states is higher in
energy than the other in the on-lattice representation. This implies that, for the KMC simulation
to remain as close as possible to the minimum potential energy surface, only those transitions
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having a zero barrier should be allowed, wherein the system lowers its energy, by increasing its
number of bonded neighbors, in the corresponding on-lattice move. In other words, moves
1→2A (N) and 1→2Z (N) should be allowed, while moves 2A→1 (N) and 2Z→1 (N) should not
be allowed. Further, transition 3→1 (NN), possessing a barrier of 0.872 eV, upon geometry
optimization, corresponds to a 5-7 ring transformation at the edge (see Appendix 3.7.16), and
therefore, should not be included in the on-lattice description. Finally, I have observed that
including transition 2Z→1 (NNN), possessing a barrier of 1.091 eV, leads to simulated pore
shapes which are significantly different from the experimentally observed shapes, and therefore,
should be excluded from the rate catalog.

3.5.5 Isomer Distinguishing Methodology
I use a graph theoretic approach to compare the shapes of various nanopore isomers. To this end,
the adjacency matrix of the antimolecule of a nanopore is used as its graph representation. The
MATLAB Bioinformatics toolbox has in-built functions to determine whether two adjacency
matrices are isomorphic. Because bonds in 2D materials are not freely rotatable, I also include
the orientations of bonds in the antimolecule into the analysis. The graphene lattice consists of
two hexagonally-arranged sublattices, labeled A and B. As illustrated in Appendix 3.7.19, there
are three possible orientations for bonds originating at an A-sublattice carbon: bottom, top-left,
and top-right, and three possible orientations for bonds originating at a B-sublattice carbon: top,
bottom-left, and bottom-right. Since each A-sublattice carbon is connected to a B-sublattice
carbon, only three of these orientations are sufficient to be included in the adjacency matrix of
the antimolecule; I choose the bond orientations corresponding to the B-sublattice carbons, i.e.,
top, bottom-left, and bottom-right. To represent directionalities within the graph isomorphism
framework, different edge lengths are assigned to differently-oriented bonds. Accordingly, a pre-
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determined number of fictitious atoms are introduced into the antimolecule and are inserted in
between any two neighboring carbon atoms, as follows: (i) for a top-oriented bond, zero
fictitious atoms are introduced, (ii) for a bottom-left-oriented bond, one fictitious atom is
introduced, and (iii) for a bottom-right-oriented bond, two fictitious atoms are introduced. To
account for the symmetry of graphene, as explained in Appendix 3.7.19, the adjacency matrix of
a given antimolecule is compared with the 12 symmetry-equivalent adjacency matrices of
another antimolecule, to check for isomorphism. For hBN, I further ensure that two identical
isomers have an equal number of B and N atoms removed, respectively.

3.5.6 Experimental Details for Nanopores Labeled “b” in Figure 3-3
Graphene was prepared using chemical vapor deposition, utilizing liquid copper as the
catalyst.63,64 Copper (Cu) on tungsten (W) was placed in a split-tube furnace, where it was
annealed at 1090 °C, with 200 standard cubic centimeters (sccm) argon (Ar) and 100 sccm 25%
hydrogen (H2) in Ar gas flow for 30-60 min, thereby melting the copper. The H2/Ar flow was
then decreased to 80 sccm and a 10 sccm methane (CH4)/Ar mix (1% CH4) was introduced into
the furnace for 90 min. Subsequently, the sample was cooled to 1060 °C for 30 min under gas
flow to fill in the graphene.64 The graphene was removed from the furnace and quickly cooled to
room temperature under a H2 and Ar atmosphere. A PMMA layer was spin coated on to the
graphene/Cu/W stack before etching the metals. W was etched by attaching the sample as an
anode in the electrolysis of 2 M NaOH solution with Cu as the cathode. The Cu was etched by
floating the sample on 1 M ammonium persulfate solution, followed by extensive HCl, and DI
water rinse stages to clean the graphene. The PMMA/graphene film was transferred to a TEM
grid, and the PMMA was removed by baking in the ambient atmosphere at 350 °C overnight.
Imaging was performed at 80 kV on Oxford's JEOL 2200MCO aberration corrected TEM, with
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single atom resolution images captured with the monochromator, using a 5 µm slit to reduce the
beam energy spread to ∼0.3 eV. A DENS solutions heating holder was used to heat the sample
to temperatures of 500-700 °C to allow imaging of subnanometer pores before being filled.
Images presented have been subjected to bandpass filtering and Savitzky-Golay smoothing. An
upper estimate of the electron flux incident on the sample is 105 e nm-2 s-1, however insertion of
the monochromator slit will act to reduce this flux.36

3.5.7 Experimental Details for the Nanopore Labeled “c” in Figure 3-3
The 8-carbon atom sized pore in graphene, labeled as “c” in Figure 3-3, was generated by
bombarding a graphene sample with Xeon ions (Xe+) with an energy of 500 eV, at ambient
temperature. The irradiation chamber was evacuated to a pressure of 2´10-7 Torr a priori.
Aberration-corrected scanning transmission electron microscopy (AC-STEM) imaging was
performed using a Nion UltraSTEM100 operated at 60 kV accelerating voltage (60 pA probe
current, 16 µs dwell time, 15.6 pm pixel size). Medium-angle annular dark-field (MAADF)
images were acquired with a convergence semi-angle of 30 mrad and a collection semi-angle of
54−200 mrad. Prior to STEM imaging, the samples were baked for approximately 8 h under high
vacuum at 160 °C in order to reduce surface contamination. The AC-STEM image was postprocessed using the Richardson-Lucy deconvolution algorithm available in MATLAB in order to
generate the image shown in Figure 3-3.

3.6 Conclusions
In this chapter, I have developed and demonstrated a solution to the Isomer Cataloging Problem
for graphene nanopores that should readily extend to other 2D systems. To this end, I have
demonstrated an example solution for the case of nanoporous hBN. My approach combines ab
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initio calculations of etching enthalpies and edge diffusion activation barriers with KMC
simulations and chemical graph theory to generate a nanopore catalog demonstrating remarkable
agreement with experimental data. I reach several prominent conclusions: (i) graph theory can be
successfully used to distinguish isomers of nanopores in a 2D lattice, (ii) the ab initio calculated
edge diffusion rates, validated using an experimentally observed transition, offer high-quality
calculated values which can aid in the benchmark of reactive force fields, (iii) pore shapes, when
simulated based on the etching rates proposed in this chapter, agree strikingly well with
experimental data, as opposed to when etching rates are computed using electron-beam
scattering theories, and (iv) thermodynamic stability of nanopores is significantly different than
the kinetic stability of nanopores. While experimentalists can use the approach developed herein
to obtain insights into the atomic structures which could be present in their nanoporous graphene
and hBN samples, modelers could use this framework to rationally choose the nanopore systems
to work with. The multiscale approach developed in this chapter opens up new possibilities in the
study of extended defects in graphene, hBN, MoS2, and other 2D materials, including the
possibility to predict pore size and shape distributions. Future work could investigate the role of
pore termination and chemistry in the formation kinetics and shape distribution. The
methodology to solve the Isomer Cataloging Problem presented in this chapter improves the
understanding of the molecular structure of nanopores present in nanoporous 2D materials, and
should aid researchers working towards utilizing nanoporous 2D materials in various
applications, including optoelectronics, magnetism, electrochemistry, and membrane separations.
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3.7 Appendices
3.7.1 Molecular Models Depicting the First Few Carbon Atoms Etched from
the Graphene Lattice
A zigzag atom is defined as an edge atom which has two bonded neighbors, each of which
possess three bonded neighbors. An armchair atom is defined as an edge atom which has two
bonded neighbors, one of which possesses two/three bonded neighbors and the other possesses
two bonded neighbors.34 Accordingly, when atoms begin to be etched from the graphene lattice
starting with a monoatom vacancy, Figure 3-5 shows that the first three etched atoms are
necessarily zigzag. Further, the fourth etched atom has a 67% probability of being zigzag.
Therefore, in calibrating my model to estimate the intrinsic activation barrier, 9:? , I have
assumed that the experimental rate of etching, as determined in the work of Robertson et al.,36
corresponds to that of zigzag atoms.

Figure 3-5. Molecular schematic depicting the etching of the first few atoms removed from the
graphene lattice, starting with a monoatom vacancy. The first, second, and third atoms to be
etched are all necessarily zigzag. The fourth atom to be etched is necessarily zigzag in two cases,
and in the third case, it has a 67% probability of being zigzag.
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3.7.2 Discussion on the Choice of the Atomic Prefactor Used in the Arrhenius
Equation in the Kinetic Monte Carlo (KMC) Simulations
The frequency in the Arrhenius formula (-) can be calculated exactly using Vineyard’s harmonic
transition state theory (hTST),65 as follows:
^Z
Π']L
-'
(3-1)
- = ^ZRL
Π']L -`_
where -' are the 3n normal modes of the initial state, -`_ are the (3n-1) normal modes of the

transition state, and n is the number of atoms in the system. The normal modes (vibrational
frequencies) for a given state of a solid system can be obtained from the Hessian matrix of
second-order partial derivatives of the internal forces acting on atoms in the system. For n atoms
in the system, using a finite difference scheme, the estimation of the required second-order
partial derivatives involves the calculation of 6n first-order partial derivatives of the internal
forces. If the first-order derivatives in question are themselves approximated using finite
differences, I would require 12n force evaluations for the system under consideration. Because
each force evaluation is a partial derivative with respect to the potential energy of the system, in
total, calculating the Hessian matrix would amount to performing 24n single point DFT energy
calculations. These 24n DFT energy calculations would have to be done for both the initial state
of the system as well as the transition state of the system, leading to a total of 48n single point
DFT energy calculations to determine a single frequency value. In order to avoid edge effects,
the systems considered in this chapter have around n = 200 atoms, indicating that the calculation
of each frequency would require 9600 energy evaluations. According to code performance on the
Comet supercomputer at the San Diego Supercomputing Center,66 each DFT energy evaluation,
using 96 CPU cores, requires ~13 minutes of simulation time. Therefore, the evaluation of a
single attempt frequency, under the harmonic approximation, would require 2080 hours of
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simulation time, which amounts to ~200,000 core hours, a considerable computational demand!
Nevertheless, some previous simulation studies have calculated the prefactor for graphene
systems to be around 1013 Hz using the Vineyard approach.43,67,68 Other simulation studies have
obtained good agreement with experimental data and results of simulations when assuming a
prefactor of 1013 Hz.69–71 While a future study could certainly calculate the attempt frequency for
each transition considered in order to elucidate variations between different transitions, in order
to make reasonable predictions, in this study, I have adopted a constant value of 1013 Hz for the
prefactor for all the transitions considered.

3.7.3 Simulated Dataset Consisting of 10000 KMC Runs Instead of 1000
KMC Runs Considered in the Main Chapter
All the results for the most-probable isomers (MPIs) of nanopores in graphene, reported in the
main chapter, were obtained from a simulation dataset consisting of 1000 KMC runs. In order to
study the dependence of the frequency of observation of different nanopore isomers on the
number of KMC runs, I also generated another simulation dataset consisting of 10000 KMC
runs, for the case without edge diffusion considered. Figure 3-6 compares the results for the
frequency of observation of the top-four most-probable isomers (MPIs) obtained from the two
different datasets consisting of 1000 and 10000 KMC runs, respectively. As seen in Figure 3-6,
three new isomer shapes are revealed in the dataset consisting of 10000 KMC runs, as compared
to the dataset consisting of 1000 KMC runs, increasing the total number of discovered isomers
from 54 to 57. The percentages of observation of the top four MPIs was found to change by only
–1.6%, +2.7%, 0%, and +0.1%, respectively, between the two datasets. Further, there is no
qualitative change in either the shapes of the top four MPIs or in their relative rank ordering.
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This finding indicates that the results for the top-four MPIs obtained using 1000 KMC runs are
robust and do not change if a larger number of KMC runs are considered.
25.3%

16.1%

14.6%

6%

23.7%

18.8%

14.6%

6.1%

N=8
1000 KMC runs
T=773.15 K
4/54

N=8
10000 KMC runs
T=773.15 K
4/57

Figure 3-6. Effect of varying the number of KMC runs on the four most-probable isomers of
nanopores formed by removing N=8 carbon atoms from the graphene lattice. The top panel
depicts results from a dataset consisting of 1000 KMC runs, and the bottom panel depicts results
from a dataset consisting of 10000 KMC runs. The total number of isomers obtained in the
respective datasets, H'IJ,L??? (or H'IJ,L???? ), is reported as “4/H'IJ,L??? ” (or “4/H'IJ,L???? ”),
indicating that only the top four most-probable isomers are depicted. Additionally, the frequency
of observation (in percent) of each isomer is reported above its molecular model.

3.7.4 Effect of Temperature on the Simulated Most-Probable Isomers
In order to understand the effect of temperature on the simulated most-probable isomers (MPIs),
I carried out 10000 KMC simulations, without considering edge diffusion, at three different
temperatures: (i) 373.15 K, (ii) 773.15 K (which is the temperature considered in the main
chapter), and (iii) 1273.15 K. Figure 3-7 compares the results for the three cases in terms of the
frequencies of observation of the top-four MPIs. As observed in Figure 3-7, the shapes of the
top-four MPIs and their relative rank ordering do not change as a function of temperature
between 373.15 K and 1273.15 K. Further, the frequencies of observation of the MPIs are at
most within a few percent of each other at the three temperatures, indicating that the temperature
of etching does not play a very important role in determining the shape of the nanopores formed.
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Note, however, that although the temperature does not change the shapes of the MPIs, it does
affect the kinetics of formation of the nanopore. For example, the average time of formation of
the first MPI changes from 1.41 ´ 1018 s (~ 45 billion years!) at 373.15 K to 122 s at 773.15 K to
0.16 ms at 1273.15 K. This finding indicates that the first MPI (and other nanopores) would
never realistically form at a temperature of 373 K.

24.8%

19.6%

23.7%

18.8%

14.6%

6.1%

22.9%

17.9%

14.5%

6.1%

15.9%

7.1%

N=8
T=373.15 K
4/57

N=8
T=773.15 K
4/57

N=8
T=1273.15 K
4/57

Figure 3-7. Effect of varying the temperature of etching on the frequency of observation of the
four most-probable isomers of nanopores formed by removing N=8 carbon atoms from the
graphene lattice. All the results shown were obtained using 10000 KMC runs. Results at
temperatures of 373.15 K, 773.15 K, and 1273.15 K, are depicted in the top panel, the middle
panel, and the bottom panel, respectively. The total number of isomers obtained in 10000 kinetic
Monte Carlo (KMC) simulation runs resulting in N-sized pores, H'IJ,L???? , is reported as
“4/H'IJ,L???? ,” indicating that only the top four most-probable isomers are depicted. Additionally,
the frequency of observation (in percent) of each isomer is reported above its molecular model.
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3.7.5 Molecular Models of Most-Probable Isomers (MPI) for Nanopore Sizes
other than those Considered in the Main Chapter
126

106

92

91

108

96

92

204

157

23

19

118

52

33

16

46

46

42

38

N=9
4/91

N=9
4/81

205

140

21

19
N=11
4/138

N=11
4/155

120

50

40

16

N=14
4/283

N=14
4/274
43

39

36

34
N=15
4/375

N=15
4/348

40
N=16
4/353

114

20

18

16

47

21

19

19

N=16
4/381

Figure 3-8. Molecular models of the most-probable isomers for nanopore sizes (N) other than
those depicted in the main chapter, specifically for N = 9, 11, and 14–16. The left panel depicts
isomers formed in the first in silico experiment, i.e., without atomic rearrangements (edge
diffusion) considered, and the right panel depicts isomers formed in the second in silico
experiment, i.e., with atomic rearrangements (edge diffusion) considered. The total number of
isomers obtained in 1000 kinetic Monte Carlo (KMC) simulation runs resulting in N-sized pores,
H'IJ,L??? , is reported as “4/H'IJ,L??? ,” indicating that only the top four most-probable isomers are
depicted. Additionally, the number of times that each isomer was observed in those 1000 KMC
simulations is reported above each isomer.
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Figure 3-9. Molecular models of the most-probable isomers for nanopore sizes (N) other than
those depicted in the main chapter, specifically for N = 17, 18, and 21–23. The left panel depicts
isomers formed in the first in silico experiment, i.e., without atomic rearrangements (edge
diffusion) considered, and the right panel depicts isomers formed in the second in silico
experiment, i.e., with atomic rearrangements (edge diffusion) considered. The total number of
isomers obtained in 1000 kinetic Monte Carlo (KMC) simulation runs resulting in N-sized pores,
H'IJ,L??? , is reported as “4/H'IJ,L??? ,” indicating that only the top four most-probable isomers are
depicted. Additionally, the number of times that each isomer was observed in those 1000 KMC
simulations is reported above each isomer.
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Figure 3-10. Molecular models of the most-probable isomers for nanopore sizes (N) other than
those depicted in the main chapter, specifically for N = 24–28. The left panel depicts isomers
formed in the first in silico experiment, i.e., without atomic rearrangements (edge diffusion)
considered, and the right panel depicts isomers formed in the second in silico experiment, i.e.,
with atomic rearrangements (edge diffusion) considered. The total number of isomers obtained in
1000 kinetic Monte Carlo (KMC) simulation runs resulting in N-sized pores, H'IJ,L??? , is
reported as “4/H'IJ,L??? ,” indicating that only the top four most-probable isomers are depicted.
Additionally, the number of times that each isomer was observed in those 1000 KMC
simulations is reported above each isomer.
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3.7.6 Comparison of the First Two In Silico Experiments: The Effects of Edge
Atomic Rearrangements
Simulated (with edge diffusion)

Simulated (without edge diffusion)
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Figure 3-11. Comparison of the first two in silico experiments to uncover the effects of atomic
rearrangements (edge diffusion) on the simulated pore shapes. The left panel depicts isomers
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formed in the first in silico experiment, i.e., without atomic rearrangements (edge diffusion)
considered, and the right panel depicts isomers formed in the second in silico experiment, i.e.,
with atomic rearrangements (edge diffusion) considered. The total number of isomers obtained in
1000 kinetic Monte Carlo (KMC) simulation runs resulting in N-sized pores, H'IJ,L??? , is
reported as “4/H'IJ,L??? ,” indicating that only the top four most-probable isomers are depicted.
Additionally, the number of times that each isomer was observed in those 1000 KMC
simulations is reported above each isomer. Orange borders around the images indicate agreement
between simulated shapes and experimental TEM images. Blue borders around the images
indicate different isomer shapes amongst the top four most-probable isomers between the cases
with and without edge diffusion.

3.7.7 Percentage of Isomers as a Function of the Number of Isomers
As the size of the nanopore (N) increases, the probabilities of the top four most-probable isomers
(MPIs) decrease, because there are more number of isomers in total. For example, to represent
50% of all nanopores, the following number of isomers are required: 4 for N=6, 2 for N=7, 3 for
N=8, 12 for N=10, 21 for N=13, and 336 for N=28 (see Figure 3-12). Nevertheless, I have
considered only the top four MPIs for each size (N) for purposes of comparison with experiment.

A

B

Figure 3-12. Cumulative percentage (A) and percentage (B) as a function of the number of
isomers for N = {6, 7, 8, 10, 13, 28}. The isomers are considered in decreasing order of their
respective probabilities, as seen in panel (B). As expected, the total cumulative probability,
including all possible isomers, is 100% in panel (A) for each case. The dashed vertical red line
depicts the 4th most probable isomer.
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3.7.8 Formation Times of the Most-Probable Isomers
Table 3-4. Formation times of the top four most-probable isomers (MPIs) for the case of N = 6,
7, 8, 10, and 13 carbon atoms removed from the graphene lattice, at a temperature of 500 °C, for
the first in silico experiment (without edge diffusion considered).
N

Formation Time (s)
1st MPI

2nd MPI

3rd MPI

4th MPI

6

116.1 ± 53.2

94.5 ± 49.6

104.8 ± 47.3

121.3 ± 57.1

7

108.5 ± 46.9

114.9 ± 46.9

130.8 ± 62.7

119.1 ± 56.9

8

122.0 ± 53.3

127.3 ± 51.1

120.2 ± 51.8

116.4 ± 46.9

10

129.9 ± 47.5

141.7 ± 64.9

139.0 ± 41.5

158.1 ± 52.1

13

148.9 ± 53.6

154.6 ± 53.7

158.4 ± 52.9

173.0 ± 45.9

3.7.9 Molecular Models of Most-Probable Isomers Formed When Etching
Rates Are Calculated Using Electron-Beam Induced Etching (“Third In
Silico Experiment”)
In order to calculate the rates of etching of various types of carbon atoms from the graphene
lattice using an electron beam, I used the modification of the McKinley and Feshbach analytical
expression72 for the Mott scattering cross-section,73 as proposed by Meyer et al.40 (see also
associated erratum74), in order to incorporate the effect of lattice vibrations:
e

a (<, 9 ) = b c(d, <) ag 1<hS:i (d, 9 )8 Θk<hS:i (d, 9 ) − <NO( l !d

(3-2)

Re

where a (<, 9 ) is the scattering cross section, < is the absolute temperature of the system, 9 is
the energy of the incoming electron, c(d, <) is the normalized probability density function for an
atom in the lattice having a velocity between d and d + !d, Θ denotes the Heaviside step
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function, <hS:i denotes the maximum amount of energy transferred from the incoming electron
to a vibrating lattice atom, and <NO( denotes the displacement threshold for the type of atom
under consideration (zigzag, armchair, or singly bonded). The distribution of velocities is given
by:
c(d, <) !d =

dG
exp q− pppG r !d
2d
pppG
m2od
1

(3-3)

where, ppp
d G is the mean square velocity of an atom, and can be calculated within the framework of
the Debye model to be:
z{

9%;
9%; < < ^ 7
y^
G
ppp
d =
v +
w x b
!y
8uZ g
uZ vg
exp(y) − 1
?

(3-4)

where %; is the Boltzmann constant, uZ is the mass of the nucleus which is being etched, vg is
the Debye temperature of the solid, and y is a dummy variable for integration. Finally, a|g (d, 9)
is given by:
a|g (d, 9 ) = ag (<hS:i (d, 9 ))
4~ G 9G <hS:i
1 − ÇG
<NO(
G
= G E q
r oÅ? q
r É1 + 2oÑÇÖ
E
h
u* Ä
<NO(
Ç
<S:i

−

(3-5)

<NO(
<hS:i
Ü1 + 2oÑÇ + (Ç G + oÑÇ ) ln q
râä
<NO(
<hS:i

where ~ is the atomic number of the target atoms (6 for the case of carbon), 9 = 13.6 éè is the
Rydberg energy, Å? = 5.29 × 10RLL u is the Bohr radius of the hydrogen atom, Ä is the speed of
light, Ç =

ìî
&

ï

, d* is the velocity of the incoming electron, u* is the mass of the electron, Ñ = L^ñ,

<NO( is the displacement threshold for the type of atom under consideration (zigzag, armchair, or
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singly bonded), and <hS:i is the maximum amount of energy transferred from the incoming
electron to a vibrating lattice atom, and is given by:
2#
#G
+ 1+ + Ä 8 + G
Ä
<hS:i (d, 9 ) =
2uZ

(3-6)

L

where + = & m9(9 + 2u* Ä G ) + uZ d and # = m(9 + 9Z )(9 + 2u* Ä G + 9Z ).
Based on Eqs. (1) – (5), and the values of the displacement threshold (<NO( ) estimated using ab
initio molecular dynamics (AIMD) simulations75 for various types of carbon atoms, the
scattering cross-section has been tabulated for various types of carbon atoms (armchair, zigzag,
and singly bonded) in the graphene lattice, in Table 3-5, at a temperature of 500 oC. It is known
that the electron dose rate in the work by Robertson et al. is 1× 105 e–/nm2 s, along with a beam
energy of 80 keV.36 The etching rate of each type of carbon atoms is simply given by the product
of the electron dose rate and the respective scattering cross-section. It is noteworthy that, in the
absence of edge diffusion effects, the electron dose rate only affects the total rate of formation of
the nanopore, and does not affect the relative rates of etching of the various atoms. I find the
etching rate for zigzag atoms, as computed from electron-beam scattering theory, to be 2.76 ´ 104

s-1 (see Table 3-5), which is about two orders of magnitude lower than the experimentally-

observed rate of 0.01 s-1 observed for the first four carbon atoms etched from the graphene
lattice, which are primarily of the zigzag type.36
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Table 3-5. Electron beam cross-section and etching rates for various types of carbon atoms in the
graphite lattice, calculated using the theory proposed by Meyer et al.40,74
Atom Type
Armchair
Zigzag
Singly Bonded

Displacement
Threshold (eV)
19.0
12.0
12.9

Etching CrossSection (barn)
0.797
27.619
20.233

Etching Rate (s-1)
7.97 × 10-6
2.76 × 10-4
2.02 × 10-4

Nevertheless, based on the above calculated etching rates, I carried out kinetic Monte
Carlo (KMC) simulations to enumerate the most-probable isomers formed by removing N = 6, 7,
8, 10, 13, and 28 carbon atoms from the graphene lattice (described as the third in silico
experiment in the main chapter). The nanopores were distinguished from each other based on the
graph-theoretic approach outlined in the main chapter. Figure 3-13 depicts the top four mostprobable isomers obtained in 1000 KMC simulations, along with how many times each isomer
occurred in those 1000 simulations. A comparison of the nanopores depicted in Figure 3-13, and
in Figure 3-3 in the main chapter indicates that, when etching rates are calculated using electronbeam scattering theory, the resulting most-probable isomers (MPIs) do not agree with the
experimentally-observed nanopore isomers. Moreover, as indicated above, the etching rates
calculated from electron-beam scattering theory do not match the experimentally-observed rates
for etching of zigzag atoms in the graphene lattice. Furthermore, my simulations show that, if the
etching rates are taken as given by electron-beam scattering theory,40,74 none of the
experimentally observed nanopore isomers for N=10, 13, and 28 are obtained even once in 1000
KMC runs, as opposed to appearing 123, 53, and 10 times, when etching rates in the presence of
silicon etchant atoms are utilized. Furthermore, the experimentally observed nanopore isomers
for N=6, 7, 8 (2nd MPI), 8 (3rd MPI), and 8 (4th MPI) are obtained only 2, 1, 2, 0, 3 times in 1000
KMC runs when utilizing etching rates given by electron-beam scattering theory, as opposed to
139, 417, 161, 146, and 60 times, when etching rates in the presence of silicon etchant atoms are
173

utilized. In this way, the simulated most-probable isomers can be utilized to disprove proposed
mechanistic details even when the number of observed structures is low. On the other hand, the
simulated nanopores depicted in Figure 3-3 of the main chapter clearly demonstrate remarkable
agreement with the experimentally-observed nanopore shapes. This indicates that the transition
metal atoms, such as silicon, aid in the etching of the graphene lattice, in the presence of the
electron beam, thereby altering the etching kinetics to yield the experimentally-observed
nanopore shapes.
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Figure 3-13. Top four most-probable isomers obtained using KMC simulations, based on etching
rates calculated using electron-beam scattering theory. The total numbers of isomers are
indicated on the left side, and the number of times that each isomer was obtained in 1000 KMC
runs is indicated on the top of each isomer.

3.7.10 Evidence of Absence/Less Prevalence of Self-Passivated Graphene
Nanopore Structures for N=4, 6, and 12 in the Simulated Dataset
In the work by Robertson et al.,36 the authors actively searched for self-passivated nanopore
structures (see Figure 3-14 for various nanopore shapes) in their experimentally-synthesized
graphene samples. The authors observed several instances of the self-passivated N=4 nanopore
(Figure 3-14, left panel), but reported that it is not frequently observed due to alternative, more
favorable nanopore shapes. Indeed, in my simulations, the self-passivated N=4 structure is the 3rd
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MPI out of 3 possible isomers and appears only 20% of the time in 1000 KMC runs. Further, the
authors observed the self-passivated N=6 nanopore (Figure 3-14, center panel) only once in their
data sets consisting of over 2500 captures, at least 300 of which contained a nanopore. In
qualitative agreement with this finding, in my simulations, the self-passivated N=6 pore is only
the 8th MPI out of 12 isomers, appearing just 6% of the time in 1000 KMC simulations. Finally,
the self-passivated N=12 nanopore (Figure 3-14, right panel) was not observed at all in the
experimental dataset collected by Robertson et al.36 In very good agreement with this finding, the
N=12 self-passivated nanopore structure was found not even once in 1000 KMC runs of my
simulated dataset. Therefore, this evidence-of-absence (less prevalence) of experimentallyunobserved (less observed) nanopore shapes in my simulated dataset provides further confidence
that the proposed modeling framework mimics reality accurately.
N=4

N=6

N=12

Figure 3-14. Self-passivated nanopore structures in graphene, formed by removing N=4, 6, and
12 carbon atoms from the lattice.

3.7.11 Avenues for Improvement of the Proposed Modeling Framework
Figure 3-15 depicts some additional nanopore structures, seen experimentally in graphene under
a transmission electron microscope (TEM), other than the ones depicted in the main chapter
(these were synthesized and imaged at the University of Oxford). A quick glance at the nanopore
structures depicted in Figure 3-15 indicates that some nanopore structures (see the ones with a
green border) cannot be described by carbon atoms lying at the perfect atomic locations in a
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graphene lattice. In this regard, the on-lattice modeling framework for graphene nanopores
proposed in this chapter does not account for the formation of Stone-Wales defects39 and 7membered and 8-membered rings,42 or the possibility of reconstruction of armchair and zigzag
edges.43 Nevertheless, such defects are indeed observed experimentally in some cases (see panels
with a green border in Figure 3-15). Therefore, when attempting to compare the experimental
transmission electron microscopy (TEM) images with my simulated nanopore shapes, I have
inferred the closest approximation for the simulated shape of the nanopore. With this
approximation, I am able to find reasonably similar nanopore structures in my simulated dataset
for many of the cases (e.g., 2nd MPI for N=16, 9th MPI for N=9, 9th MPI for N=18, 15th MPI for
N=13, and 317th MPI for N=22, in Figure 3-15). For cases where an exact comparison is possible
(i.e., those nanopores without a green border), I found the 18th MPI for N=15 in my simulated
dataset. However, there are a number of nanopores wherein I could not find the inferred
nanopore shape in the simulated dataset, whether an exact match was possible (N=11, N=14, and
N=25) or only an approximate match was possible (N=17 and N=22). The reason for the
experimentally-observed nanopores not being found in my simulated dataset could be that most
of these structures (N=11, N=14, N=17, and N=22) have dangling bonds which are not stable in
my modeling framework (dangling bonds have an etching barrier of around 1.0 eV, compared to
around 2.3 eV for both doubly-bonded armchair and zigzag atoms). Moreover, it is not clear how
stable these dangling bonds are experimentally. Further, for the case of N=25, wherein there are
a total of 2 billion isomers,13 I found 799 isomers in 1000 KMC runs, indicating that there could
be many other candidates which are kinetically similar to the 799 isomers but were not seen in
1000 KMC runs.
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9th MPI for N=9 (6.1%)

2nd MPI for N=16 (2%)

18th MPI for N=15 (1.1%)

15th MPI for N=13 (1.9%)

9th MPI for N=18 (1.6%)

317th MPI found for N=22 (0.1%)

Not found for N=14

Not found for N=11

Not found for N=22

Not found for N=17

Not found for N=25

Figure 3-15. Some nanopore structures seen in graphene experimentally under a transmission
electron microscope, other than the ones depicted in the main chapter. Some of these structures
are shown with a green colored border, indicating that the computer-generated molecular models
are for the closest approximation of the experimentally-observed nanopore shapes. Above each
nanopore, I indicate whether the inferred molecular models agree with a most-probable isomer
(MPI) from my simulation results.

3.7.12 Calculation of the Entropy of Formation of Representative Nanopore
Isomers
In order to quantify the free energy of formation of nanopores, I computed the entropy of
formation of nanopores. The entropy of formation is given as:
ΔóW = (óXJ(* + òóY ) − óX('IN'Z*
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(3-7)

where ò is the number of carbon atoms removed, óX('IN'Z* is the entropy of the pristine graphene
lattice, óXJ(* is the entropy of the graphene lattice with the pore atoms removed, and óY is the
entropy of one carbon atom in the graphene lattice. In the canonical (Hè<) ensemble, where H is
the total number of atoms in the system (note that, usually the symbol ò is utilized for the total
number of atoms in the system; however, in this chapter, the symbol ò is used to denote the
number of atoms removed to form a nanopore), è is the system volume, and < is the absolute
temperature of the system, the entropy of the system is related to the partition function (~) by:
ó=−

%; < ô~
~ ô<

(3-8)

where %; is the Boltzmann constant. Under the harmonic approximation for the statistical
mechanics of solids,76 the canonical partition function, ~, is given by:
öõ
~ = exp w−
xú
%; <
T†

ℏû (ü-)
exp w− 2% < x
;
ℏû (ü-)
1 − exp w− % < x
;

(3-9)

O

where öõ is the electronic internal energy of the lattice, as computed from DFT, ℏ = G°, ℎ is the
Planck constant, and û(ü-) represents each vibrational frequency of the lattice. Therefore, the
entropy of the system can be expressed as follows:
ó=

1
ℏû (ü-)
ℏû (ü-)
£ ℏû(ü-) coth q
r − %; £ ln Ü2 sinh q
râ
2<
2%; <
2%; <
T†

(3-10)

T†

Further, the vibrational internal energy of the lattice, ö™ (<), is given by:
1
ö™ = £ ℏû (ü-) ´ +
2
T†

1
¨
ℏû(ü-)
exp w % < x − 1
;
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(3-11)

In evaluating the summations present in Eqs. (3-10) and (3-11), I utilized a 8´8´8 mesh for kspace sampling, as given by the Monkhorst-Pack scheme.77 These calculations were done using
the open-source package Phonopy.44 Finally, the Helmholtz free energy (≠) of the system is
given by:
≠(<) = öõ + ö™ (<) − <ó(<)

(3-12)

The calculated electronic internal energy, vibrational internal energy, total internal energy,
entropy, and free energy are summarized in Table 3-6 for the pristine graphene lattice, as well as
for the top-two most-probable isomers (MPI) formed by removing N=8 carbon atoms from the
graphene lattice. In Table 3-7, I report the calculated formation energies, entropies, and free
energies of the top-two MPIs for N=8, in units of kJ/mol, J/mol K, and kJ/mol, respectively. The
differences between these quantities for the top-two MPI (N=8) are also listed. On the other
hand, Table 3-8 lists the same quantities, in units of eV, meV/K, and eV, respectively.
Table 3-7 shows that the three relevant quantities: the electronic internal energy of
formation, the vibrational internal energy of formation, and the absolute temperature times the
entropy of formation, are of the same order of magnitude, and therefore, none of them can be
neglected when calculating the free energy of formation of nanopores. I find that the electronic
internal energy of formation is highly positive, indicating that a significant amount of energy is
required to break the strong C-C bonds in the lattice to form nanopores. On the other hand, the
calculated vibrational internal energy of formation and entropy of formation are negative,
indicating that the pristine lattice has a higher vibrational energy and entropy than the graphene
lattice with a nanopore present. It is noteworthy that in terms of differences in these quantities
between the two MPIs considered, the difference in electronic internal energies of formation is
significantly larger (contributing 97.7% to the difference in the free energies of formation), as
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compared to the difference in the vibrational internal energies of formation (contributing 2.2% to
the difference in the free energies of formation) and to the difference in the entropies of
formation (contributing 0.13% to the difference in the free energies of formation). Therefore, in
determining the relative thermodynamic stability of the nanopores considered, it is possible to
safely neglect the vibrational internal energy of formation and the entropy of formation, and
instead consider solely the electronic internal energy of formation, as was done in the main
chapter!
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Table 3-6. Calculated lattice internal energy (i.e., the DFT electronic energy), lattice vibrational
energy (from phonon calculations), total internal energy, entropy, and free energy of the
graphene lattice at a temperature of 773.15 K.
System

Electronic
internal
energy
(kJ/mol)

Total internal
energy at 773
K (kJ/mol)

Entropy at
773 K
(J/mol K)

Free energy at
773 K (kJ/mol)

-2.8697´106

Vibrational
internal
energy at
773 K
(kJ/mol)
2.3211´103

Lattice
with 1st
MPI for
N=8
Lattice
with 2nd
MPI for
N=8
Pristine
graphene
lattice

-2.8674´106

2.4799´103

-2.8693´106

-2.8699´106

2.3177´103

-2.8676´106

2.4800´103

-2.8695´106

-2.9914´106

4.9262´103

-2.9865´106

3.9664´103

-2.9896´103

Table 3-7. Calculated lattice internal energy of formation, lattice vibrational energy of formation,
total internal energy of formation, entropy of formation, and free energy of formation of the top
two MPIs for N=8 carbon atoms removed from the graphene lattice, at a temperature of 773.15
K. Energies are reported in units of kJ/mol and entropies in units of J/mol K.
System

Electronic
internal
energy
(kJ/mol)

Total
internal
energy at
773 K
(kJ/mol)
-354.7

Entropy at
773 K
(J/mol K)

Free
energy at
773 K
(kJ/mol)

2053.3

Vibrational
internal
energy at
773 K
(kJ/mol)
-2408.1

Lattice
with 1st
MPI for
N=8
Lattice
with 2nd
MPI for
N=8
Difference
between
1st and 2nd
MPIs

-1327.9

671.7

1903.9

-2411.4

-507.6

-1327.7

518.8

149.4

3.4

152.8

-0.2

152.9
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Table 3-8. Calculated lattice internal energy of formation, lattice vibrational energy of formation,
total internal energy of formation, entropy of formation, and free energy of formation of the top
two MPIs for N=8 carbon atoms removed from the graphene lattice, at a temperature of 773.15
K. Energies are reported in units of eV and entropies in units of meV/K.
System

Electronic
internal
energy (eV)

Total
internal
energy at
773 K (eV)
-3.7

Entropy at
773 K
(meV/K)

Free
energy at
773 K (eV)

21.3

Vibrational
internal
energy at
773 K (eV)
-25.0

Lattice
with 1st
MPI for
N=8
Lattice
with 2nd
MPI for
N=8
Difference
between
1st and 2nd
MPIs

-13.8

7.0

19.7

-25.0

-5.3

-13.8

5.4

1.5

0.0

1.6

0.0

1.6

3.7.13 Distinction Between Kinetics and Thermodynamics of Formation of
Nanopores in Graphene
In the main chapter, I discussed how when N=8 carbon atoms are removed from the graphene
lattice, the isomers which are more probable need not be more thermodynamically favorable in
terms of their formation energies (see Figure 3-16 below). In this section, I provide further
evidence in this regard, using all possible isomers for the case when N=6 carbon atoms are
removed from the graphene lattice to form the nanopores.

182

Formation energy (eV)

40
30

1 st

3 rd

2 nd

4 th

20
10
0

N=6
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Formation energy
per atom (eV)

Figure 3-16. Absolute formation energies of nanopores in graphene for the four most probable
isomers 4(MPIs) formed by removing N = 6, 7, 8, 10, and 13 carbon atoms from the graphene
rd (N).
lattice. The dotted line depicts the average formation energy as a function of the
1 stpore 3size
st
nd
the
Error bars
denote the standard deviation. In the legend, 1 denotes the MPI,22nd denotes
4 th
3
second-MPI, and so on.
2

In order to compare the formation energies and the frequencies of observation of all

nanopore1 isomers, I chose the case where N=6 carbon atoms are removed from the graphene
lattice to0form a nanopore. This is because, in this case, there are only a total of 12 isomers, so
N=6

N=7

N=8

N=10

N=13

that density functional theory-based geometry
could be carried out using a
Poreoptimizations
size (N)
reasonable amount of computing time (~960 core hours/isomer ´ 12 isomers = 11520 core hours
on the Comet Supercomputer at the San Diego Supercomputing Center). Figure 3-17A depicts
the molecular models of all the 12 nanopore isomers, arranged in decreasing order of the
frequencies of observation, along with their formation energies. Further, Figure 3-17B depicts a
bar plot of the relaxed (geometry-optimized) formation energy of each nanopore isomer as a
function of the frequency of observation of the isomer in 1000 KMC simulations. For details
regarding the geometry optimization procedure, see the Methods section in the main chapter. It is
evident from the bar plot that the most-probable isomers need not have the lowest formation
energies, thereby providing additional proof about the distinction between thermodynamics and
kinetics with respect to the formation of nanopores in graphene.
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18.8 eV
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16.8 eV

3.5%
18.5 eV

B

Figure 3-17. Relaxed formation energies and frequencies of observation of each nanopore isomer
for the case of N=6 carbon atoms removed from the graphene lattice. (A) Molecular structures of
each nanopore isomer, in descending order of the frequency of observation of the isomers. The
frequency of observation (in percent) and formation energies are shown above each isomer. (B)
Bar chart of the formation energy of each isomer versus its frequency of observation (in percent),
arranged in descending order of the frequency of observation.

3.7.14 Determination of the Intrinsic Activation Barrier for the Case of
Hexagonal Boron Nitride
In a recent experimental study, Gilbert et al.49 demonstrated the presence of nitrogen-terminated,
triangular defects in nanoporous hexagonal boron nitride (hBN). In that study, the authors
recorded the area of the nanopore as a function of the electron dose in a transmission electron
microscopy (TEM) apparatus. The electron beam current was set at 6 A/cm2, which is equivalent
to an electron dose rate of 3.745 × 105 e–/nm2 s. The area of a triangular pore in hBN is given as:
^√^
E

G

G
k√ò + 1l Ø;∞
, where ò = {1, 4, 9, 16, …} is the number of atoms removed to form the pore,

and Ø;∞ = 0.145 nm is the B–N bond length in hBN.49 As the total electron dose increased from
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1.178 ×108 e–/nm2 (which would occur around 314 s of time) to 1.960×108 e–/nm2 (which would
occur around 523 s of time), the authors’ data reveals that the pore area increased from 1.143
nm2 (which corresponds to a 16 atom pore) to 1.280 nm2 (which corresponds to a 36 atom pore).
This implies that 20 atoms were etched from the nanopore in a period of around 209 s. For a
nitrogen-terminated nanopore to increase in size from N=16 to N=36, the following numbers of
atoms must be etched from the lattice: 2 zigzag nitrogen atoms, 4 zigzag boron atoms, 7 armchair
boron atoms, and 7 singly bonded nitrogen atoms. According to my model, the rate of etching
3

(+) in the presence of silicon etchant atoms is given as: + = - exp 1− 5 47 8, where - = 1013 Hz is
6

BC

G

the atomic prefactor, 9: = 9:? 11 + FD 8 is the activation barrier for the process, %; is the
E3
4

Boltzmann constant, < is the absolute temperature of the system, 9:? is the intrinsic activation
barrier, and Δ>( is the enthalpy of the etching process. Based on the etching enthalpies listed in
Table 3-3 of the main chapter, I determined the value of 9:? to be 1.116 eV, in order to be
consistent with the experimental data reported by Gilbert et al.49

3.7.15 Simulated Nanopore Shapes When Using Etching Rates for B and N
Atoms in the Absence of Silicon Etchant Atoms in Hexagonal Boron
Nitride
Assuming an intrinsic barrier of 1.116 eV, as determined in Appendix 3.7.14 above, I simulated
the most-probable isomer shapes when the rates of etching for B and N atoms in hBN are
determined in the absence of silicon etchant atoms. As shown in Figure 3-18, below, none of the
simulated shapes out of the top four most-probable isomers are triangular. In fact, out of the 124
isomers found in 1000 kinetic Monte Carlo (KMC) simulation runs, none of the isomers are
triangular in shape, indicating that only when the etching rates are calculated as proposed in the
main chapter, do I obtain agreement with experimentally observed nanopore shapes.
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44

42

37

36

N=9
4/124

Figure 3-18. Molecular models of the top four most-probable isomers for N = 9 atoms removed
from the hBN lattice, assuming etching rates for B and N atoms are calculated in the absence of
silicon etchant atoms. 124 isomers were obtained in 1000 kinetic Monte Carlo (KMC)
simulations. The number of times each isomer was observed in the 1000 KMC simulations is
reported above each isomer.
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3.7.16 Molecular Models Depicting Unrelaxed and Relaxed Initial and Final
States of the On-Lattice Atomic Transitions Considered in this Chapter
along with the Minimum Energy Paths Connecting them
Atomic Rearrangement

Initial State

1 to 1 (N)

Before geometry optimization:

Final State

NEB Barrier = 0.0 eV

After geometry optimization:

This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 1 (N)

Before geometry optimization:

Final State

NEB Barrier = 0.0 eV*

After geometry optimization:

* As discussed in the main chapter, the transition 2A→1 (N) is not allowed in my model.
This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2Z to 1

Before geometry optimization:

Final State

NEB Barrier = 0.0 eV*

After geometry optimization:

* As discussed in the main chapter, the transition 2Z→1 (N) is not allowed in my model.
This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2A (N)

Before geometry optimization:

Final State

NEB Barrier = 2.691 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2Z (N)

Before geometry optimization:

Final State

NEB Barrier = 1.372 eV
Energy Profile:

Convergence Criterion:
Maximum force < 76.1 meV/Å

After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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Atomic Rearrangement

Initial State

2Z to 2Z (N)

Before geometry optimization:

Final State

NEB Barrier = 1.211 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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Atomic Rearrangement

Initial State

1 to 1 (NN)

Before geometry optimization:

Final State

NEB Barrier = 0.0 eV*

After geometry optimization:

* There is some ambiguity in this calculation, regarding which side (left or right) the singly
bonded atom will relax to upon geometry optimization. Therefore, I have taken the lowest
possible barrier for this step, which occurs when both the initial and final states relax to the same
optimized structure, i.e., the activation barrier is zero.
This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 1 (NN)

Before geometry optimization:

Final State

NEB Barrier = 4.794 eV
Energy Profile:

Convergence Criterion:
Maximum force < 132.2 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2Z to 1 (NN)

Before geometry optimization:

Final State

NEB Barrier = 3.463 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 1 (NN)

Before geometry optimization:

Final State

NEB Barrier = 0.872 eV*
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

*Although the unrelaxed coordinates correspond to a 3→1 (NN) transition, the relaxed
coordinates actually correspond to a 5-7 reconstruction at the ZZ edge, which is not taken into
account in my on-lattice KMC formulation. Therefore, this barrier has been excluded from the
KMC simulation.
This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2A (NN)

Before geometry optimization:

Final State

NEB Barrier = 4.854 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2Z (NN)

Before geometry optimization:

Final State

NEB Barrier = 5.357 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 2A (NN)

Before geometry optimization:

Final State

NEB Barrier = 5.580 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2Z to 2Z (NN)*

Before geometry optimization:

Final State

NEB Barrier = 6.593 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å
After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 2Z (NN)

Before geometry optimization:

Final State

NEB Barrier = 2.906 eV
Energy Profile:

Convergence Criterion:
Maximum force < 54.0 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 3 (NN)

Before geometry optimization:

Final State

NEB Barrier = 3.479 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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Atomic Rearrangement

Initial State

1 to 1 (NNN)

Before geometry optimization:

Final State

NEB Barrier = 0.0 eV

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 1 (NNN)

Before geometry optimization:

Final State

NEB Barrier = 4.615 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2Z to 1 (NNN)

Before geometry optimization:

Final State

NEB Barrier = 1.091 eV
Energy Profile:

Convergence Criterion:
Maximum force < 51.9 meV/Å

After geometry optimization:

This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 1 (NNN)

Before geometry optimization:

Final State

NEB Barrier = 4.819 eV*
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

* There is some ambiguity in this calculation, which was carried out at the AC edge. Note that
because of the same relaxed state for the final configuration, one could also refer to this
transition as a 3 to 1 (NN) transition, for which the calculated barrier is different, as reported on
page 12.
This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2A (NNN)

Before geometry optimization:

Final State

NEB Barrier = 6.885 eV
Energy Profile:

Convergence Criterion:
Maximum force < 83.8 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

2A to 2Z (NNN)

Before geometry optimization:

Final State

NEB Barrier = 6.479 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 2A (NNN)

Before geometry optimization:

Final State

NEB Barrier = 8.012 eV
Energy Profile:

Convergence Criterion:
Maximum force < 38.6 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.

209

Atomic Rearrangement

Initial State

2Z to 2Z (NNN)

Before geometry optimization:

Final State

NEB Barrier = 2.856 eV
Energy Profile:

Convergence Criterion:
Maximum force < 25.7 meV/Å

After geometry optimization:

This particular structure is periodic in the y direction but has about 20 Å of vacuum space in the
x direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 2Z (NNN)

Before geometry optimization:

Final State

NEB Calculation Failed

After geometry optimization:

This particular structure is periodic in the x direction but has about 20 Å of vacuum space in the
y direction, assuming the graphene sheet lies in the xy plane.
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Atomic Rearrangement

Initial State

3 to 3 (NNN)

Before geometry optimization:

Final State

NEB Barrier = 5.336 eV
Energy Profile:

Convergence Criterion:
Maximum force < 74.0 meV/Å

After geometry optimization:

This particular structure is periodic in both the x and y directions, assuming the graphene sheet
lies in the xy plane.
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3.7.17 Illustration of a “Superbasin” State in the KMC Simulation
In Figure 3-19, the two dangling atoms at the edge of the nanopore continue moving along the
rim, through zero barrier edge diffusion events, thereby trapping the system in a “superbasin”.
Contrary to the results shown in the main chapter, where the system was purposely evicted from
the superbasin after 50 consecutive low-barrier events, in this illustration, the system is
purposely evicted from the superbasin after 15 consecutive low-barrier events, by carrying out a
non-zero barrier event. Consequently, in Step 16, the system exits the current superbasin because
one of the atoms involved in repeated low-barrier events is removed (based on Gillepie’s
algorithm out of all possible steps leading out of the superbasin).

Figure 3-19. Illustration of low-barrier events trapping the system in a “superbasin”. Steps 1
through 15 depict the state of the system when it is trapped in the superbasin because the lowbarrier events repeatedly occur. At the 16th step, the system is forced to exit the superbasin, by an
event chosen with Gillespie’s probability.
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3.7.18 Enthalpy Change Involved in Atoms Migrating to Sites Not Bonded to
any Atom
As indicated in the main chapter, in my kinetic Monte Carlo (KMC) simulation model, an atom
cannot migrate to a site which does not have any atoms bonded to it. This restriction is imposed
because of the massive endothermic enthalpy changes involved in the respective processes, as
reported in Table 3-9 below.
Table 3-9. Enthalpy change involved in the migration of an atom from a bonded site (denoted as
1, 2A, 2Z, or 3, respectively, for a singly bonded, armchair, zigzag, and triply bonded atom) to a
site not having any atoms bonded to it (denoted as 0).
Atom Type

Atomic Transition

Singly Bonded
Armchair
Zigzag
Triply Bonded

1→0
2A → 0
2Z → 0
3→0

Enthalpy Change
(eV)
8.8029
7.6386
9.6079
16.9716

3.7.19 Isomer Distinguishing Methodology: Bond Orientation and Lattice
Symmetry Considerations
As explained in the main chapter and in the Methods section, the inclusion of bond orientations
into the isomer distinguishing methodology is crucial to distinguish between all possible
nanopore isomers. This is because, as illustrated in the main chapter, bonds in the graphene
lattice are not freely rotatable. Accordingly, I label each bond in the antimolecule of a nanopore
with its orientation with respect to the coordinate axes. To this end, note that graphene consists
of two hexagonal sublattices, labeled A and B. In Figure 3-20A, I illustrate the possible bond
orientations for an A-sublattice carbon atom, namely top-left, top-right, and bottom. In Figure
3-20B, I illustrate the bond orientations for a B-sublattice carbon atom, namely top, bottom-right,
and bottom-left.
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Figure 3-20. (A) Bond orientations for an A-sublattice carbon: bottom, top-left, and top-right.
(B) Bond orientations for a B-sublattice carbon: top, bottom-left, and bottom-right.
In order to take into account the six-fold rotation and six-fold mirror symmetry of the
graphene lattice (space group p6mm), the adjacency matrix of a given antimolecule is compared
with the 12 symmetry-equivalent adjacency matrices of another antimolecule, to check for
isomorphism. Accordingly, in Figure 3-21, I depict the mapping between symmetry-equivalent
bond orientations related by six-fold lattice rotations and in Figure 3-22, I depict the mapping
between symmetry-equivalent bond orientations related by six-fold lattice reflections. Given an
adjacency matrix, these 12 mappings (one of the 12 is the identity mapping, or equivalently
rotation by 360° clockwise, and is therefore not depicted) are used to generate the symmetryequivalent adjacency matrices.
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Figure 3-21. Mapping between symmetry-equivalent bond orientations, corresponding to the
rotation of the graphene lattice by: (A) 60° clockwise, (B) 120° clockwise, (C) 180° clockwise,
(D) 240° clockwise, and (E) 300° clockwise. Rotation by 360° clockwise is not shown because
each bond orientation would map onto itself. One-sided arrows represent directional mapping of
orientations, and two-sided arrows represent swapping of orientations. For example, in panel (A),
top-left-oriented bonds map to top-oriented bonds, top-oriented bonds map to top-right-oriented
bonds, and so on.
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Figure 3-22. Mapping between symmetry-equivalent bond orientations, corresponding to the
reflection of the graphene lattice in a mirror plane oriented at: (A) 0° to the vertical axis, (B) 30°
to the vertical axis, (C) 60° to the vertical axis, (D) 90° to the vertical axis, (E) 120° to the
vertical axis, and (F) 150° to the vertical axis. Dashed blue lines denote the mirror planes. One
sided arrows represent directional mapping of orientations, and two-sided arrows represent
swapping of orientations. For example, in panel (A), top-left- and top-right-oriented bonds are
swapped, and bottom-left- and bottom-right-oriented bonds are swapped. In panels (B) and (F),
arrows of different colors are used for clarity.
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Chapter 4
Observation and Spectral Assignment of a Family of
Hexagonal Boron Nitride Lattice Defects
4.1 Introduction
Hexagonal boron nitride (hBN) is a wide-bandgap two-dimensional (2D) material,1 which
exhibits photoluminescence in the ultraviolet wavelength regime.2 In recent years, research has
focused on exploring hBN as a prototype 2D material for the quantum confinement of electrons,
thereby uncovering exotic optoelectronic phenomena in hBN, including the emission of single
photons at room temperature3,4 and the emission of polarized photons.3 Single-photon emission6
is particularly important to make advances in the fields of quantum computing7 and quantum
communications.8 In this regard, it has been shown that the presence of vacancy defects in hBN
leads to light emission in the lower-energy visible and near-infrared (nIR) wavelengths,9 as
opposed to the high-energy ultraviolet light emitted by defect-free hBN.10 Indeed, the presence
of defects in hBN leads to the creation of mid-band gap, or simply, mid-gap energy levels for
electrons,11 thereby allowing for electronic transitions with energy level changes in the visible
and nIR regimes. To date, however, the research community has faced challenges in
understanding precisely the atomic structures of the defects present in hBN, including which
defect shapes contribute to emission at a particular wavelength. In this regard, data depicted in
experimental studies often corresponds to a single defect, or to a few defects, in hBN. This, in
turn, prevents a systematic study of the different possible defects in hBN which give rise to light
emission at different wavelengths. With the above in mind, Dr. Daichi Kozawa, my colleague in
Professor Strano’s research group, carried out an extensive photoluminescent mapping of hBN
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samples using a spatially-resolved laser, collecting thousands of emission spectra, and
demonstrating, for the first time, quantized light emission from hBN at 6 different wavelengths.
However, experimental measurements of the photoluminescent properties of defects in hBN are
confounded by the presence of an exponentially-increasing number of candidate isomers for
vacancy defects in 2D material lattices, as the number of lattice atoms removed (N) increases.
For example, a monoatomic triangular lattice (e.g., graphene) with a perfect square number, N =
1, 4, 9, and 16, of removed carbon atoms, yields 1, 3, 159, and 189,309 unique isomers for lattice
vacancies, respectively,12 with potentially larger numbers for the diatomic hBN unit cell.
Recall that in Chapter 3, I presented a solution to the Isomer Cataloging Problem,13 which,
given the energetics of atomic removal from a 2D material lattice, allows one to utilize kinetic
Monte Carlo (KMC) simulations to predict the most-probable isomeric shapes of defects that
would exist in the 2D material. Accordingly, in this chapter, I carry out KMC simulations to
predict the shapes of the most-probable vacancy defects than can form in hBN. Subsequently, I
carry out extensive electronic-structure calculations based on hybrid14 density functional
theory15,16 (DFT) to predict the electronic energy levels of the most-probable vacancy defects
that can form in hBN. It is known that the simulated electronic energy gap derived using hybrid
DFT calculations correlates well with the first excitation/emission energy of a given chemical
system.17 Therefore, using the hybrid DFT calculations of the electronic energy gaps, I am able
to assign each experimentally-observed emission wavelength to one or more vacancy defect
shapes in hBN. The ability to theoretically make such assignments holds great promise, because
one could envision creating a particular vacancy defect structure in hBN, in order to produce
light emission at a precise wavelength. Accordingly, an understanding of the structure-emission
wavelength relationship for vacancy defects in hBN represents a significant advance, which is
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analogous to understanding the structure-emission wavelength relationship of carbon nanotubes
of varying chirality.18

4.2 Discussion of the Experimental Results for Photoluminescent
Emission from hBN
To systematically investigate the photoluminescent properties of vacancy defects in hBN, Dr.
Daichi Kozawa utilized a scanning photoconductive atomic force microscopy (AFM) system,19
which allowed the collection of more than 1000 photoluminescence spectra from different
locations in three different types of hBN samples: (i) multilayer hBN, prepared using liquidphase exfoliation, (ii) monolayered hBN, prepared using chemical vapor deposition (CVD), and
(iii) multilayered hBN, prepared using CVD. To this end, the various hBN samples were
deposited on a SiO2/Si substrate (see Figure 4-1A,B for optical and AFM images, respectively,
of the liquid-phase exfoliated hBN sample), and were individually excited using a Helium-Neon
(He-Ne) laser with a wavelength of 532 nm. Light emission was detected using a single-photon
avalanche photodiode. Figure 4-1C depicts a confocal photoluminescence mapping of the liquidphase exfoliated hBN sample, revealing that the various flakes emit distinctive zero-phonon lines
(ZPL) over a range of intensities and energies, as shown in Figure 4-1D. Note that, a “zerophonon line” (labeled using the symbol + in Figure 4-1D) refers to the lowest energy of emission
of a vacancy defect in a lattice, and is usually accompanied by lower-intensity emission at higher
energies, referred to as the “phonon sidebands” (labeled using the symbols * and ^ in Figure
4-1D). The deconvolution and binning of about 250 different ZPLs for the liquid-phase
exfoliated hBN sample resulted in a histogram for the emission energy, as shown in Figure 4-1E.
The histogram was found to be organized into 6 Gaussian peaks, located at 2.25, 2.15, 1.98, 1.90,
1.81, and 1.69 eV, which are labeled P1, P2, P3, P4, P5, and P6, respectively.
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Figure 4-1. Observation of discrete emission energies in hBN. (A-E) Optical micrograph (A) and
atomic force micrograph (B) showing 100 nm thick hBN flakes obtained using liquid-phase
exfoliation. Confocal photoluminescence imaging (C) reveals emission corresponding to
vacancy defects in the lattice showing characteristic zero-phonon lines between 1.6 and 2.2 eV,
as represented by select spectra (D) for isolated defects indicated by the labels of I through VI
(scale bar = 10 um). Each spectrum consists of a zero-phonon line (+), and one-phonon (*) and
two-phonon (^) sidebands. Liquid-phase exfoliated hBN produces a histogram (E) of quantized
emission energies (labeled P1 through P6) with modes at 2.25 (P1), 2.15 (P2), 1.98 (P3), 1.90 (P4),
1.81 (P5), and 1.69 (P6) eV, where a peak finding algorithm is applied to each spectrum to extract
the energies of the ZPLs. The bin width of the histogram is 20 meV and corresponds to the
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extent of temporal fluctuations in the emission energy. (F-I) Emission energy histograms for
multilayer hBN (F) and monolayer hBN (G) samples grown using chemical vapor deposition
(CVD) showing different peak distributions, where liquid-phase exfoliated hBN (H) and
multilayer CVD hBN (I) contain more P2 emitters followed by P3 emitters, while monolayer
CVD hBN (J) contains a large number of P3 emitters, suggesting that the relative abundances of
the emitters reflect structural peculiarities introduced by the fabrication methods. The bar charts
were obtained by fitting multiple Gaussian curves to the local maxima in the histogram. Error
bars were estimated using the standard deviations of the respective fits.
Comparing the emission energy histograms for the liquid-phase exfoliated hBN sample
(Figure 4-1D), the monolayered CVD hBN sample (Figure 4-1F), and the multilayered CVD
hBN sample (Figure 4-1G), I find that, while the relative probabilities of the peaks P1 through P6
depend on the method of sample preparation, the discretization of the emission energies and the
locations of the peaks are independent of the method of sample preparation. Moreover, the line
width of the peaks was found to be (57 ± 21) meV, which is much broader than the width of a
typical ZPL (10 meV), indicating that the discretization of the emission energies into 6 peaks is a
realistic feature of the photoluminescent properties of hBN, and is not an artifact of the
histogram binning procedure. Finally, normalizing the populations of the emission energies by
the area of the hBN sample, one can infer that there is a greater density of defects in the liquidphase exfoliated hBN sample (0.460/µm2, Figure 4-1H), as compared to the multilayered CVD
hBN sample (0.0597/µm2, Figure 4-1I) and the monolayered CVD hBN sample (0.0238/µm2,
Figure 4-1J). Indeed, liquid-phase exfoliation, which involves the input of large amounts of
energy into the system, through the application of ultrasound, is expected to lead to more defects
in the synthesized hBN samples, as compared to those prepared using CVD.

4.3 Prediction of the Most-Probable Vacancy Defects in hBN
Because light emission from hBN arises due to intrinsic defects present in the material, it is
expected that the photoluminescent defects are vacancies formed by the removal of a few boron
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and nitrogen atoms from the pristine hBN lattice.3 In order to assign the 6 quantized emission
energies from hBN to specific defect shapes in hBN, I first predicted the shapes of the mostprobable vacancy defects in hBN using the solution to the Isomer Cataloging Problem (ICP) for
hBN, which I discussed in Chapter 3 of this thesis13 (for details, see the Methods section). The
atomic models of the 16 smallest most-probable vacancy defects in hBN are depicted below in
Figure 4-2. Note that I consider only the 16 smallest vacancy defects in hBN, because as shown
later in this chapter, I have found that the considered vacancy defects are sufficient to assign
each of the 5 experimentally-observed emission peaks to a specific vacancy defect in hBN. Of
course, a consideration of larger vacancy defects could uncover degeneracies in the assignment,
similar to what I have already found for some of the peaks (see Table 4-2).
I found that, in the presence of commonly encountered Si contaminant atoms, boron (B)
atoms etch much faster than nitrogen (N) atoms,13 a finding which is consistent with
experimental reports indicating that nanopores in hBN are terminated with nitrogen atoms.20–24
Note that it is possible that other transition metal atoms, present as impurities in the hBN sample,
could also catalyze the etching process. Moreover, as shown in Figure 4-2, one observes
predominantly triangular pores when perfect square numbers (N = 1, 4, 9, 16, …) of atoms are
removed from the hBN lattice. This finding is also consistent with experimental data20–24 which
reports triangular, or nearly-triangular, nanopores in hBN. Further, note that for hBN, and unlike
graphene (see Figure 3-4 in Chapter 3), for each value of N, only a single possible defect shape is
obtained (Figure 4-2) using the Isomer Cataloging Framework, thereby greatly simplifying my
attempt to assign each emission energy P1 through P6 to a particular vacancy defect in hBN.
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Figure 4-2. Shapes of the 16 smallest vacancy defects in hBN, obtained by solving the Isomer
Cataloging Problem for hBN, and after optimizing their respective geometries using DFT-based
energy minimization. Boron atoms are shown in cream color and nitrogen atoms are shown in
blue color. The size of each vacancy defect, N, and the number of boron (NB) and nitrogen (NN)
atoms removed to form that particular defect, are also indicated, as (NB, NN).
Next, I investigated the relative stability of the most-probable vacancy defects in hBN.
To this end, I calculated the lifetimes of these defects, for each size of the vacancy defects
considered (N=1 through N=16). The lifetimes were calculated using the Arrhenius equation, Eq.
(2-1), as discussed in the Methods section, at a temperature of 500 °C, using the activation
barriers for etching different types of B and N atoms in hBN, as listed in Table 3-3 of Chapter 3.
For this purpose, I considered the atom type that needs to be etched from the hBN lattice to form
the next largest defect, as listed in Table 4-1. For example, from an examination of Figure 4-2,
for an N=4 defect to be converted into an N=5 defect, a zigzag nitrogen (NZZ) atom needs to be
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etched from the hBN lattice. Consequently, the lifetime (±) of the N=4 defect is given by: ± =
L
µ
† ≤≥¥wR 4 x
∂ ∑

, where - = 10L^ Hz is the Arrhenius prefactor,30 9: = 2.303 eV for the etching of an

6

NZZ atom (see Table 3-3), and < = 773.15 K, so that ± ≈ 103 s. I find that the monoatom boron
vacancy (N=1), and all subsequent triangular pores (N = 4, 9, 16, …), are the most-stable defects
in hBN, based on their largest lifetimes amongst all the pores considered. This is because the
conversion of these particular defects to the next largest defect requires the removal of a NZZ
atom, which incurs a high activation barrier of 2.303 eV. This finding explains the prevalence of
triangular, or nearly triangular, nanopores in hBN, as observed experimentally.
I also considered transformations of these defects into slightly different variants, via
atomic rearrangements in the lattice. For this purpose, I calculated the activation barriers for edge
hopping of boron and nitrogen atoms in the hBN lattice, along the pore mouth. The results of
these calculations are summarized in Appendix 4.8.1, and indicate that, as in the graphene case,13
most of the edge hopping events have large activation barriers due to the hopping atoms being
uncoordinated (i.e., not bonded to any other atom). Moreover, in Appendix 4.8.2, I show that the
activation barriers for edge hopping events, calculated for monolayer hBN, are identical to those
calculated for multilayer hBN. Therefore, the activation barriers for various edge hopping events,
calculated for monolayer hBN, should also be applicable for multilayer hBN. In this chapter, I
only consider those edge hopping events which have barriers of less than 1.18 eV. Note that the
next-highest simulated barrier is 1.88 eV, which, assuming Arrhenius kinetics, would be slower
by about 4–5 orders of magnitude, at a temperature of say, 500 °C, resulting in 6 additional
defects, in addition to those revealed by my solution to the ICP for hBN. These 6 additional
defects are shown in Figure 4-3, and consist of a nitrogen atom occupying an interstitial boron
position, leading to the formation of an N–N–N chain. In this chapter, these 6 additional defects
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are labeled with an asterisk (*). Note that these defects are kinetically reachable from the
intrinsic defects in hBN. This leads to a total of 22 smallest, most-stable defect structures that
could account for the experimentally observed light emission from hBN.
Table 4-1. Lifetimes of the most-probable vacancy defect in hBN, for each size, N, of the defect
considered. The lifetime is calculated based on the atom type which is etched to form the next
largest nanopore (B – boron, N – nitrogen, ZZ – zigzag, AC – armchair, SB – singly bonded),
and the activation energy corresponding to the etching of that atom, at a temperature of 500 °C.
The rows containing the defects having the largest lifetimes amongst all the defects considered
are highlighted in gray color, denoting the most-stable defects.
Defect Size, N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Atom Type to
be Etched
NZZ
BZZ
BZZ
NZZ
BZZ
BAC
NSB
BZZ
NZZ
BZZ
BAC
NSB
BAC
NSB
BZZ
NZZ

Activation
Energy (eV)
2.303
0.506
0.506
2.303
0.506
1.321
1.141
0.506
2.303
0.506
1.321
1.141
1.321
1.141
0.506
2.303
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Lifetime (s)
1.03×102
1.99×10-10
1.99×10-10
1.03×102
1.99×10-10
4.06×10-5
2.75×10-6
1.99×10-10
1.03×102
1.99×10-10
4.06×10-05
2.75×10-6
4.06×10-5
2.75×10-6
1.99×10-10
1.03×102

N=5* (3,2)

N=6* (4,2)

N=8* (5,3)

N=8*2 (5,3)

N=1* (1,0)

N=7* (5,2)

Figure 4-3. Atomistic structures of six additional nanoporous defects in hBN, formed by
transforming the 16 most-probable vacancy defects in hBN, via the edge diffusion of a single
nitrogen atom. Boron atoms are shown in cream color and nitrogen atoms are shown in blue
color.

4.4 Calculation of the Emission Energies of the Most-Probable
Vacancy Defects in hBN
In order to assign the experimentally observed discrete emission energies to specific defects in
hBN, I calculated the electronic energy levels for each of the defect structures considered, using
hybrid electronic-structure density functional theory14 (see the Methods section for additional
details). Hybrid functionals incorporate a fraction of the exact exchange (Pauli’s exclusion
principle) in their description of the system,14 and are therefore able to predict band gaps and
defect energy levels in better agreement with the experimental data.25 For example, as shown in
Appendix 4.8.3, the band gap of pristine hBN is predicted to be 4.7 eV using standard DFT,
whereas it is predicted to be 5.8 eV using hybrid DFT, in much better agreement with the
experimental value2 of 5.955 eV. The electronic energy-level diagrams for each defect,
indicating the highest occupied electronic level (HOEL) and the lowest unoccupied electronic
level (LUEL), are shown in Appendix 4.8.3. Accordingly, in Figure 4-4A, I plot the defect size,
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N, versus the predicted HOEL-LUEL electronic gap, for the most-probable defects in monolayer
hBN.
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Figure 4-4. Spectral assignment of a family of hexagonal boron nitride lattice defects. (A)
Electronic energy gaps for the most-probable isomers of defects in hBN, calculated using density
functional theory (DFT), showing the DFT simulated gaps on the x-axis and the defect sizes on
the y-axis. The vertical pink band denotes the spectral range from 1.6 through 2.3 eV examined
experimentally in this work. Each defect size is assigned to an experimental peak from P1
through P6, based on a descending rank ordering of the simulated electronic energy gaps. (B)
Two different parity plots which compare the experimental emission energies and the simulated
DFT gap energies, based on two ways of assigning defect sizes to the experimental emission
energy peaks from P1 through P6. In the left panel (Assignment (i)), the simulated energy gap of
2.404 eV (N = 10) is assigned to P1, whereas in the right panel (Assignment (ii)), the simulated
energy gaps of 2.298 eV through 2.188 eV (N = 8, 16, 14, 9, 15) are assigned to peak P1. In both
cases, the remaining energy gaps are assigned based on a descending rank ordering of energies.
(C) Atomic models of the most-probable isomeric structures of vacancy defects in hBN for the
assigned peaks, which have been energetically optimized based on DFT calculations. The
corresponding transmission electron microscopy (TEM) images of the defects are shown on the
right, wherein the scale bars correspond to 5 Å. TEM images of several monovacancies (N=1)
and two triangular defects (N=9 and N=16) can be seen. (D-E) Bar charts of the frequency of
emission peaks per unit area for (D) liquid-phase exfoliated hBN and (E) monolayer CVD hBN,
as is (blue color), and after reaction with boric acid (red color). The error bars correspond to the
standard deviation of the Gaussian fit.
It is well known that the HOEL-LUEL gap predicted using hybrid DFT correlates well
with the first excitation/emission energy of a given electronic system.17 Indeed, using the hybrid
Heyd-Scuseria-Ernzerhof (HSE06)26,27 density functional, which incorporates a fraction of the
exact exchange interactions, I find that the simulated gap for various defects in hBN is around
1.6–2.4 eV, demonstrating quantitative agreement with the experimentally-observed emission
energies as a whole (Figure 4-4A). On the other hand, using the simpler generalized gradient
approximation Perdew-Burke-Ernzerhof (PBE)28 density functional predicts HOEL-LUEL gaps
of less than 0.5 eV (see Appendix 4.8.4), in disagreement with the experimental observations.
Moreover, using hybrid functionals, I find that the electronic energy gaps for various defects
differ by around 0.1 eV, which is also in quantitative agreement with the differences between the
experimentally-observed emission energies. Recall that the experimentally-measured emission
energies resulting from the defects in hBN range from 2.25 eV to 1.69 eV. Therefore, based on
the results of the HOEL-LUEL gap calculations, I am able to exclude from my analysis defects
235

N=2 and N=4, because they have very large simulated HOEL-LUEL gaps (larger than 4 eV), as
well as defects N=3, 11, and 13, because they have very small simulated HOEL-LUEL gaps
(smaller than 1.6 eV).
In Figure 4-4B, I present two different parity plots which compare the experimental
emission energies and the simulated hybrid DFT gap energies, based on two ways of assigning
defect sizes to the experimental emission energy peaks from P1 through P6. In Assignment (i),
the simulated energy gap of 2.404 eV (N = 10) is assigned to P1 (2.25 eV) (Figure 4-4C, Table
4-2), whereas in Assignment (ii), the simulated energy gaps of 2.298 eV through 2.188 eV (N =
8, 16, 14, 9, 15) are assigned to peak P1 (2.25 eV). In both cases, the remaining energy gaps are
assigned based on a descending rank ordering of the simulated gap energies. In Assignment (i),
triangular defects (N=9, 16) are assigned to peak P2 (Figure 4-4C, Table 4-2), which reconciles
the high probabilty of triangular defects predicted by KMC simulations (see Section 4.3) with
that of peak P2 in the experimentally-determined emission spectrum (Figure 4-1E-F). In
Assignment (ii), however, triangular defects (N=9, 16) are assigned to peak P1, which would
assign high-probability triangular defects to a low-probability peak (P1). Therefore, Assignment
(i) seems to be more consistent with the experimental data than Assignment (ii).
Table 4-2. Assignment of vacancy defects of various sizes (N) to the various peaks, P1 through
P6. The emission energies of the various peaks are also listed.
Peak
P1
P2

Emission Energy (eV)
2.26 ± 0.013
2.15 ± 0.030

P3
P4
P5
P6

1.98 ± 0.017
1.90 ± 0.021
1.80 ± 0.028
1.70 ± 0.037
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Assigned to
N=10
N=8, 9, 14,
15, 16
N=1
N=5,7
N=6
N=12

Note that consideration of the 6 additional vacancy defects depicted in Figure 4-3, which
are formed from the most-probable vacancy defects in hBN via atomic rearrangements in the
lattice, does not significantly alter the assignment of defects to various emission energies. The
simulated HOEL-LUEL gaps for these 6 defects (labeled with an asterisk (*)) and their parent
defects are listed in Table 4-3. I find that only two additional defects, apart from the original
N=1, 5, 6, 7, 8, 10, 12, 14, 15, 16, namely, N=5* and N=7*, have simulated HOEL-LUEL gaps
between 1.6 eV and 2.4 eV. Specifically, the N=5* defect, with a simulated gap of 1.62 eV,
would be assigned to peak P6, contrary to the parent defect N=5 with a simulated gap of 1.95 eV,
which is assigned to the peak P4. Similarly, the N=7* defect, with a simulated gap of 2.22 eV,
would be assigned to peak P2, contrary to the parent defect N=7 with a simulated gap of 1.94 eV,
which is also assigned to the peak P4.
Table 4-3. Simulated HOEL-LUEL gaps for various vacancy defects in hBN, and their
transformed variants, labeled using an asterisk (*), calculated using the hybrid Heyd-ScuseriaErnzerhof (HSE06) functional. The sizes of the vacancy defects (N), the number of boron (NB)
and nitrogen (NN) atoms removed to form the respective defects (N = NB + NN), and the
assignment of the defects to various peaks, are also listed. The transformed defects with a
simulated gap between 1.6 eV and 2.4 eV are shown using bold font. Defects of the same size
are highlighted using the same color, either gray or white.

N
1
1*
5
5*
6
6*
7
7*
8
8*
8*2

Pore
(NB, NN)
(1,0)
(0,1)
(3,2)
(3,2)
(4,2)
(4,2)
(5,2)
(5,2)
(5,3)
(5,3)
(5,3)

Simulated
HSE06 Gap (eV)
2.11
2.89
1.95
1.62
1.84
1.52
1.94
2.22
2.30
1.46
0.92
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Assignment to
Peak
P3
None
P4
P6
P5
None
P4
P2
P2
None
None

4.5 Additional Experimental Validation of Assignment (i)
In this section, I demonstrate the robustness of Assignment (i), with respect to other experimental
measurements, such as transmission electron microscopy (TEM) imaging of the hBN flakes, and
modification of the defects in hBN by the addition of an etchant, boric acid.

4.5.1 Transmission Electron Microscopy Images of Vacancy Defects in hBN
High-resolution transmission electron microscopy (HRTEM) imaging of the CVD-grown hBN
flakes was carried out by Wenshuo Xu in Professor Jamie Warner’s research group at the
University of Oxford in the UK. TEM images depicting 10 vacancy defects in the monolayered
CVD hBN sample and 5 vacancy defects in the bilayer region of the multilayered CVD hBN
sample are shown in Figure 4-5A and Figure 4-5B, respectively. I found that the monolayered
hBN samples considered in this work exhibit 66.7% of the imaged defects (8 of 12) as N = 1
(1,0) defects, corresponding to the B monovacancy. Of the 8 monoatom vacancies in
monolayered hBN samples, 7 can be seen in Figure 4-5A and 1 more can be seen in Figure 4-4C
(note that the 7 monoatom vacancies from Figure 4-5A are depicted in Figure 4-4C as well, but
there is an additional monoatom vacancy also). Of the 12 defects in total in monolayered hBN
samples, 10 can be seen in Figure 4-5A, 1 can be seen in Figure 4-5C, and an additional one
(apart from the 7 monovacancies from Figure 4-5A) is seen in Figure 4-4C. Further, only ne
example of the N = 1 (1,0) defect was seen in multilayered hBN, as shown in Figure 4-4C.
Recall that the monolayered hBN samples specifically show a clear maximum in the emission
distribution at 1.95 eV, which corresponds to the P3 peak (Figure 4-1G and Figure 4-1J). This
anchor point clearly supports Assignment (i), which assigns peak P3 to the more stable (more
frequently imaged) defect N=1 (Table 4-1), over Assignment (ii), which assigns peak P3 to the
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less stable defects N=5 and N=7 (Table 4-1). Indeed, the defects N=5 and N=7 do not appear
even once in the TEM images of the defects in monolayered hBN (Figure 4-4C and Figure
4-5A,C). Moreover, I did not find this abundance of N=1 (1,0) defects in the multilayered hBN
samples studied in this work (Figure 4-4C and Figure 4-5B,D). Consistent with this finding, it is
not peak P3 (which is assigned to the N=1 defect), but instead peak P2 (which is assigned to the
defects N=8, N=9, N=14, and N=16), that is the most abundant emission energy range in the
multilayered hBN sample (Figure 4-1F and Figure 4-1I).

A

C

B

D

Figure 4-5. (A-B) Zoomed-out view of the scanning transmission electron micrographs (STEM)
for (A) the monolayer CVD hBN sample and (B) the bilayer region of the multilayered CVD
hBN sample, showing seven N = 1 and three N = 4 lattice vacancies in the monolayer sample,
and two N = 16 and three unassigned lattice vacancies in the bilayer sample. The bilayer (2L)
sample also shows a monolayer (1L) region, with the brighter features on the top left top, top
right, and bottom right likely containing organic contaminants or polymeric residues of
poly(methylmethacrylate) (PMMA). (C-D) STEM images of (C) N = 13 and (D) N = 4 defects
observed in the monolayer CVD hBN sample and the bilayer region of the multilayered CVD
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hBN sample, respectively. The scale bars are 5 Å. The corresponding atomic structures are
shown on the right.
Indeed, I observed at least 1 example of the N = 9 (6,3) defect (Figure 4-4C) and 4
examples of the N = 16 (10,6) defect (Figure 4-4C and Figure 4-5B) amongst the TEM images of
the multilayered hBN sample. Finally, as already remarked before, Assignment (i) assigns the
highly-stable, and therefore, most-abundant, perfect triangular shapes (N=9,16) to peak P2, which
is the most-abundant peak in the liquid-phase exfoliated (Figure 4-1E and Figure 4-1H) and
multilayered CVD samples (Figure 4-1F and Figure 4-1I).

4.5.2 Addition of Boric Acid to the hBN Samples
Dr. Daichi Kozawa further tested the validity of Assignment (i) by using the deliberate strategy
of modifying the defect distribution in the hBN samples, via the addition of boric acid to etch the
existing defects in the lattice. Indeed, boric acid is known to form adsorbed hydroxyl (–OH)
groups on graphene, thereby acting as an etchant at high temperatures.29 The increase in the
number of atoms removed (N), due to the etching process, is expected to specifically convert
smaller defects into larger, stable defects, thereby allowing for a test of Assignment (i).
To this end, liquid-phase exfoliated hBN flakes, deposited onto SiO2/Si substrates, were
annealed with solid boric acid powder at 850

°

C for 30 minutes, and the resulting

photoluminescence spectra were recorded. Remarkably, peaks P3, P4, P5, and P6 decreased in
frequency while peak P2 clearly increased in frequency (Figure 4-4D), consistent with smaller
defects (N=1, 5, 7, 6, and 12) increasing in size to form larger defects (N=8, 9, 14, 15, and 16),
including more stable triangular ones (N=9, 16), due to etching by boric acid. The decrease in the
total density of the defects in the liquid-phase exfoliated hBN flakes after reaction with boric
acid can be attributed to the formation of much larger lattice vacancies which are out of the
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detection range of the spectrometer utilized experimentally. Indeed, the silicon-based chargecoupled device (CCD) detector that is utilized in the experiments guarantees spectral sensitivity
only between around 1.6 eV to 2.4 eV, thereby majorly spanning, with high sensitivity, the range
of fluorescence that has been observed from vacancy defects in hBN.
The treatment of monolayered CVD hBN by boric acid further increased my confidence in
Assignment (i). In this case, peak P3 (assigned to N=1) decreased in frequency, producing more
P2 (assigned to N=8, 9, 14, 15, and 16), and generating another lower energy emission peak,
labeled as P6 (Figure 4-4E), which we assign to the N=12 vacancy. Therefore, Assignment (i) is
again consistent with the etching action of boric acid. Moreover, defect etching through the use
of boric acid supports the N=9 and 16 defects being chemically stable, because the etching
process often terminated in these defects. Finally, it is noteworthy that Dr. Kozawa verified that
thermal annealing alone (without addition of boric acid) does not alter the defect population
distribution, thereby supporting the relative size scaling of defects in Assignment (i), because
etching using boric acid specifically converted smaller defects into larger defects.

4.6 Conclusions
Hexagonal boron nitride is a wide-band gap 2D material, which can be made to emit light in the
visible and near-infrared wavelength regimes, by the introduction of vacancy defects in the
lattice. However, when I began my doctoral research, researchers did not understand very well
the relationship between the sizes and shapes of the various vacancy defects that could be present
in hBN, and the various wavelengths at which defective hBN would emit light upon excitation
by a laser. To address this challenge, in this chapter, I combined several, well-founded
theoretical tools to attempt, for the first time, an assignment of defect shapes to different
wavelengths of emission from a real hBN sample. To this end, I collaborated with Dr. Daichi
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Kozawa in Professor Strano’s research group, whose experimental work showed that light
emission from hBN samples is quantized amongst 6 different wavelengths, irrespective of the
method of sample preparation. The experimental results were interpreted in light of my recently
proposed solution to cataloging the shapes of the most-probable vacancy defects in real 2D
materials, as discussed in Chapter 3, and extensive hybrid density functional theory calculations
of the electronic excitation energies in hBN with various vacancy defects. Using these modeling
tools, I was able to map each experimentally observed emission wavelength to one, or more,
vacancy defects in hBN. The assignment was found to be consistent with the experimentally
observed stability of triangular defects in the hBN lattice. The assignment was further validated
based on additional experiments, including transmission electron microscopy of vacancy defects
in hBN, and the deliberate perturbation of the vacancy defect distribution in hBN by etching
using boric acid. In both cases, the assignment was found to explain the experimentallyobserved results. In conclusion, the results presented in this chapter demonstrate structureproperty relationships for defects in hBN, and have the potential to enable spatial control of
emission wavelengths through the atomistic design of defect shapes. Indeed, I hope that, in the
future, one could imagine dialing in a particular atomic structure for a vacancy defect in hBN,
with the aim of making the hBN sample emit single photons at a desired wavelength, for
applications in various fields, including quantum computing and quantum information.

4.7 Methods
4.7.1 Isomer Cataloging Framework for Hexagonal Boron Nitride
In Chapter 3, I introduced a theoretical framework, which I refer to here as the Isomer
Cataloging Framework, to predict the most-probable vacancy defects in 2D material lattices, as a
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function of the defect size, N. This framework combines electronic-structure density functional
theory (DFT) calculations, kinetic Monte Carlo (KMC) simulations, and chemical-graph
theoretic identification of unique defect shapes, in order to determine the probabilities of
occurrence of various defect shapes in 2D materials. Using this framework, in Chapter 3, I
demonstrated remarkable agreement of the most-probable isomeric shapes of the vacancy defects
in graphene, as predicted by the framework, with experimental transmission electron microscopy
(TEM) images of graphene nanopores reported in the literature. In this chapter, the Isomer
Cataloging Framework was used to predict the shapes of the most-probable vacancy defects in
hexagonal boron nitride (hBN). In this framework, the rates of etching (+*N&O ) for boron (B) and
nitrogen (N) atoms in hBN were calculated using an Arrhenius expression. Specifically,
+*N&O = - exp w−

9:
x
%; <

(4-1)

where - = 10L^ Hz is the Arrhenius prefactor,30 9: is the activation energy for the etching
process, %; is the Boltzmann constant, and < is the absolute temperature. Note that, as shown in
Chapter 3, varying the temperature of the system only changes the rates of formation of the
vacancy defects, and does not alter the shapes of the most-probable isomers of the vacancy
defects in the material. The activation energies for the etching of B and N atoms in hBN were
calculated using a quadratic activation energy-reaction enthalpy relationship31 and density
functional theory (DFT)15,16-based calculations of the reaction enthalpies for the etching of
different types of B and N atoms in the hBN lattice, in the presence of silicon (Si) etchant
atoms.32 Indeed, in Chapter 3, I showed that the presence of silicon etchant atoms in essential to
create the experimentally-observed triangular vacancy defects in hBN. Note that it is conceivable
that other transition metal atoms, present as impurities in the sample, could also catalyze the
etching process of the edge atoms in hBN. There are mainly three types of B and N atoms in an
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hBN lattice with edges,33 namely, (i) a zigzag atom, which is bonded to two other atoms, each of
which is bonded to two other atoms by itself; (ii) an armchair atom, which is bonded to two other
atoms, the first of which is bonded to two other atoms, and the second of which is bonded to two
or three atoms; and (iii) a singly bonded atom. I calculated the activation barriers of etching of
these different types of B and N atoms using the etching enthalpies obtained using DFT
calculations, and these values are summarized in Table 3-3 of Chapter 3. These activation
barriers were used in Eq. (2-1) to calculate the etching rates for the B and N atoms. Based on
these etching rates, kinetic Monte Carlo (KMC)34 simulations were carried out using a custom
code written in MATLAB 2016b. The KMC simulations were initialized with a monoatom boron
vacancy in the hBN lattice. Subsequently, up to 16 atoms in total (whether B or N) were
removed from the hBN lattice, with the atom to be etched at each step determined using
Gillespie’s algorithm.35

4.7.2 DFT Calculations of the Activation Barriers for Atomic Edge Hopping
and the Electronic Energy Level Gaps for Various Vacancy Defects in
Hexagonal Boron Nitride
Density functional theory (DFT) calculations were carried out using the Vienna Ab initio
Simulation Package (VASP),36 based on the projector augmented wave (PAW) formalism.37,38 A
cutoff energy of 500 eV was utilized for the plane wave basis set (see Appendix 4.8.5 for details
about the convergence test), and the DFT calculations were run till the electronic energy was
converged to less than 10-4 eV. PAW pseudopotentials were utilized to represent the nuclei and
the core electrons in the boron and nitrogen atoms. The Perdew-Burke-Ernzerhof (PBE) density
functional28 was utilized to represent the exchange-correlation energy of the system. Grimme’s
D3 method39 was utilized to incorporate dispersion (van der Waals) interactions operative
between nonbonded atoms. Reciprocal space sampling was limited to the gamma point in the k244

space (see Appendix 4.8.5 for details about the convergence test). Gaussian smearing with a
width of 0.2 eV was utilized to converge the DFT calculations. Spin polarization was taken into
account in the calculations. All structures were geometry optimized until the maximum force on
all atoms is less than 0.005 eV/Å (see Appendix 4.8.6 for details about the geometry
optimization of the primitive hBN unit cell). Climbing image-nudged elastic band (CI-NEB)
calculations40 were utilized to calculate the activation barriers for hopping of B and N atoms
along the pore mouth for each vacancy defect formed in the KMC simulations. Three images
connecting the initial and the final atomic states were optimized until the total force on all atoms
in the direction perpendicular to the minimum energy path was less than 0.025 eV/Å. Electronic
energies (i.e., the Kohn-Sham eigenvalues15) were calculated at the gamma point, using the
hybrid electronic-structure density functional, HSE06,26,27 which is based on a screened
Coulomb potential and can better predict band gaps in materials,25 due to its incorporation of
exact exchange interactions for electrons.14 In this case, to avoid fractional electronic
occupancies in the Kohn-Sham orbitals, the Gaussian smearing width was limited to 0.0258 eV.
Moreover, the electronic energy was converged to less than 10-8 eV, to obtain the electronic
energy levels with high accuracy. In all the DFT calculations, a 9´9 hBN supercell was utilized
(see Appendix 4.8.7 for a demonstration that the calculated electronic energy level gaps do not
depend significantly on the choice of the 9´9 hBN supercell utilized in our calculations).
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4.8 Appendices
4.8.1 Calculated Hopping Barriers for Various Vacancy Defect Sizes in
Hexagonal Boron Nitride, Computed Using Density Functional Theory
Calculations
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Figure 4-6. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=1* (1,0) defect from a N=1 (1,0) defect. (B) Boron atom
hopping, leading to a 120° rotation of the N=3 (2,1) defect. (C) Nitrogen atom hopping to form a
N=3* (2,1) defect from a N=3 (2,1) defect. (D) Nitrogen atom hopping to form a N=4* (3,1)
defect from a N=4 (3,1) defect.
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Figure 4-7. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
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state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=5* (3,2) defect from a N=5 (3,2) defect. (B) Nitrogen atom
hopping to form a N=5*2 (3,2) defect from a N=5 (3,2) defect. (C) Nitrogen atom hopping to
form a N=6* (4,2) defect from a N=6 (4,2) defect. (D) Nitrogen atom hopping to form a N=7*
(5,2) defect from a N=7 (5,2) defect.
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Figure 4-8. Atomistic models of the initial (left panel) and final (right panel) state, and the
energy profile (bottom panel) for each depicted atomic transition from the initial state to the final
state, calculated using density functional theory-based nudged elastic band calculations. (A)
Nitrogen atom hopping to form a N=8* (5,3) defect from a N=8 (5,3) defect. (B) Nitrogen atom
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hopping to form a N=8*2 (5,3) defect from a N=8 (5,3) defect. (C) Nitrogen atom hopping to
form a N=9* (6,3) defect from a N=9 (6,3) defect. (D) Nitrogen atom hopping to form a N=9**
(6,3) defect from a N=9* (6,3) defect.

4.8.2 Demonstration that the Calculated Barrier for Atomic Transitions in
Hexagonal Boron Nitride (hBN) Does Not Change If the hBN Layer is
Sandwiched Between Other hBN Layers
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Figure 4-9. Atomistic models of the initial (left panel) and final (right panel) states (A), and the
energy profile (B) for a boron atom hopping and leading to a 120° rotation of a N=3 (2,1) defect
in hexagonal boron nitride (hBN). The energy profiles are depicted in two cases: (i) for
monolayer hBN (blue color), wherein the defect is present in a single, isolated sheet of hBN, and
(ii) for trilayer hBN (orange color), wherein the defect is present in the middle layer, sandwiched
by two hBN layers – one at the top and one at the bottom.
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4.8.3 Electronic Energy-Level Diagrams for Various Defects in Hexagonal
Boron Nitride using Generalized Gradient Approximation and Hybrid
Functionals

Figure 4-10. Electronic energy-level diagram (at the G point of the supercell) for pristine
monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-11. Electronic energy-level diagram (at the G point of the supercell) for the N=1 (1,0)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-12. Electronic energy-level diagram (at the G point of the supercell) for the N=2 (1,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-13. Electronic energy-level diagram (at the G point of the supercell) for the N=3 (2,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-14. Electronic energy-level diagram (at the G point of the supercell) for the N=4 (3,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
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indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-15. Electronic energy-level diagram (at the G point of the supercell) for the N=5 (3,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-16. Electronic energy-level diagram (at the G point of the supercell) for the N=6 (4,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-17. Electronic energy-level diagram (at the G point of the supercell) for the N=7 (5,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

254

Figure 4-18. Electronic energy-level diagram (at the G point of the supercell) for the N=8 (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-19. Electronic energy-level diagram (at the G point of the supercell) for the N=9 (6,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
255

indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-20. Electronic energy-level diagram (at the G point of the supercell) for the N=10 (6,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-21. Electronic energy-level diagram (at the G point of the supercell) for the N=11 (7,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-22. Electronic energy-level diagram (at the G point of the supercell) for the N=12 (8,4)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-23. Electronic energy-level diagram (at the G point of the supercell) for the N=13 (8,5)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-24. Electronic energy-level diagram (at the G point of the supercell) for the N=14 (8,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
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indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-25. Electronic energy-level diagram (at the G point of the supercell) for the N=15 (9,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-26. Electronic energy-level diagram (at the G point of the supercell) for the N=16 (10,6)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-27. Electronic energy-level diagram (at the G point of the supercell) for the N=1 (0,1)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-28. Electronic energy-level diagram (at the G point of the supercell) for the N=1* (1,0)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-29. Electronic energy-level diagram (at the G point of the supercell) for the N=5* (3,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
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indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-30. Electronic energy-level diagram (at the G point of the supercell) for the N=6* (4,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-31. Electronic energy-level diagram (at the G point of the supercell) for the N=7* (5,2)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.

Figure 4-32. Electronic energy-level diagram (at the G point of the supercell) for the N=8* (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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Figure 4-33. Electronic energy-level diagram (at the G point of the supercell) for the N=8*2 (5,3)
defect in monolayer hexagonal boron nitride, calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional (left panel) and the Heyd-ScuseriaErnzerhof (HSE06) hybrid density functional (right panel), for a 9´9 supercell. Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram.
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4.8.4 Comparison of the Perdew-Burke-Ernzerhof (PBE) and the HeydScuseria-Ernzerhof (HSE06) Density Functionals in Predicting the
Electronic Energy Gap in Hexagonal Boron Nitride with Vacancy
Defects

Figure 4-34. Simulated electronic energy gaps in monolayer hexagonal boron nitride (hBN) with
vacancy defects of various sizes, as a function of the defect size, N. Results are shown using
density functional theory (DFT) calculations with two different functionals: the generalized
gradient approximation Perdew-Burke-Ernzerhof (PBE) functional (purple color), and the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) functional (red color).

4.8.5 Demonstration of k-Point and Energy Cutoff Convergence for the
Density Functional Theory (DFT) Calculations
Table 4-4. Convergence of the Monkhorst-Pack-based41 k-point mesh, using a plane wave cutoff
of 500 eV and projector augmented wave (PAW) pseudopotentials,38 for DFT calculations using
a 9´9 hexagonal boron nitride supercell, and the Perdew-Burke-Ernzerhof (PBE)28 generalized
gradient approximation exchange-correlation functional. The system energy is converged to less
than 0.01 meV/atom using a 1´1´1 k-point mesh, i.e., G-point sampling.
k-Point Mesh
1´1´1
2´2´1
2´2´2

Energy of System
(eV)
-1439.8167
-1439.8153
-1439.8153

Difference (eV)
-0.0014
3´105
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Difference
(meV/atom)
-0.0088
-0.0001

Table 4-5. Convergence of the plane wave cutoff, using a 1´1´1 G-centered k-point mesh, for
DFT calculations using a 9´9 monolayer hexagonal boron nitride supercell, using PAW
pseudopotentials,38 and the Perdew-Burke-Ernzerhof (PBE)28 generalized gradient
approximation exchange-correlation functional. The system energy is converged to less than 2
meV/atom using a plane wave cutoff of 500 eV.
Energy Cutoff (eV)
300
400
500
600

Energy of System
(eV)
-1434.5083
-1435.3176
-1435.8850
-1436.1553

Difference (eV)
0.8093
0.5674
0.2703

Difference
(meV/atom)
4.9955
3.5027
1.6684

4.8.6 Determination of the Optimized Lattice Parameter for Hexagonal
Boron Nitride (hBN) using Density Functional Theory Calculations
Table 4-6. Convergence of the Monkhorst-Pack-based41 k-point mesh, using a plane wave cutoff
of 500 eV, for DFT calculations using a the primitive hexagonal boron nitride (hBN) unit cell,
using PAW pseudopotentials,38 and the Perdew-Burke-Ernzerhof (PBE)28 generalized gradient
approximation exchange-correlation functional. The system energy is converged to less than
0.0002 meV/atom using an 8´8´2 k-point mesh.
k-Point Mesh
4´4´1
8´8´2
16´16´4

Energy of System
(eV)
-35.6238
-35.7129
-35.7120

Difference (eV)
-0.0892
0.0009

Difference
(meV/atom)
-0.0223
-0.0002

Using an 8´8´2 k-point mesh, a plane wave cutoff of 500 eV, and Grimme’s D3 method39 to
account for dispersion interactions, I optimized the hBN unit cell, using the PBE exchangecorrelation functional, until the maximum force on any atom was less than 0.005 eV/Å. I found
that the optimized B-N bond length is 1.447 Å, which compares very well with the experimental
value42 of 1.446 Å (within 0.07%).
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4.8.7 Demonstration that the Calculated Electronic Energy Gap Does Not
Significantly Depend on the Supercell Size Used in the Calculations

Figure 4-35. Electronic energy-level diagram (at the G point of the supercell) of the largest defect
considered in this study, i.e., the N=16 (10,6) defect, in monolayer hexagonal boron nitride,
calculated using the Perdew-Burke-Ernzerhof (PBE)28 generalized gradient approximation
density functional, for a 9´9 supercell (left panel) and a 10´10 supercell (right panel). Spin-up
states are shown in blue color and spin-down states are shown in red color. Filled spin-up states
are indicated with an up arrow () and filled spin-down states are indicated with a down arrow
(¯). The inferred energy gap is indicated above each energy diagram. The energy levels are
qualitatively similar for the two cases, and the inferred electronic energy gap differs by 0.06 eV
for the two cases.
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Figure 4-36. Electronic energy-level diagram (at the G point of the supercell) of the largest defect
considered in this study, i.e., the N=16 (10,6) defect, in monolayer hexagonal boron nitride,
calculated using the Heyd-Scuseria-Ernzerof (HSE06)27,43 hybrid exchange-correlation density
functional, for a 9´9 supercell (left panel) and a 10´10 supercell (right panel). Spin-up states are
shown in blue color and spin-down states are shown in red color. Filled spin-up states are
indicated with an up arrow () and filled spin-down states are indicated with a down arrow (¯).
The inferred energy gap is indicated above each energy diagram. The energy levels are
qualitatively similar for the two cases, and the inferred electronic energy gap differs by 0.003 eV
for the two cases.
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Chapter 5
Dominance of Dispersion Interactions and Entropy over
Electrostatics in Determining the Wettability and Friction
of Two-Dimensional MoS2 Surfaces
5.1 Introduction
Two-dimensional (2D) materials, including graphene,1 hexagonal boron nitride (hBN),2 and
transition metal dichalcogenides (TMDs)3 like molybdenum disulfide (MoS2), have received
considerable attention in recent years, due to the possibility of being exfoliated up to the
monolayer limit. Their layer-number dependent band gaps,4 high mechanical strengths,5 and
minimal resistance to fluid flow6,7 have enabled applications in transistors, composite materials,
and membranes, respectively. Large-scale synthesis techniques for 2D materials involve
exfoliation and dispersion in solvents8 and aqueous surfactant solutions.9 In several applications,
2D materials come in contact with liquid media, including water and ionic liquids.10–12
Therefore, understanding how liquids interact with 2D materials is important to engineer the
synthesis and applications of these materials. For example, the wettability of MoS2 and the
friction coefficient of water on MoS2 would determine the performance of MoS2 ion-rejection
membranes for desalination applications.13 These properties would also affect the performance of
MoS2 surface coatings and devices. In the case of graphene, the existence of homopolar, covalent
bonds precludes any electrostatic effects (except for polarization of the p electrons by ions or
polar liquids like water14), unless graphene is charged or doped.15–18 However, wetting and
adsorption phenomena on TMDs could be more interesting because of the presence of polar,
partially ionic metal-chalcogen bonds in these materials. For example, it is known that metal
oxide surfaces such as TiO2,19 SiO2,20 and MgO21 can be hydrophilic due to electrostatic
272

interactions between these surfaces and water. Similarly, for MoS2, the dipolar Mo-S bonds with
a vertical separation between the Mo and S atoms, could lead to significant dipolar interactions
between MoS2 and a liquid droplet placed on it, thereby making MoS2 hydrophilic.22
Several experimental23,24 and modeling25 studies have attempted to characterize the
equilibrium wetting properties of the MoS2 basal plane. These studies considered contaminated
surfaces, and therefore, did not uncover the intrinsic wettability of MoS2. Kozbial et al. used the
equilibrium wetting behavior of uncontaminated MoS2 to extract the polar (electrostatic) and
dispersion components of the surface free energy of MoS2 experimentally,22 and found that the
surface free energy of the MoS2 basal plane is dominated by the dispersion component (~ 90% of
the total), and that bulk MoS2 is mildly hydrophilic with a contact angle of 69°. However, the use
of geometric-mean combining rules for the free energies, rather than the enthalpies, in
determining the dispersion and electrostatic components of the surface free energy, obscures this
decomposition. As a result, a fundamental understanding of the extent to which dispersion
interactions, electrostatics, and entropy contribute to the interfacial properties of MoS2 is lacking.
In particular, three challenges exist: (i) the experimental decomposition of the surface free
energy, which is an equilibrium interfacial property, into dispersion and electrostatic components
involves the use of geometric-mean combining rules for free energies, rather than for enthalpies,
(ii) there is no experimental technique which can decouple the dispersion and the electrostatic
contributions to the non-equilibrium interfacial properties, such as, the friction coefficient and
the slip length, and (iii) quantification of the role that entropy plays in wettability is difficult to
determine experimentally, because it is challenging to measure the temperature dependence of
the contact angle.
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To address these scientific challenges, in this chapter, I first validate a force field26
recently developed by the Blankschtein group to represent the mechanical and interfacial
properties of MoS2, by carrying out molecular dynamics (MD) simulations to understand the
wetting properties of the MoS2 basal plane. Subsequently, I develop a general theoretical
formalism to evaluate the effects of dispersion and electrostatic interactions on both equilibrium
and non-equilibrium interfacial properties of MoS2, as well as to quantify the role of entropy in
the wettability of MoS2. Specifically, I utilize MD simulations to calculate the contact angle, the
friction coefficient, and the slip length at MoS2-liquid interfaces, and compare these properties
with those corresponding to a hypothetical nonpolar variant of MoS2. Further, I use the simulated
temperature dependences of the water contact angle and surface tension to quantify the role of
entropy in the wettability of MoS2. My results show that electrostatic interactions play a
negligible role in determining not only the equilibrium contact angle on the MoS2 basal plane,
which depends solely on the total interaction energy between the surface and the liquid, but also
the friction coefficient and the slip length on MoS2, which depend on the spatial variations in the
interaction energy. While the former is found to result from the exponential decay of the electric
potential above the MoS2 surface, the latter results from the tri-layered sandwich structure of the
MoS2 monolayer, which causes the spatial variations in dispersion interactions in the lateral
direction to dominate over those in electrostatic interactions in the lateral direction. Further, I
show that the non-polarity of MoS2 is specific to the low energy, two-dimensional basal plane in
MoS2, and that other planes in MoS2 (e.g., the zigzag plane) are polar with respect to interactions
with water. Finally, I show that entropy, which has been neglected in recent mean-field theories,
is crucial in determining the wettability of MoS2. My findings also reveal that the water contact
angle on MoS2 changes by less than 3° in the temperature range from 280–350 K (7–77 °C), a
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result that may be useful in understanding the interfacial behavior of MoS2 surfaces in hightemperature applications.

5.2 Choosing an Appropriate MoS2 Force Field to Simulate MoS2Liquid Interfaces
In collaboration with my colleague, Dr. Vishnu Sresht, I developed a new force field26 to
represent the mechanical and interfacial properties of MoS2 using lattice dynamics calculations
based on an open-source force-field fitting package called the General Utility Lattice Program
(GULP).27 The new force field for MoS2 is able to predict the lattice and elastic constants and the
interlayer binding energy of MoS2 with good accuracy. Details about the parameterization
process of this force field are available in Ref. 26, and the force-field parameters are listed in
Appendix 5.11.1. In order to test the validity of this new force field for modeling the interfaces
of MoS2 with different liquids, I carried out MD simulations to predict the contact angles of
water, which is a polar solvent, and diiodomethane, which is a nonpolar solvent, on the MoS2
basal plane. Interactions between the MoS2 surface and the liquids were modeled using a
combination of 12-6 Lennard-Jones (LJ) terms, to represent the solid-liquid dispersion
interactions, and Coulombic terms, to represent the solid-liquid electrostatic interactions. The
simulated values of the contact angles were compared against the respective experimentallymeasured contact angles obtained by Kozbial et al.22 In my simulations, I considered mono-, bi-,
and tri-layer MoS2. Note that tri-layer MoS2 is representative of bulk MoS2 because, for the LJ
cut-off utilized in my simulations (1.2 nm), the dispersion interactions between a liquid droplet
and a layer of MoS2 located beyond the third layer were found to be negligible. Moreover, as
shown in this chapter, Coulombic interactions between the MoS2 surface and the liquid are
negligible even for a monolayer MoS2 surface.
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In several cases, as described below, the contact angle of the liquid was found to be zero
on the MoS2 basal plane, with the liquid completely wetting the surface through the formation of
a periodic liquid film in the MD simulations (see Figure 5-1A). In those cases where the liquid
did not spread completely, i.e., the contact angle was greater than zero, as described in the
Methods section, I used two different approaches to compute the contact angle of water on the
MoS2 surface: (a) the method proposed by Ingebrigtsen and Toxvaerd, 2 8 wherein the curvature of
the first two layers of water above the solid surface determines the contact angle, and (b) the
method proposed by Blake et al.,29 wherein a circular profile is fit to the droplet contour after
excluding the first two layers of water above the solid surface, and the tangent to the circle at the
solid surface determines the contact angle. In this section, I report the results using Method (a).
Results using Method (b) are summarized in Appendix 5.11.2, where I show that the MoS2 force
field proposed in Ref. 26 is in better agreement with experiment than the other MoS2 force fields
reported in the literature, irrespective of the method utilized.
The water molecules were represented using the SPC/E water model.30 This three-site
water model has been extensively used to parameterize the force fields for a variety of materials,
including minerals and polymers, by reproducing experimental contact angles through MD
simulations.31–33 I also report the contact angles obtained on monolayer MoS2 using the SPCEF,34 TIP4P/2005,35 and TIP4P/Ice36 water models, along with the simulated surface tensions of
these water models, in Appendix 5.11.2. The force field for diiodomethane was obtained from
the Automated Topology Builder (ATB) and is based on the GROMOS 53A6 force field.37 As
discussed in Appendix 5.11.3, the surface tension of diiodomethane predicted by this force field
(49.2 mN/m) agrees very well with the experimentally-determined value (50.8 mN/m).
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By decoupling van der Waals interactions from intra-layer bonded interactions, the new
force field described in Ref. 26 enabled the use of geometric-mean combining rules for the LJ
interactions between MoS2 and the liquids considered. The macroscopic contact angle of water
on trilayer MoS2 (Figure 5-1D) using this force field was calculated to be 69.6° (Figure 5-1E),
which is very close to the experimental value of 69°.22 For diiodomethane, I obtained a contact angle
of 0°, while the experimental contact angle is 15°. 2 2 The close agreement between the
predicted and the experimental contact angles, without the need to adjust any parameters,
suggests that the new force field for MoS2 proposed in Ref. 26 can be utilized, along with available
force fields for liquids and geometric-mean combining rules, to quantitatively predict solid-liquid
interfacial phenomena.
A

Becker et al. / Varshney et al.

B

Morita et al.

θ = 69.4° ± 0.4°

C

Liang et al.

θ = 97.9° ± 0.8°

θ = 0°

E

D Sresht et al.

θ = 69.6° ± 0.8°

Figure 5-1. Representative equilibrium MD simulation snapshots of droplets composed of 4000
SPC/E water molecules on the bulk 2H MoS2 basal plane simulated using different force-field
models. Atoms of molybdenum, sulfur, oxygen, and hydrogen are shown in pink, yellow, red,
and white, respectively. Estimates of the macroscopic contact angle, v, of SPC/E water on the
bulk MoS2 basal plane simulated using these force fields are reported on the top-right corner of
the corresponding snapshot. (A) SPC/E water completely wets (zero contact angle) MoS2
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trilayers modeled using the force fields proposed by Becker et al. and Varshney et al. (B) The
force field proposed by Morita et al. yields a contact angle of 68.3°. (C) The force field proposed
by Liang et al. renders MoS2 hydrophobic and yields a contact angle of 104.5°. (D) The new
force field for MoS2 proposed by Sresht et al. in Ref. 26 yields a contact angle of 68.6° on the
bulk MoS2 basal plane, in excellent agreement with experiments. (E) Variations of the water
contact angle, v (left-hand y axis) and of the cosine of the water contact angle cos v (right-hand y
axis) with the inverse of the droplet radius R−1 for SPC/E water droplets on monolayer (ML),
bilayer (BL), and trilayer (TL) MoS2. Note that the intercept of the line of least squares fit to
cos v vs æ RL , when æRL → 0 is used to estimate the water contact angle for a macroscopic
droplet (æ → ∞).
I also simulated the contact angle of SPC/E water using other force fields for MoS2
available in the literature, specifically, those proposed by Becker et al.,38 Morita et al.,39
Varshney et al.,40 and Liang et al.41 I found that the force fields proposed by Becker et al.38 and
Varshney et al.40 predicted complete wetting of MoS2 with a contact angle of 0° (Figure 5-1AB). This is due to the high ¡ parameters for molybdenum (Mo) and sulfur (S) atoms in these two
force fields, reflecting the combination of inter-molecular and intra-molecular interactions. On
the other hand, although the force field proposed by Morita et al.39 yielded a water contact angle
of 69.4° (Figure 5-1B, see also Appendix 5.11.4), which is close to the experimentally-measured
value of 69°,22 work done in Ref. 26 has shown that this particular force field does not correctly
model the inter-sheet interactions between layers of MoS2. Finally, the force field proposed by
Liang et al.41 yielded a water contact angle of 97.9° (Figure 5-1C, see also Appendix 5.11.4),
indicating that it underestimates the water–MoS2 interactions which promote wetting. Based on
the results presented above, I found that the force field proposed by Sresht et al. in Ref. 26 most
faithfully reproduces the interfacial behavior of MoS2. In fact, utilizing this force field also
enables the correct prediction of the experimentally-observed ranking of various solvents utilized
in the liquid-phase exfoliation of MoS2 sheets.26 Therefore, in the remainder of this chapter, I
utilize the new force field developed in Ref. 26 to elucidate the roles of dispersion interactions,
electrostatics, and entropy in modulating the wettability and friction of the MoS2 basal plane.
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5.3 Electrostatic and Dispersion Components of the Liquid-2D
MoS2 Interaction Energy
I evaluated the electrostatic and dispersion components of the interaction energy of a single sheet
of 2D MoS2 with: (i) polar water, (ii) non-polar diiodomethane, and (iii) room temperature ionic
liquid 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4), by calculating the average
binding energy of a box of liquid molecules with a perfect, infinite, monolayer (0001) MoS2
surface (9U'ZP,¬J√ƒ R)'TV'P ). This binding energy is defined as the energy required to separate the
liquid

molecules from the MoS2 surface:

9U'ZP,¬J√ƒ R)'TV'P = 9¬J√ƒ R)'TV'P − k9¬J√ƒ +

9)'TV'P|¬J√ƒ l, where 9¬J√ƒ R)'TV'P , 9¬J√ƒ , and 9)'TV'P|¬J√ƒ are the time-averaged energies of the
MoS2-liquid system, of the MoS2 sheet, and of the liquid molecules in the presence of the MoS2
sheet, respectively. Water molecules were represented by the SPC/E model,30 diiodomethane
molecules were represented by the Automated Topology Builder force field,37 and EMIM+ and
BF4- ions were represented by the force field developed by Lopes et al..42
As discussed in Section 5.2, the force-field parameters for the Mo and S atoms (see
Appendix 5.11.1) were taken from Ref. 26. Moreover, in Section 5.2, I validated this force field
using experimental contact angle data for water and diiodomethane. In the new force field, the
partial charges assigned to the Mo and S atoms were derived using the density-derived atomic
point charges (DDAP) method43 based on electronic structure density functional theory (DFT)
calculations in the open source package cp2k.44 The DDAP method is known to correctly
reproduce the long-range electrostatic potential resulting from the electron density in the system,
and can be used to couple classical and quantum mechanical simulations.43 Note that the use of
ab initio MD, instead of classical MD used here, would restrict the system size to a few hundred
solvent molecules, and the time scales up to a few hundred picoseconds, without any guarantee
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on the correctness of the results obtained. Indeed, predicting dispersion interactions with 1
kJ/mol accuracy is challenging for ab initio methods,45 giving rise to simulated water contact
angles ranging from 10°–45° for the graphitic basal plane,46 while the experimental contact
angle of water on graphite is around 64°.47 On the other hand, using the force field developed in
Ref. 26 enables the simulation of systems with thousands of solvent molecules, while enabling a
good match with experimental contact angle data for MoS2.26
The Lennard-Jones (LJ) parameters for Mo and S atoms were obtained by using the
above determined partial charges and fitting the lattice and elastic constants of bulk 2Hmolybdenite using lattice dynamics simulations.26 Therefore, the partial charges and LJ
parameters for Mo and S atoms were obtained in a self-consistent manner, and the force field
utilized is expected to correctly capture the competition between dispersion interactions and
electrostatics in systems involving MoS2. A further validation of the force field developed in Ref.
26 is offered by the very close agreement between the total interaction energy (dispersion +
electrostatics) of two MoS2 sheets predicted by the force field, and that predicted by dispersioncorrected DFT (PBE+D3 and PBE+rVV10).26
In the interaction energy simulations, the bonds in MoS2 were kept frozen at their
equilibrium positions (this assumption is relaxed later, and is shown not to affect the interfacial
properties of the system). The temperature in the simulation was maintained at 298.15 K using
the Bussi-Parrinello thermostat48 to obtain correct NVT sampling. Additional simulation details
are available in the Methods section. I found that the binding energy is almost exclusively
dispersive for the three liquids considered here (Table 5-1).
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Table 5-1. Electrostatic components of the interaction energies of the three liquids considered,
corresponding to their interactions with a sheet of MoS2, calculated using MD simulations.
Liquid
Diiodomethane
Water
EMIM-BF4

Total interaction energy
(mJ/m2)
90.2
136.8
208.8

Electrostatic interaction
energy (mJ/m2)
0.056
0.697
0.604

%
Electrostatic
0.06
0.51
0.29

Earlier studies have postulated that the negligible electrostatic interactions between
neutral, albeit polar solids and water are due to steric effects, wherein the water molecules cannot
organize over the solid lattice based on the positive charges on the hydrogen atoms and the
negative charges on the oxygen atoms, because the size of the water molecules is not
commensurate with the lattice constant of the solid.49 However, in addition to causing steric
effects,50 the lattice constant directly affects the electric potential and electric field above a
surface, which can be more readily quantified (see Eq. (5-1) below). In this regard, I next show
that the electric potential over the MoS2 basal plane decays rapidly to zero, thereby justifying the
negligible electrostatic interaction energies between liquids and TMDs, particularly because the
steric effect can be overcome by sufficiently large partial charges.49 To this end, I calculated the
electrostatic (ö*)*& ) and dispersion (öP'IX ) components of the interaction energy of a single
oxygen atom (O-atom) with an infinite, monolayer MoS2 sheet using a rapidly convergent lattice
summation in reciprocal space (see Appendix 5.11.5). Since the potential over a periodic solid
surface is also periodic, I can express the potential using a Fourier series to obtain the following
expressions:51
ö*)*& (+⃗) =

2oü«
1
üZ
∙
££
exp[Õ …⃗ ∙ (±⃗ − ±⃗Z ) − |…⃗|ŒZ ]
ÅI 4o¡?
|…⃗|
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(5-1)

ö*)*& (+⃗) =
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where ÅI denotes the area of the MoS2 unit cell, ¡? denotes the permittivity of free space, H =
{1, 2, 3} denotes the index for the two sulfur atoms (S-atoms) and one molybdenum atom (Moatom) in the MoS2 unit cell, …⃗ = 2ok%L €⃗L + %G €⃗G l, €⃗L , €⃗G denote the reciprocal space vectors,
%L , %G are integers such that −25 ≤ %L , %G ≤ 25 (for convergence test, see Appendix 5.11.5),
+⃗ = (y, ›, Œ) denotes the coordinates of point P where the potential is calculated (±⃗ = (y, ›)), ±⃗Z
denotes the position of the Hﬁﬂ atom in the unit cell, ŒZ denotes the vertical position of point P
with respect to the Hﬁﬂ atom in the unit cell, üZ , (aZ« , ¡Z« ) denote the partial charge and the
Lennard-Jones parameters (for interaction with an O-atom) of the Hﬁﬂ atom in the unit cell (see
Appendix 5.11.1), respectively, ü« denotes the partial charge on the O-atom, and ÷' denotes the
modified Bessel function of the 2nd kind.
Figure 5-2A-B shows the electrostatic and dispersion interaction energy contours at a
distance of Œ = 3 Å (close to where the majority of the water molecules are present) above a
monolayer MoS2 sheet, calculated using Eqs. (5-1) and (5-2). The colored scale bars in Figure
5-2A-B reveal that the electrostatic interaction energy is an order of magnitude lower than the
dispersion interaction energy. Further, the electrostatic interaction energy is prone to cancellation
due to its alternating positive-negative nature (and also because water molecules are neutral,
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contrary to the negatively-charged O-atom considered here), compared to the always negative
value of the dispersion interaction energy. In Figure 5-2C, I plot the time-averaged density
profile of water over the MoS2 surface, along with the electrostatic and dispersion interaction
energies of a single O-atom (present right above an S-atom or a Mo-atom) with the MoS2
surface, as a function of the vertical distance from the surface. Figure 5-2C shows that the
electrostatic interaction energy of a single O-atom with the MoS2 surface decays rapidly to zero
(solid red and blue lines), and that only the dispersion interaction energy remains finite at the
locations where the majority of the water molecules reside (dashed red and blue lines). On a
similar note, a detailed analysis of the interlayer binding in hBN revealed that the interlayer
distance in polar hBN is very similar to that in nonpolar graphene, because the electrostatic
interaction potential between the material layers is negligible at the physically relevant distance
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Figure 5-2. (A-B) Electrostatic (A) and Dispersion (B) interaction energy contours (with colored
scale bars) of a single O-atom at a distance of z = 3 Å above a monolayer MoS2 surface, inside
the MoS2 unit cell, with the S-atom shown in blue, and the Mo-atom shown in silver. (C)
Comparison of the electrostatic (solid) and dispersion (dashed) interaction energy of a single Oatom with an infinite MoS2 monolayer surface as a function of the vertical distance, with the Oatom located right above an S-atom (blue) and right above a Mo-atom (red). The time-averaged
axial density profile of water is shown by the dotted black line.
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5.4 Effect of Mo-S Polarity on the Water Contact Angle on 2D
MoS2 Surfaces
The equilibrium interfacial behavior of a solid surface is characterized as hydrophobic or
hydrophilic by the contact angle of water on the surface, which depends on the water-surface
interaction energy. A test of whether the interfacial properties are affected by the polarity of the
surface is to simulate the contact angle in the presence and the absence of partial charges. To
confirm that electrostatics are not important in determining the equilibrium contact angle on 2D
MoS2, I carried out MD simulations to extract the contact angle of liquid droplets consisting of
500 water molecules on the bulk MoS2 surface, represented using a trilayer MoS2 sheeta (for
details see the Methods section). To eliminate the polarity of the MoS2 surface, I then repeated
the analysis with the partial charges on Mo and S atoms set to zero. I found that the contact angle
corresponding to the actual partial charges (Figure 5-3A) and to zero partial charges (Figure
5-3B) are very close to each other, indicating that the permanent polarization imparted to MoS2
by the presence of partial charges does not play a significant role in determining the interfacial
properties of 2D MoS2.
Note that I used the method proposed by Ingebrigtsen and Toxvaerd28 to obtain the
contact angle from the simulated MD trajectory, which involves the use of the first two layers of
water. Other methods are available to extract the contact angle from the simulated MD trajectory,
including fitting the droplet contour to a circular profile, after ignoring the first two layers of
water, and then obtaining the tangent to the circular profile (as shown in Appendix 5.11.2).54,55
However, my finding that electrostatic interactions are not important in determining the
equilibrium contact angle is independent of the method used to extract the contact angle from the
MD simulations.
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In the above reported contact angle simulations, the atoms in the trilayer MoS2 sheet were
kept frozen at their locations. Therefore, the only effect of the MoS2 sheet was to impose an
external potential on the liquid molecules residing on it. In practice, the atoms in MoS2 are
subject to thermal motion, constantly vibrating about their mean positions. Therefore, I also
carried out simulations where the bonds in MoS2 can thermalize, by utilizing the bond and angle
force constants reported in my recent study.26 In these simulations, the root-mean square
displacement of the Mo atoms was found to be 〈(Œ¬J − 〈Œ¬J 〉)G 〉L/G = 0.132 Å for the trilayer
MoS2 sheet considered, where Œ¬J denotes the heights of the Mo atoms and 〈∙〉 denotes time
averaging (the simulation box size was ~ 10 × 10 nm2 and the MoS2 sheet was periodic in the xy
plane). The deduced value of the root-mean square displacement seems reasonable, and can be
compared to a value of around 1.0 Å for monolayer MoS2 and 0.45 Å for bilayer MoS2, as
reported by Singh et al.56
As shown in Figure 5-3C, the simulated contact angle of water droplets on the MoS2
surface, when the atoms in the MoS2 sheet are free to vibrate, is close to the contact angle when
the atoms are frozen. These results show that, when properly accounted for, the flexibility of the
MoS2 sheets does not play a significant role in determining the contact angle on the twodimensional MoS2 surface or in the polar contribution to the water-solid interactions. The finding
that the simulated contact angle does not depend on whether the atoms in the solid are vibrating
is similar to that by Werder et al. for the case of graphite surfaces.55 The above results
conclusively indicate that the basal plane of 2D MoS2 is nonpolar with respect to the equilibrium
wetting properties of liquids. Therefore, the increased hydrophilicity of pristine MoS2, relative to
graphene, can be attributed to dispersion interactions, and not to electrostatic effects. This also
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explains how seemingly different 2D materials like graphene and MoS2 exhibit a similar
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Figure 5-3. Simulated contact angle of water on a trilayer MoS2 surface, in three different cases:
(A) a frozen MoS2 sheet with polarized Mo and S atoms, (B) a frozen MoS2 sheet with non-polar
Mo and S atoms, and (C) a polarized, flexible MoS2 sheet. The intensity of the red dots
corresponds to the total number of water molecules present at a given location, sampled over the
entire simulation, such that regions with a darker color have a higher water density. The black
points represent the position of the liquid-vapor interface, calculated by fitting the radial density
profile to Eq. (5-4) (see Appendix 5.11.6 for the results of the fitting procedure).

5.5 Polarity of Non-2D MoS2 Surfaces
It is noteworthy that, while the most stable, two-dimensional basal plane of MoS2 is non-polar
with respect to wetting, I have found that other high-energy faces of MoS2, including the
armchair and zigzag faces, can be polar, pointing to the role of the surface structure of the basal
plane in making it nonpolar. To this end, I carried out contact angle simulations, and a
decomposition of the interaction energy into dispersion and electrostatic components for other
planes in MoS2 (see Figure 5-4 for the top view snapshots of the basal, armchair, and zigzag
planes of MoS2). My results show that the contact angles on the “polar” variants of the armchair
and zigzag faces (with partial charges) and the “nonpolar” variants of these faces (without partial
charges) are significantly different (Table 5-2), indicating the polar nature of these surfaces, as
opposed to the nonpolar nature of the two-dimensional basal plane of MoS2, reported above.
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A

B

C

p 0)
Figure 5-4. Snapshots of the top view of the (A) basal (0001) plane, (B) armchair (21p1
p
plane, and (C) zig-zag (1010) plane of MoS2. The pink atoms represent molybdenum and the
yellow atoms represent sulfur.
Table 5-2. Electrostatic component of the interaction energy of water with MoS2, and the contact
angles of a 500-molecule water droplet on three different planes in “polar” (with partial charges)
and “nonpolar” (without partial charges) MoS2.
Faces

% Electrostatic

0.51
37.0

Contact Angle of a
500-Molecule Water
Droplet on “Polar”
MoS2 (With Partial
Charges)
64.4°
62.6°

Contact Angle of a
500-Molecule Water
Droplet on “NonPolar” MoS2 (Without
Partial Charges)
65.6°
97.0°

Basal Plane (‰‰‰Â)
Armchair Plane
ÁÂ
Á‰)
(ÊÂ
Zigzag Plane
Á‰Â‰)
(Â

57.9

0°

82.8°

This result also manifests itself in the liquid-solid interaction energy on these faces
having a significant electrostatic character (see the column “% Electrostatic” in Table 5-2), and
is consistent with the classification of solid surfaces, as propounded by Tasker, in the entirely
different context of surface stability and reconstruction.58 The above result indicates the
significance of considering the effects of partial charges at exposed edges in MoS2, which could
be particularly important for describing molecular and ion transport through nanopores in
MoS2.6,7 Finally, note that my simulations are intended to differentiate between the polar
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character of the various surfaces, but because of the classical nature of the MD simulations used
here, they cannot account for the possible dissociation of water molecules at MoS2 edges.59

5.6 Non-Polarity of 2D MoS2 with respect to the Friction Coefficient
and Slip Length
Unlike the equilibrium contact angle, the non-equilibrium fluid-flow properties of the surface,
including the friction coefficient (Ë) and the slip length (related to the friction coefficient as € =
È/Ë, where È is the shear viscosity of the fluid60) are not readily quantifiable experimentally. At
the molecular level, the friction coefficient depends on the spatial variation in the interaction
energy experienced by the liquid molecules, which is related to the orientation of the liquid
molecules on the solid surface. The orientation of the water molecules can be quantified using
the order parameter, 〈cos v〉, where v is the angle between the Œ direction of the simulation box
and the orientation of the water dipole moment. To study the effect of the polarization in MoS2
on the structure of the interfacial layers of liquid, I simulated and plotted the time-averaged order
parameter and density profile of water over the MoS2 surface, with and without partial charges
(Figure 5-5A). The results show that polarization plays a key role in determining the
arrangement of liquid molecules only very close to the surface. In particular, 〈cos v 〉 is negative
close to the wall when partial charges are not accounted for, implying that the O-atom faces the
MoS2 sheet,61 due to the absence of dispersion interactions between hydrogen atoms and the wall
in the SPC/E model of water (Figure 5-5B inset). Conversely, when partial charges are accounted
for, the negative peak in 〈cos v 〉 almost completely disappears, reflecting the competition
between dispersion interactions which favor the O-atom facing the wall, and electrostatic
interactions, which favor the opposite alignment. The difference in water orientation does not
extend too far into the liquid due to the short-ranged nature of the electrostatic potential
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(electrostatic interactions are long range, but they can be effectively screened, provided that the
medium conforms locally to some degree of electroneutrality). Indeed, comparing the plots of
Í(Œ) and 〈cos v 〉 in Figure 5-5A, I observe that the MoS2 partial charges only affect the
orientation of a very small fraction of the water molecules lying between the MoS2 surface and
the first hydration layer.
One would expect that the different orientation of water molecules would lead to
different friction coefficients in the presence and in the absence of polarization, as observed in
the case of graphene and hBN.62 However, surprisingly, the friction coefficient of water on
“polar” (with partial charges) MoS2 is the same as that on “nonpolar” (without partial charges)
MoS2 (Ë ≈ 3.5 × 10’ òÎ/u^) in Figure 5-5B, so that the slip length € ≈ 20.8 Å), thereby
suggesting that polarization in the material does not appear to affect fluid flow. This difference
may be explained by recognizing that the friction coefficient is proportional to (Δè )G ,60 i.e., to
the square of the corrugation in the potential energy landscape on the surface. Note that this
simple explanation for the friction coefficient, which is based on the potential energy landscape
of the interfacial liquid atoms, will be critically examined in Chapter 7, where I will discuss the
wetting and frictional properties of the hBN basal plane in great detail. Nevertheless, to obtain
physical insight into the insignificant role of electrostatic interactions in determining the
frictional behavior of the MoS2 basal plane, in this chapter, I utilize the corrugation in the
potential energy landscape as a simple quantitative metric. Accordingly, in the case of graphene
and hBN, due to a single-layered structure (Figure 5-5C), the dispersion component of the
interaction potential energy does not exhibit significant variation. Therefore, the variation in the
electrostatic potential energy (present in the case of hBN but absent in the case of graphene)
plays a significant role in differentiating graphene and hBN with respect to friction properties.
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On the other hand, for MoS2, although all the atoms (sulfurs) exposed at the surface bear the
same charge (Figure 5-5D), the significant variation in the dispersion component of the potential
energy (Figure 5-2B) due to the tri-layered sandwich structure (Figure 5-5D) dominates the
variation in the electrostatic component of the potential energy (Figure 5-2A), to an extent that
electrostatics does not play an important role in determining friction properties. Further, note that
there is considerable slippage of water on the MoS2 surface, despite it being hydrophilic (contact
angle 69°22), which is consistent with the finding by Ho et al.21 that liquid water can slip on
hydrophilic surfaces as well.63
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Figure 5-5. (A) Water density profile and order parameter, 〈cos v〉, over a monolayer MoS2 sheet
as a function of the distance from the top sulfur layer. (B) Friction coefficient of water on a
monolayer MoS2 surface (Ë), with inset showing the SPC/E water model. Both (A) and (B) are
shown in the presence (solid line) and in the absence (dashed line) of partial charges. (C)
Molecular structure of hBN. (D) Molecular structure of MoS2. The molecular structures were
generated using VESTA.64

5.7 The Role of Entropy in Determining the Wettability of 2D MoS2
I next investigate the potential role played by entropy in wetting phenomena. The contact angle
of liquids on a surface is described by the Young-Dupre equation: Ïõ (1 + cos v ) = Ì:P ,65 where
Ì:P is the work of adhesion of a liquid on the solid surface, v is the contact angle, and Ïõ is the
surface tension of the liquid. Recall that Ì:P is the free-energy change per unit area
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corresponding to the separation of the liquid and the solid from molecular contact to infinity,65
and corresponds to the reversible work required to convert the liquid-vapor interface into the
liquid-solid interface (Figure 5-7A). The work of adhesion consists of both enthalpic (Δ>:P ) and
entropic (Δó:P ) contributions: Ì:P (<) = Δ>:P (<) − <Δó:P (<), where < is the absolute
temperature. The entropic contribution arises due to the change in water layering at the interface,
as illustrated in Figure 5-7A. If one can simulate the contact angle of water on the MoS2 surface
as a function of temperature, and one further assumes that the enthalpy of adhesion and the
entropy of adhesion are independent of the temperature (<),66,67 the relation Ïõ (<)(1 +
cos{v (<)}) = Δ>:P (<) − <Δó:P (<) can be used to extract the contributions Δ>:P and Δó:P . To
this end, the contact angle associated with a nanoscale droplet, v, determined through MD
simulations (see the Methods section), can be extrapolated to that associated with a macroscopic
droplet, ve , by accounting for the line tension, ±, at the contact line. Specifically,28
±
(5-3)
Ïõ æ
where ÏÓ is the surface tension of the liquid, and æ is the radius of the circular contact line. Here,
cos v = cos ve −

I have used water droplets consisting of 250, 500, 1000, 2000, and 4000 water molecules to
extract the contact angle, v, from MD simulations, and have plotted cos v versus

L


to obtain a

straight line, as shown in Figure 5-6, for various temperatures. The y-intercept then gives the
value of cos v∞ , from which I have extracted the macroscopic contact angle, v∞ .

291

0.55

56.6

B

0.3707
cos $ =
+ 0.2923
*

0

0.2

0.4

θ (°)

θ (°)

75.5

0.25

63.3

0.45

69.5
71.5

0.35
cos $ =

75.5
0.00

0.6

R-1 (nm-1)

0.4638
cos $ =
+ 0.2834
*

θ (°)

0

0.2

0.4

0.25

0.60

D

T = 350 K
0.45

63.3

0.35

69.5
0.4979
cos $ =
+ 0.2716
*

74.2
75.5

0.25

0.6

0

R-1 (nm-1)

0.2

0.4

cos θ (-)

0.35

69.5

cos θ (-)

0.45

63.3

73.5
75.5

0.40

0.55

56.6

T = 320 K

θ (°)

C

0.20

0.3200
+ 0.3184
*

R-1 (nm-1)
0.55

56.6

T = 298 K

cos θ (-)

0.35

69.5

cos θ (-)

0.45

63.3

73.0

0.55

56.6

A T = 280 K

0.25

0.6

R-1 (nm-1)

Figure 5-6. Extrapolation of the contact angle of water nanodroplets obtained from MD
simulations for various temperatures: (a) T = 280 K, (b) T = 298 K, (c) T = 320 K, and (d) T =
350 K, to a macroscopic-sized droplet ( R ® ¥ ), using the linear plot between cos q and 1/R
given in Eq. (5-3). Note that cos q is plotted on the right axis (which is a linear scale), while the
corresponding value of q is plotted on the left axis (which is a non-linear scale).
I have also obtained the water contact angle on monolayer MoS2 using a hemi-cylindrical
droplet,68 and the result is consistent with that obtained using a spherical droplet (see Appendix
5.11.7). The surface tension of SPC/E water30 was obtained using MD simulations, as described
in the Methods section. The results for the water surface tension and the macroscopic water
contact angle on monolayer MoS2 at various temperatures, are summarized in Table 5-3. These
findings indicate that the water contact angle on monolayer MoS2 changes by less than 3° in the
temperature range from 280–350 K (7–77 °C), a result that may be useful in understanding the
interfacial behavior of MoS2 surfaces in high-temperature applications.
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Table 5-3. Surface tension, contact angle, and contact line tension of water on a monolayer MoS2
surface, obtained using MD simulations utilizing the SPC/E water model.
Temperature
(K)
280
298
320
350

Surface Tension
(mN/m)
61.47
59.43
55.70
51.16

Contact Angle ( ° )
73.0
71.5
73.5
74.2

Line Tension
(mN)
-2.3 × 10-8
-1.9 × 10-8
-2.6 × 10-8
-2.5 × 10-8

Using the above simulated data, the plot of Ì:P versus < for monolayer MoS2 is a
straight line, confirming that the enthalpy and entropy of adhesion are roughly independent of
Ô

Ô

temperature (Figure 5-7B), and yielding Δ>:P = 141.6 Ôƒ and Δ>:P = 0.218 Ôƒ Ò. These results
show that the entropic component (<Δó:P ) is around 46% of the enthalpic component (Δ>:P ) at
room temperature for the case of MoS2, which is larger than the 33% obtained for the case of
graphite by Taherian et al.69 This finding indicates that the role of entropy in the wetting
behavior of MoS2 cannot be neglected, as has been done in the past in various pioneering meanfield models to study wetting and wetting transitions on gold, graphene, and more recently, MoS2
surfaces.17,70–72
In order to validate the use of the Young-Dupre equation to estimate the work of
adhesion, I independently calculated the work of adhesion through a free-energy route, by using
the Bennett’s Acceptance Ratio (BAR) method.73 To this end, the transformation of the MoS2water interface to the air-water interface, as depicted in Figure 5-7A, was accomplished by first
turning off the charges on MoS2 in 10 linear steps, followed by turning off the MoS2-water
Lennard-Jones interactions in 20 linear steps. Soft-core interactions were used to eliminate
singularities in the Lennard-Jones interactions as they are turned off. The simulations were run
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up to 6 ns, with the last 3 ns used for sampling. The time step used was 2 fs, and the data was
sampled every 100 time steps.
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Figure 5-7. (a) Change in water layering, including the density profile, Í(Œ), from a liquid-vapor
(LV) interface to a solid-liquid (SL) interface entails the entropic contribution to the work of
adhesion. (b) Estimation of the enthalpy and entropy of adhesion of water on a monolayer MoS2
surface, from a linear plot of the work of adhesion versus the absolute temperature.
The free-energy change associated with turning off the electrostatic interactions was
found to be (0.8 ± 0.0007) mJ/m2 and that associated with turning off the Lennard-Jones
interactions was found to be (91.2 ± 0.025) mJ/m2, indicating the negligible role played by
electrostatic interactions in determining the wettability of MoS2. In total, the work of adhesion of
SPC/E water on monolayer MoS2 at 298.15 K was computed to be 92.0 mJ/m2 (see Appendix
5.11.8 for the BAR histograms) at 298.15 K. Therefore, the use of the Young-Dupre equation
above yields an estimate for the work of adhesion (76.6 mJ/m2) which is lower than the freeenergy estimate by around 17%. Accordingly, the work of adhesion and the entropy of adhesion
calculated from the Young-Dupre equation, using the contact angle defined by the curvature of
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the first two layers of water,28 underestimate the role of entropy in the wettability of MoS2
surfaces.
Interestingly, a recent study on the wetting of water on MoS223 utilized a mean-field
theory, that neglects the entropy of adhesion, in combination with a discontinuous “sharp kink”
density profile,70 to obtain satisfactory agreement with experimentally measured contact angles.
Note that the sharp-kink approximation (SKA) density profile is thermodynamically unrealistic,
and does not capture the oscillations in the density of the liquid on the MoS2 surface, shown in
Figure 5-7A. Therefore, the above mentioned agreement is fortuitous because an underestimation
of the enthalpy of adhesion due to the SKA, is compensated by the lack of inclusion of the
entropy of adhesion,69,74 and the agreement is further aided by the use of fitting parameters.23 In
light of these observations, I suggest that MD simulations, wherein both the enthalpy and the
entropy of adhesion are explicitly modeled, are better suited to studying interfacial phenomena
on TMD surfaces.

5.8 Comparison of the Simulated Results with Experimental Data
My finding that electrostatics does not play a role in determining the equilibrium interfacial
behavior on the MoS2 basal plane is consistent with recent experimental data, which have shown
that the polar component of the surface free energy of MoS2, similar to graphene, is less than
10%, indicating the dominant role of dispersion interactions.22,75 Instead, for materials
conventionally known to be polar, e.g., SiO2, such a decomposition of the surface free energy
into polar and dispersion components shows that the polar component dominates (~90%).76 In
the case of SiO2, the randomly distributed, polar –OH groups on the surface not only break the
underlying symmetry of the lattice, thereby leading to local variations in the partial charge
distribution, but also come into closer contact with the liquid molecules. Therefore, I make a
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distinction between conventional 3D polar solids which have dangling functional groups on the
surface, leading to an important role for the partial charges,20 and 2D layered materials which do
not have dangling bonds on the surface, where the polarization within the material does not
contribute significantly to intermolecular interactions. On the other hand, although the TiO219
and MgO21 surfaces considered in earlier studies did not have dangling functional groups, the
specific atomistic structure of the exposed surfaces made them polar (i.e., setting the partial
charges of the surface atoms to zero changed the contact angle on those surfaces19,21), similar to
the case of the zigzag and armchair surfaces of MoS2 that I have considered.
Moreover, my findings in Table 5-2 are consistent with the experimental finding24 that
other planes of MoS2, with exposed edges, are more hydrophilic than the basal plane. Indeed,
Table 5-2 shows that the water contact angle on the MoS2 zigzag plane is much lower than that
on the MoS2 basal plane. The Mo and S zigzag edges are the lowest energy edges within the
basal plane,77 and therefore, the CVD grown samples with vertically-aligned MoS2 planes used
in Ref. 24 are expected to expose the zigzag plane (Figure 5-4C), rather than the armchair plane
(Figure 5-4B).
Finally, so far, there is no experimental technique which can decouple the dispersion and
the electrostatic contributions of the non-equilibrium properties. My study provides a general
theoretical formalism to evaluate these contributions, and shows that for 2D MoS2, the nonpolarity extends to the friction coefficient and the slip length, because of its specific molecular
structure. It is also noteworthy that so far, there is no experimental study on the temperature
dependence of the wettability of the MoS2 basal plane. In this regard, my simulation results
demonstrate the important role played by entropy in modulating the wettability of MoS2,
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including suggesting that the interfacial behavior of MoS2 does not vary significantly with
temperature between 7–77 °C.

5.9 Conclusions
In this chapter, I have reevaluated the roles of electrostatics and entropy in the wetting behavior
of liquids on 2D-TMD layers, and critically examined the view that electrostatics are important,
while entropy may be neglected, for both equilibrium and non-equilibrium interfacial properties.
My results demonstrate that interactions between neutral, two-dimensional MoS2 surfaces and
liquids are dominated by dispersion, rather than by electrostatic interactions, despite the
existence of charge separation between the Mo and S atoms. Therefore, the increased
hydrophilicity of the pristine MoS2 basal plane, relative to graphene, can be attributed to
dispersion interactions, and not to electrostatic effects. This finding also explains how seemingly
different 2D materials like graphene and MoS2, exhibit a similar physisorption behavior,57 and
can be exfoliated by similar solvents.8 I also explain why the different molecular structures of
MoS2 and hBN result in an important role for inherent polarization in determining the friction
coefficient and slip length on the hBN basal plane, but not on the MoS2 basal plane. In addition, I
demonstrate that other planes in MoS2 could be polar and / or more hydrophilic with respect to
interactions with water, a finding of great importance for interfacial systems involving edge
effects, such as systems with vacancies or nanopores in MoS2. Finally, I show that entropic
effects play an important role in the wetting of MoS2 surfaces by liquids, thereby pointing out
that mean-field wettability theories are not adequate for these 2D materials. My results also
indicate that the contact angle of MoS2 is quite insensitive to temperature, at and around room
temperature, despite the change in the water surface tension with temperature, a finding that may
provide insight into the behavior of MoS2 surface coatings at elevated temperatures. I hope that
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the comprehensive investigation of the wetting and frictional properties of MoS2 presented here
will aid in the understanding and design of systems involving MoS2 in contact with liquids, such
as membranes, microfluidic devices, and liquid-phase exfoliation synthesis. Finally, the general
theoretical formalism presented here, could enable a deeper understanding of the role played by
dispersion interactions, electrostatics, and entropy in the interfacial behavior of other liquid-solid
interfaces. In fact, in Chapter 7, I will utilize a similar approach to study the role of solid-liquid
electrostatic interactions in modulating the wettability and friction of various liquids on the
hexagonal boron nitride basal plane.

5.10 Methods
5.10.1 Calculation of the Contact Angles of Water and Diiodomethane
through MD Simulations
I utilized the open-source simulation package GROMACS 4.5.6,78 in the canonical (NVT)
ensemble, to simulate the contact angle of water and diiodomethane on monolayer, bilayer, and
trilayer MoS2 surfaces. To compute the contact angle using MD simulations, a cube of liquid
with the required number of liquid molecules was placed on the MoS2 surface and the system
was allowed to equilibrate for 10 ns. The Bussi-Parinello thermostat48 was used to maintain the
system at the desired temperature in the canonical (NVT) ensemble. van der Waals interactions
were modeled using a cutoff of 1.2 nm, and long-range interactions were modeled using the
Particle-Mesh Ewald (PME) scheme.79 Periodic boundary conditions were applied in all
directions. The SETTLE80 / P-LINCS81 algorithm was used to keep rigid the bonds in the liquid
molecules, with an integration time step of 2 fs. The atoms in the solid were kept frozen at their
equilibrium positions.82 Water droplets containing N = 250, 500, 1000, 2000, and 4000 water
molecules were simulated, and the macroscopic contact angle was obtained in each case by
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following the procedure proposed by Ingebrigtsen and Toxvaerd. 2 8 Specifically, 1000 postequilibrium simulation snapshots, averaged over a period of 10 ns, were used for the analysis,
using the MDAnalysis Python module.83 The axial-radial (ŒP -+P ) profile of the droplet (i.e., the
location of the vapor-liquid interface) was obtained by fitting the time-averaged (1000 simulation
snapshots over 10 ns) radial density profile, Í(+; ŒP ), at each discretized axial location (ŒP ) to:28
1
2(+ − +P )
Í(+; ŒP ) = ÍP Ü1 − tanh q
râ
2
!

(5-4)

where ÍP is the density of the liquid in the droplet at axial location ŒP , ! is the thickness of the
vapor-liquid interface, and ÍP , +P , and ! are fitting parameters (see Appendix 5.11.6 for sample
fits). The first discretized axial location corresponds to the position of the first layer of water
over the solid surface, and the distance ΔŒ between any two successive discretized axial locations
equals the width of the first layer of water. The contact angle of the water droplet is then given
by: v = atanh w
(

BÙ
ı,ˆR(ı,ƒ

x, where +P,L and +P,G are the radii of the water droplet at the first two

discretized axial locations. The macroscopic contact angle was then obtained from the y-intercept
L

of the linear plot between cos v and , where æ is the radius of the circular contact line of the
droplet and v is the contact angle of the droplet of radius æ. In Appendix 5.11.4, I have also
reported the macroscopic contact angle obtained from the method proposed by Blake et al.29 for
various water models on monolayer MoS2 modeled using the new force field proposed in Ref.
26, as well as for the SPC/E water model30 on monolayer MoS2 modeled using the force fields
proposed by Morita et al.39 and and Liang et al.41

5.10.2 Evaluation of MoS2-Liquid Interaction Energies
To compute the MoS2-liquid interaction energy, I utilized the open source MD simulation
package GROMACS 4.5.6,78 wherein a cube of liquid was placed above an MoS2 sheet, and
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simulated in the NVT ensemble, with a time step of 2 fs. The last 15 ns of a 20 ns trajectory were
used to compute the dispersion and electrostatic components of the binding energy,
9U'ZP,¬J√ƒ R)'TV'P = 9¬J√ƒ R)'TV'P − (9¬J√ƒ + 9)'TV'P|¬J√ƒ ), where 9¬J√ƒ R)'TV'P , 9¬J√ƒ , and
9)'TV'P|¬J√ƒ are the time-averaged energies of the MoS2-liquid system, of the MoS2 sheet, and of
the liquid molecules in the presence of the MoS2 sheet, respectively. While computing
9)'TV'P|¬J√ƒ , I carried out an energy calculation for a hypothetical system, in which the liquid
molecules are present at the same locations as in the original system (i.e., with the MoS2
surface), but with the liquid-MoS2 interactions turned off. The LINCS / SETTLE algorithms80,81
were used to constrain the bonds in the simulated liquid molecules. Periodic boundary conditions
were utilized in all directions. Dispersion interactions were calculated using the 12-6 LennardJones (LJ) formulation, with a cutoff of 1.2 nm. Geometric-mean combining rules were used to
determine the LJ parameters corresponding to cross-interactions between atoms. Long-range
electrostatic terms were handled using the Particle-Mesh Ewald (PME) technique.79

5.10.3 Calculation of the Friction Coefficient and Slip Length of Water on
MoS2
The friction coefficient of water on monolayer MoS2 was computed using MD simulations. A
4.74 ´ 4.92 ´ 15 nm3 box of water, consisting of 7129 water molecules, was simulated in the
canonical (NVT) ensemble, with ~5 nm of vacuum space at the top to avoid spurious
interactions. The friction coefficient, Ë, can be obtained using the Green-Kubo relation:84
N
lim ∫? 〈˙⃗ (±) ∙
7
6 N→e

L

Ë = G˜5

˙⃗ (0)〉 !±

(5-5)

where ≠ is the area of the MoS2 sheet, %; is the Boltzmann constant, < is the absolute
temperature, ˙⃗ is the force on the water box due to the MoS2 sheet in the y and › directions, i.e.,
the directions parallel to the surface, and the 〈 〉 symbol denotes time average. The temperature
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of the system was maintained at 298.15 K using the Bussi-Parrinello thermostat,48 and the
SETTLE algorithm80 was used to constrain the bonds in water, with a time step of 2 fs. The force
˚

data was collected every time step, up to 100 ps of time. To calculate the slip length (€) as € = ,
¸
I took the shear viscosity (È) of SPC/E water to be 0.729×10-3 Pa·s.85

5.10.4 Calculation of the Water Surface Tension at Various Temperatures
To compute the surface tension of SPC/E water, a 4 ´ 4 ´ 15 nm3 box consisting of 2695 water
molecules was simulated with ~ 5 nm of vacuum space at the top and at the bottom. The BussiParinello thermostat48 was used to maintain the system at a temperature of 298.15 K in the
canonical (NVT) ensemble. van der Waals interactions were modeled using a cutoff of 1.2 nm, in
exactly the same way as in the contact angle simulations, and long-range interactions were
modeled using the Particle-Mesh Ewald (PME) scheme79. The simulation box was simulated for
a period of 20 ns, and the last 15 ns were used to compute the surface tension using the utility
g_energy in GROMACS 4.5.6.

5.11 Appendices
5.11.1 Force-Field Parameters for MoS2
The force-field parameters utilized in my molecular dynamics (MD) simulations are listed in
Table 5-4 below. Note that these parameters were validated against: (i) experimental contact
angle data for bulk MoS2, as shown in the main chapter, and (ii) the experimental ranking of
various solvents utilized in the liquid-phase exfoliation of MoS2 sheets, as shown in Ref. 26.
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Table 5-4. Force-field parameters for molybdenum disulfide (MoS2).26

Atom

Non-Bonded Parameters
ˇ!
˝ (Å)
˛1 8
"#$

% (&)

Mo

4.43

0.485

+0.50

S

3.34

2.085

-0.25

Type
Harmonic Bond
(Mo-S)
Harmonic Angle
(S-Mo-S)
Harmonic Angle
(Mo-S-Mo)

Bonded Parameters
Functional Form & Parameters
1
% (Ø − ØU )G
2 U
'
%U = 43030 Ô() *Ôƒ ; ØU = 0.241 nm
1
ö = %: (v − v: )G
2
'
%: = 1188 Ô() +,-ƒ ; vU = 83.8°
1
ö = %: (v − v: )G
2
'
%: = 2050 Ô() +,-ƒ ; vU = 83.8°
ö=

5.11.2 Contact Angles of Cylindrical Water Droplets Evaluated Using Two
Different Methods for Various Water Models and MoS2 Force Fields
The contact angle of water on MoS2 was obtained via MD simulations using two different
methods: (a) the method proposed by Ingebrigtsen and Toxvaerd,28 wherein the curvature of the
first two layers of water above the solid surface determines the contact angle, and (b) the method
proposed by Blake et al.,29 wherein a circular profile is fit to the droplet contour after excluding
the first two layers of water above the solid surface, and the tangent to the circle at the solid
surface determines the contact angle. These contact angles were computed using various water
models: (i) SPC/E-F,34 (ii) TIP4P/2005,35 and (iii) TIP4P/Ice,36 and were compared with the
corresponding contact angles obtained using SPC/E (used in the main chapter). The results are
summarized in Table 5-5 below. Contact angles using methods (a) and (b) were also computed
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for the force fields proposed by Morita et al. and Liang et al. These values are summarized in
Table 5-6.
Table 5-5. Water contact angles for hemicylindrical droplets consisting of 10,000 water
molecules, on monolayer MoS2, evaluated using methods (a) and (b) at 298.15 K, for four
different water models, using the new MoS2 force field developed in Ref. 26.
Water Model

Contact Angle
using Method (a)

Contact Angle
using Method (b)

SPC/E
SPC/E-F
TIP4P/2005
TIP4P/Ice
Experimental

70.3°
77.2°
73.0°
75.6°

54.9°
63.7°
55.3°
59.1°
69.0°

Surface
Tension
(mN/m)
59.43
69.25
64.41
73.46
72.8

Table 5-6. Water contact angles for hemicylindrical droplets on monolayer MoS2 evaluated using
methods (a) and (b) at 298.15 K, for the force fields proposed by Sresht et al.,26 Morita et al.,39
Liang et al.,41 using the SPC/E water model.
MoS2 Force
Field
Sresht et al.26
Morita et
al.39
Liang et al.41
Experimental

Contact Angle
using Method (a),
Hemispherical
Droplet
69.6°
69.4°

Contact Angle
using Method (a),
Hemicylindrical
Droplet
70.3°
67.7°

Contact Angle
using Method (b),
Hemicylindrical
Droplet
54.9°
50.9°

97.9°

96.0°
69.0°

87.0

In the main chapter, using free energy calculations, I showed that the work of adhesion
for SPC/E water on monolayer MoS2 is 92.0 mJ/m2. This value is consistent with the YoungDupre equation, which yields a value of 93.6 mJ/m2, provided that one uses the contact angle
defined by Method (b), with a SPC/E water surface tension of 59.43 mN/m. However, in the
main chapter, I have reported results obtained using Method (a), since it is in better agreement
with the experimental data. It is arguable that, with a suitable change in the force field
parameters of MoS2, one could reproduce the experimental contact angle using Method (b).
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However, in this chapter, the contact angle simulations were used only to validate the new force
field proposed in Ref. 26, and I did not force fit the force-field parameters to the experimental
contact angle. Furthermore, even with the use of Method (b), the contact angle predicted by the
MoS2 force field proposed in Ref. 26, using the SPC/E water model, is in better agreement with
the experimental contact angle than with any of the MoS2 force fields previously reported in the
literature. Finally, it is noteworthy that using the SPC/E-F water model, with its more accurate
surface tension of 69.25 mN/m, yields excellent agreement with the experimental data even
using Method (b).

5.11.3 Surface Tension of Diiodomethane Evaluated using MD Simulations
To determine the surface tension of diiodomethane, I carried out MD simulations with the opensource simulation package GROMACS 4.5.6. A simulation box measuring 8.2 nm × 8.2 nm ×
20.2 nm, containing 4000 diiodomethane molecules, was equilibrated for 10 ns, with a timestep
of 2.0 fs, in the NVT ensemble using the Bussi-Parinello thermostat (298.15 K, with a time
constant of 0.5 ps). Other simulation parameters were identical to those discussed in the Methods
section, corresponding to the contact-angle calculations presented in the main chapter. 12 nm of
vacuum space was provided between the vacuum-diiodomethane interfaces to avoid interactions
between periodic images. The surface tension was calculated using the GROMACS utility
g_energy with statistics collected every 5000 timesteps over 10 ns after the equilibration. The
surface tension of diidomethane using the ATB (GROMOS 53A6) force field was computed to
be 49.2 mN/m. This value compares favorably with the experimental value of 50.8 mN/m.75
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5.11.4 Simulated Contact Angles for Several MoS2 Force-Field Models
Reported in the Literature
In the main chapter, I used molecular dynamics (MD) simulations to calculate the contact angle
of SPC/E water on MoS2 trilayers using several MoS2 force-field models reported in the
literature. Only two models from the literature yielded non-zero contact angles — the force field
of Morita et al.39 and that of Liang et al.41 The linear variation of the cosine of the contact angle
v obtained from MD simulations with the inverse radius æ of the SPC/E water droplet used in
the simulations is shown in Figure 5-8. The intercept of the line of least squares fit (as R → ∞) is
used to calculate the contact angle for a macroscopic droplet.

Figure 5-8. Variation of the contact angle v (left-hand y axis) and the cosine of the contact angle
cos v (right-hand y axis) with the inverse of the droplet radius R-1 for SPC/E water droplets on
trilayer MoS2, for the models of Morita et al.39 and of Liang et al.,41 predicted using molecular
dynamics (MD) simulations. The standard errors associated with cos v and R-1 are shown using
error bars.
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5.11.5 Comparison of the Direct and Reciprocal Lattice Summations to
Obtain the Electrostatic Potential and the Dispersion Interaction
Energy above a Monolayer MoS2 Surface
The electrostatic potential at points above a monolayer MoS2 sheet can be computed either using
a direct-lattice summation (corresponding to all the point charges in the lattice), or using a
reciprocal-lattice simulation, as indicated in the main text. For points close to the solid surface, a
direct summation is adequate. On the other hand, even though for points far away from the
surface, the direct summation converges slowly, the Ewald-summation technique can be used to
derive a rapidly convergent series.52 However, the resulting mathematical expressions, following
a tedious derivation, are convoluted.52 Instead, I have utilized the summation in reciprocal space,
as embodied in Eqs. (5-1) and (5-2) in the main chapter. Note that, for the SPC/E water model,
5.

ü« = −0.8476e, ¡« = 0.3166 Hu, a« = 0.650194 SJ) , and ¡C = aC = 0.30 Here, I present
results for the electrostatic potential directly above an S-atom of the MoS2 sheet, using both
direct- (Table 5-7) and reciprocal- (Table 5-8) space summations, for points at various distances:
(i) closer to the sheet (0.01 Å, 0.05 Å, and 0.10 Å), and (ii) farther away from the sheet (1.00 Å,
2.00 Å, and 3.00 Å), the distance being measured from the top sulfur layer.
As can be seen from the values reported in Table 5-7 and Table 5-8, the direct-lattice
summation converges using a small lattice size, for points very close to the surface (e.g., at a
distance of 0.01 Å, there is only 0.008 % discrepancy between using a 200 ´ 200 lattice versus a
4000 ´ 4000 lattice). On the other hand, for points farther away from the surface, the directlattice summation does not converge rapidly (e.g., at a distance of 3.00 Å , there is a ~ 335 %
discrepancy between using a 200 ´ 200 lattice versus a 4000 ´ 4000 lattice). Conversely, the
reciprocal-lattice summation converges very slowly at distances closer to the surface (e.g., using
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a 2000 ´ 2000 lattice for 0.01 Å), while it converges very rapidly for far away points (e.g., using
just a 50 ´ 50 lattice for points at 2.00 Å and 3.00 Å, which corresponds to −25 ≤ %L , %G ≤ 25 in
Eq. (5-1) the main chapter). Therefore, at distances from the MoS2 sheet where most water
molecules are present (~ 3 Å), using the reciprocal-space summation to compute the electric
potential is rapid and reliable.
Table 5-7. Electrostatic potential at points directly above an S-atom on the MoS2 sheet,
computed using a direct-lattice summation, at various distances from the sheet, using different
lattice sizes. All the reported values are in Volts.
Distance above
MoS2 (Å) →
Lattice Size ↓
200 ´ 200
400 ´ 400
1000 ´ 1000
2000 ´ 2000
4000 ´ 4000

0.01

0.05

0.10

1.00

2.00

3.00

-355.389
-355.374
-355.364
-355.361
-355.360

-67.510
-67.495
-67.486
-67.483
-67.481

-31.624
-31.609
-31.600
-31.596
-31.595

-0.8627
-0.8474
-0.8381
-0.8351
-0.8335

-0.1037
-0.0884
-0.0792
-0.0761
-0.0746

-0.0379
-0.0226
-0.0134
-0.0103
-0.0087

Table 5-8. Electrostatic potential at points directly above an S-atom on the MoS2 sheet,
computed using a reciprocal-lattice summation (Eq. (5-1) of the main text, without the factor of
ü« on the right hand side), at various distances from the sheet, using different lattice sizes. All
the reported values are in Volts.
Distance above
MoS2 (Å) →
Lattice Size ↓
50 ´ 50
100 ´ 100
200 ´ 200
500 ´ 500
1000 ´ 1000
2000 ´ 2000

0.01

0.05

0.10

1.00

2.00

3.00

-156.854
-243.263
-318.632
-353.897
-355.350
-355.358

-63.416
-67.200
-67.478
-67.480
-67.480
-67.480

-31.461
-31.593
-31.593
-31.593
-31.593
-31.593

-0.8320
-0.8320
-0.8320
-0.8320
-0.8320
-0.8320

-0.0730
-0.0730
-0.0730
-0.0730
-0.0730
-0.0730

-0.0072
-0.0072
-0.0072
-0.0072
-0.0072
-0.0072

Additionally, I present results for the dispersion interaction energy of a monolayer MoS2
sheet with a single O-atom located directly above an S-atom of the MoS2 sheet, using both
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direct- (Table 5-9) and reciprocal- (Table 5-10) space summations, for points at various
distances: (i) closer to the sheet (0.01 Å, 0.05 Å, and 0.10 Å), and (ii) farther away from the sheet
(1.00 Å, 2.00 Å, and 3.00 Å), the distance being measured from the top sulfur layer. As can be
seen from the values reported in Table 5-9, in the case of dispersion interactions, due to their
short-ranged nature, the direct-lattice summations converge using just a 200 ´ 200 lattice. The
reciprocal-lattice summations converge slowly for smaller distances, and rapidly for larger
distances (Table 5-10).
Table 5-9. Dispersion interaction energy of a single O-atom with a monolayer MoS2 sheet, at
points directly above an S-atom on the MoS2 sheet, computed using a direct-lattice summation,
at various distances from the sheet, using different lattice sizes. All the reported values are in eV.
Distance above
MoS2 (Å) →
Lattice Size ↓
200 ´ 200
400 ´ 400
1000 ´ 1000
2000 ´ 2000
4000 ´ 4000

0.01

0.05

0.10

1.00

2.00

3.00

6.75´1028
6.75´1028
6.75´1028
6.75´1028
6.75´1028

2.76´1020
2.76´1020
2.76´1020
2.76´1020
2.76´1020

6.75´1016
6.75´1016
6.75´1016
6.75´1016
6.75´1016

6.74´104
6.74´104
6.74´104
6.74´104
6.74´104

15.448
15.448
15.448
15.448
15.448

-0.0343
-0.0343
-0.0343
-0.0343
-0.0343

Table 5-10. Dispersion interaction energy of a single O-atom with a monolayer MoS2 sheet, at
points directly above an S-atom on the MoS2 sheet, computed using a reciprocal-lattice
summation (Eq. (5-2) of the main text), at various distances from the sheet, using different lattice
sizes. All the reported values are in eV.
Distance above
MoS2 (Å) →
Lattice Size ↓
50 ´ 50
100 ´ 100
200 ´ 200
500 ´ 500
1000 ´ 1000
2000 ´ 2000

0.01

0.05

0.10

1.00

2.00

3.00

1.26´1027
4.74´1027
1.62´1028
5.11´1028
6.65´1028
6.75´1028

9.65´1019
2.10´1020
2.73´1020
2.76´1020
2.76´1020
2.76´1020

5.18´1016
6.66´1016
6.75´1016
6.75´1016
6.75´1016
6.75´1016

6.74´104
6.74´104
6.74´104
6.74´104
6.74´104
6.74´104

15.448
15.448
15.448
15.448
15.448
15.448

-0.0343
-0.0343
-0.0343
-0.0343
-0.0343
-0.0343
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5.11.6 Obtaining the Axial-Radial Droplet Profile from MD Simulations

Figure 5-9. Radial density profile of water Í(+), in a droplet consisting of 500 water molecules,
at various axial locations, Œ, above a monolayer MoS2 surface, in three different cases: (a) a
frozen MoS2 sheet with polarized Mo and S atoms, (b) a frozen MoS2 sheet with non-polar Mo
and S atoms, and (c) a polarized, flexible MoS2 sheet. Note that the axial distance is measured
from the top sulfur layer, and that these plots correspond to the three cases depicted in Figure 2
of the main text. The dots correspond to time-averaged MD simulations data, and the solid lines
correspond to fits to Eq. (5-4) in the main chapter.

5.11.7 Water Contact Angle on Monolayer MoS2 Using Cylindrical Droplets
In order to compare the results of my contact angle simulations using hemispherical droplets
with those obtained using cylindrical droplets, I also carried out MD simulations using
cylindrical droplets. N = 1331, 2635, 5305, and 10000 water molecules were separately
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simulated in a simulation box ~ 5 nm wide. The simulations protocol and analysis procedure are
described in the Methods section of the main text. The results obtained are summarized in Table
5-11. Although there should be no effect of the line tension in the case of cylindrical droplets, I
see a variation in the contact angle as the droplet size increases, which is consistent with
previous results.15,68 Note that the water contact angle obtained using the largest cylindrical
droplet, consisting of 10000 water molecules, is 70.3°, which closely matches the contact angle
of 71.5° obtained using hemispherical droplets.
Table 5-11. Water contact angle on monolayer MoS2, obtained using cylindrical droplets
consisting of N water molecules.
# of Water
Molecules in
Droplet, N
1331
2635
5305
10000
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Contact
Angle
63.2°
67.5°
68.1°
70.3°

5.11.8 Histograms for Free-Energy Calculations using Bennett’s Acceptance
Ratio Method to Compute the Work of Adhesion

Figure 5-10. Histograms for the free-energy calculations to compute the work of adhesion of
water on monolayer MoS2, depicting the number of samples at each computed value of: (a)
!>/!Ë, where > is the Hamiltonian of the system, (b) Δ> for the left interval (Ë → Ë − ΔË), and
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(c) Δ> for the right interval (Ë → Ë + ΔË). It is evident that the intervals are overlapping
sufficiently, implying that the sampling of the simulation is adequate.
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Chapter 6
Ab Initio Molecular Dynamics and Lattice Dynamics-Based
Force Field for Modeling Hexagonal Boron Nitride in
Mechanical and Interfacial Applications
6.1 Introduction
Hexagonal boron nitride (hBN), the inorganic analogue of graphene, is an up-and-coming twodimensional (2D) material, consisting of boron (B) and nitrogen (N) atoms arranged in a
hexagonal lattice.1 Unlike graphene, which is a semimetal with zero band gap,2 hBN is an
insulator possessing an intrinsic band gap, and exhibits photoluminescence in the ultraviolet
wavelength regime.3 In addition to being used as a tribological lubricant,4 hBN finds use as a
smooth substrate for chemical vapor deposition growth,5 and as an insulating substrate in
electronic circuits.6 Moreover, researchers are interested in exploiting the different friction
properties7,8 and extents of interaction of ions with graphene and hBN surfaces,9,10 to enable
osmotic power generation.11 Recently proposed applications of hBN also include gas separation12
and seawater desalination13 membranes made of rolled-up boron nitride nanotubes (BNNTs) or
few-layered nanoporous hBN surfaces. In these applications, the mechanical and interfacial
properties of hBN play an important role in modulating device and process performance and
robustness. For example, the use of nanoporous hBN as a membrane for desalination, similar to
graphene,14 is contingent upon the hBN surface: (i) maintaining mechanical stability over
extended periods of time, and (ii) interacting differently with water and ions.15 Similarly,
understanding the exfoliation of bulk hBN crystals into few-layered sheets,16,17 mediated by the
presence of solvents, requires models which can adequately describe both the intralayer and
interlayer interactions in hBN. Classical molecular dynamics (MD) simulations, compared to ab
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initio MD (AIMD) simulations, offer a computational framework to model and understand the
mechanical and interfacial properties of materials, up to relatively longer length (tens of
nanometers) and time (tens of nanoseconds) scales. However, there is a lack of available
classical MD force fields, which adequately account for the Coulombic and interlayer
interactions in hBN, while providing nonbonded (dispersion) interactions which can be readily
combined with force field (FF) models for other materials, such as, liquids, gases, and other 2D
materials. This chapter is aimed at addressing the above-mentioned deficiency in the literature.
The most popular FF used to model the intralayer (bonded) interactions in hBN is the
modified Tersoff potential18 adapted by several authors in the literature.19,20 In particular, Liao et
al. developed modified Tersoff parameters, based on ab initio calculations, and used them to
simulate the deformation behavior of hBN nanotubes under axial tensile strains.19 In order to
study thermal transport in hBN nanostructures, Sevik et al. developed modified Tersoff
parameters based on fitting to structural properties and the phonon spectrum of hBN.20 Although
Tersoff-like potentials can represent the mechanical properties of solids quite well, they have
some deficiencies which may be remedied. Specifically, they:
(i)

lack Coulombic interactions, which are important for describing the interactions of polar
molecules with hBN surfaces, e.g., in separation membranes and liquid-phase exfoliation
applications. Moreover, the differences in electronegativities of B and N imply that there
is some charge separation in hBN, which is not captured by Tersoff-like potentials.

(ii)

do not account for interlayer dispersion forces which dominantly hold together the layers
of hBN in the bulk solid.21 Therefore, Tersoff-based models, by themselves, are
inadequate for simulating multi-layered hBN and multi-walled BNNT systems, which
require describing how the layers of hBN interact with each other.
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In terms of describing hBN-adsorbate interactions, most studies in the literature have
utilized the nonbonded force-field parameters for B and N atoms proposed by Mayo et al. in the
generic DREIDING FF,22 along with combining rules. However, the DREIDING parameters
were developed about 3 decades ago and the interaction energies that they yield with adsorbate
(most importantly, water) molecules have not been benchmarked against advanced ab initio
calculations, e.g., the quantum Monte Carlo (QMC) dataset by Al-Hamdani et al.23 Nevertheless,
the DREIDING parameters have been used to model the interactions of flat and curved hBN
surfaces with liquid molecules, in a number of applications, including: (i) the desalination
performance of single layer nanoporous hBN membranes,13 (ii) liquid-phase exfoliation of fewlayered hBN by conventional solvents, such as, dimethyl sulfoxide (DMSO) and isopropyl
alcohol (IPA),24 as well as by ionic liquids,25 (iii) the flow of water26,27 and ions15 through BN
nanotubes, and (iv) the encapsulation of C60 buckyballs by BN nanotubes.28 Therefore, there is
an urgent need to develop force-field parameters, specifically for B and N atoms in hBN, and
benchmark them against high-quality ab initio data. In terms of describing interlayer interactions
in hBN, Hod et al. recently proposed a potential for modeling the interactions between the layers
in hBN.29 However, this FF lacks Lennard-Jones parameters, for describing nonbonded
dispersion interactions, which may be readily combined with other FF models.
In view of the above challenges regarding the use of currently available FF models in
simulations of hBN interfaces, in this chapter, I focus on the development of a new transferrable
FF model for modeling the mechanical and interfacial properties of hBN, including obtaining
physical insight from the resulting FF. The new model and the corresponding methodology
underlying its development enable us to gain several physical insights, including: (i) the critical
role played by improper dihedral potentials in correctly representing the potential energy surface
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of a vibrating hBN layer, (ii) the role of improper dihedral potentials in modulating the bending
rigidity of hBN, while not affecting its bulk mechanical or vibrational properties, and (iii) the
importance of excluding intrasheet interactions up to the third-nearest neighbors to obtain the
correct phonon dispersion relation of hBN.

6.2 Development of the New Force Field
Figure 2-1A depicts the molecular model of an hBN monolayer, including the equilibrium bond
lengths and angles. Intrasheet interactions in 2D materials are often described in terms of
classical bonded potentials, which consist of two-body (bonded), three-body (angular), and fourbody (dihedral) interactions. Intersheet interactions, on the other hand, are typically described by
a combination of electrostatic and Lennard-Jones (LJ) potentials. Accordingly, the proposed
classical model for hBN includes both intralayer (bonded), öUJZP*P , and interlayer (nonbonded),
öZJZUJZP*P , interactions as follows:
öI0I = öUJZP*P + öZJZUJZP*P
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where öI0I is the potential energy of the system, òUJZPI , ò:ZQ)*I , ò'SX(JX*(I , and ò:NJSI are the
numbers of bonds, angles, improper dihedrals, and atoms, respectively, in the system, %)' , Ø' , and
Ø'? are the harmonic force constant, instantaneous bond length, and equilibrium bond length
corresponding to the Õ NO bond (Figure 2-1A), %z' , v' , and v'? = 120° are the harmonic force
constant, instantaneous angular value, and equilibrium angular value corresponding to the Õ NO
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angle (Figure 2-1A), %7' , 8' , and 8'? = 0° are the harmonic force constant, instantaneous angular
value, and equilibrium angular value corresponding to the Õ NO improper dihedral (Figure 2-1B),
a'< and ¡'< are 6-12 Lennard-Jones (LJ) parameters corresponding to interactions between the Õ NO
ˆ

ˆ

and ANO atom in the system, a'< = ka' a< lƒ and ¡'< = k¡' ¡< lƒ due to geometric mean combining
rules, +'< is the distance between the Õ NO and ANO atom in the system, ü' is the partial charge on
the Õ NO atom in the system, and ¡? is the permittivity of free space. Note that the use of geometric
mean combining rules makes my model compatible with a wide range of force fields for various
materials, including conventional liquids and gases,30,31 ionic liquids,32 biological molecules,33
and metals,34 which is otherwise quite challenging.

Figure 6-1. (A) Top view of the molecular model of a single layer of hBN, illustrating the
equilibrium B-N bond length (Ø? ), the equilibrium B-N-B angle (v? ), and the concept of 1–2, 1–
3, and 1–4 bonded neighbors. Boron atoms are shown in cream color and nitrogen atoms are
shown in blue color. (B) Illustration of the concept of an N-B-B-B improper dihedral, 8. Atom i
is a nitrogen atom, and is bonded to atoms j, k, and l, which are boron atoms. The improper
dihedral is the angle formed by the plane ijk (depicted in translucent blue color) and the plane jkl
(depicted in translucent red color). The angle 8 quantifies the extent to which atom i is out of the
plane formed by atoms j, k, and l, and is zero when atoms i, j, k, and l are coplanar.
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In order to parameterize the above model, I utilized an approach that combines classical
lattice dynamics35 with AIMD36 simulations, based on electronic-structure density functional
theory (DFT)37,38 calculations. Note that this approach obviates the need to solely rely on
experimental data for determining force-field parameters for hBN. Firstly, cell optimization of a
4×4×2 supercell of hBN was utilized to find the equilibrium crystal structure predicted by DFT
calculations. The supercell dimensions and atomic coordinates were optimized such that the
force on each atom was less than 1×10-4 hartree/bohr (=0.0051 eV/Å). I found that the optimized
B-N bond length is 1.45 Å, as compared to the experimental value of 1.446 Å, indicating close
agreement (within 0.3%). The values of the partial charges, ü' , were obtained using the density
derived atomic point charges (DDAP) scheme proposed by Blochl.39 Subsequently, starting with
the optimized coordinates for a 4×4×1 supercell, Born-Oppenheimer AIMD simulations, using
the mixed Gaussian and plane waves (GPW) approach40 implemented in the open-source
package cp2k,41 were used to generate the potential energy surface for a single, vibrating hBN
sheet. The potential energy surface was then fit using the above proposed classical model for
intralayer (bonded) interactions. I used the generalized gradient approximation (GGA) PerdewBurke-Ernzerhof (PBE) exchange-correlation functional,42 and double-zeta short range
MOLOPT basis sets43 to represent the valence electrons in B and N atoms. Norm-conserving
Goedecker-Teter-Hutter (GTH) pseudopotentials were utilized to represent the nuclei and core
electrons.44 Grimme’s D3 approach45 was used to incorporate dispersion interactions into the
model. A timestep of 0.5 fs was used, and the Bussi-Parinello thermostat46 was utilized to
maintain the system at a temperature of 298.15 K. The simulation was run for a total of 10,000
timesteps, and the last 7,000 samples were used to define the potential energy surface. Note that
the equilibrium values Ø'? = 1.45 Å, v'? = 120( , and 8'? = 0( are determined by the geometry
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of a single hBN layer (see Figure 2-1A). Equation (6-2) was then fit to the PES data, in order to
determine the values of the bond, angle, and improper dihedral harmonic constants (%)' , %z' , and
%7' ). The R2 value for the fit was found to be 0.93 and the root-mean squared error was found to
be 4.437 kJ/mol. The best-fit bonded parameters, along with their 95% confidence intervals, are
listed in Table 6-1. I also carried out a fit without including improper dihedrals into the analysis.
In this case, the R2 value of the fit was found to be 0.39, a much lower value than the 0.93 value
obtained when including improper dihedrals. This finding indicates that the inclusion of
improper dihedrals is important to correctly represent the potential energy surface of vibrating
monolayer hBN in a classical manner!
Subsequently, to determine the 6-12 LJ parameters, I carried out lattice dynamics-based
fitting using the open-source General Utility Lattice Program (GULP).47 LJ interactions were
cutoff at a distance of 1.2 nm, and long-range electrostatic interactions were included using the
Ewald summation technique. Periodic boundary conditions were applied in all directions. 1–4
interactions were scaled by a factor of 0.0, to prevent unphysical, negative phonon frequencies,
as explained later. The equilibrium length for the harmonic bonds was fixed at 1.32 Å (as
opposed to the B-N bond length of 1.45 Å in the hBN crystal; see Table 6-1), in order to obtain
agreement with the experimental crystal structure, because the absence of attractive 1–4
interactions necessitated the use of a smaller value for the equilibrium length of the harmonic
bond potential. Indeed, using an equilibrium harmonic bond length greater than 1.32 Å led to
predicted Å and € lattice constants which are larger than the respective experimental values for
hBN. Only the experimental crystal structure of hBN (including the interlayer spacing) and the
C33 elastic constant48 were used to obtain the best-fit LJ parameters. Note that my approach for
deriving force-field parameters for hBN is different from my recent approach for MoS2,49
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wherein the bond and angle harmonic constants, as well as the LJ parameters, were obtained
using lattice dynamics-based fitting. Instead, here, the use of DFT-calculated parameters
eliminates the requirement to fit the bond, angle, and improper dihedral harmonic constants. In
fact, the improper dihedral force constant cannot be determined by fitting to bulk mechanical
properties because, as I show later, in the case of hBN, the bulk mechanical properties are
insensitive to the presence of improper dihedrals. The obtained nonbonded FF parameters for
hBN are listed in Table 6-1, along with the larger error estimates, respectively, among errors due
to uncertainties in the initial guess utilized and errors due to uncertainties in the harmonic
constants (%)' , %z' , and %7' ) and C33. The errors are obtained using a Monte Carlo sampling
approach. For details, please see Appendix 6.7.1 and Appendix 6.7.2.
Table 6-1. Proposed force-field parameters for simulating hBN layers in MD simulations. Errors
in %) , %z , and %7 are 95% confidence intervals. Errors in LJ parameters were determined using a
Monte Carlo estimation approach, as outlined in Appendix 6.7.1.
Bonds

B‰ (Å)

CB (ˇ! "#$RÂ ÅRÊ )

B-N

1.32

2488.8 ± 21.1

Angles

D‰ (°)

CD (ˇ! "#$RÂ EFGRÊ )

N-B-N

120.0

230.9 ± 20.5

B-N-B

120.0

588.7 ± 20.8

Improper Dihedrals

H‰ (°)

CH (ˇ! "#$RÂ EFGRÊ )

B-N-N-N

0.0

657.5 ± 8.2

N-B-B-B

0.0

258.0 ± 3.5

ˇ!
x
IJB
0.2897 ±
0.1172

˝ kÅl

Nonbonded
B (q = +0.907 e)
N (q = -0.907 e)

˛w

0.1979 ±
0.1033
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3.3087 ± 0.2171
3.2174 ± 0.2028

6.3 Validation of the Proposed Force Field for Predicting the
Mechanical Properties of hBN
The lattice parameters and elastic constants predicted by the proposed model using lattice
dynamics calculations in GULP were compared with their respective experimental values, as
shown in Table 6-2. Using the methodology described in Appendix 6.7.1, I also obtained error
estimates, for the predicted elastic constants and bulk modulus, and found that they are
comparable with the experimental error bars.
Table 6-2. Comparison of the experimental and simulated crystal structure, elastic constants, and
bulk modulus of bulk hBN. C11, C12, C13, C44, and the bulk modulus were not included in the
fitting process and were only utilized for validation of the FF.
FF

Exp50

(GPa)

FF

Exp48

K

2.5045 Å

2.5040 Å

LÂÂ

692.1 ± 16.3

811.0 ± 12.0

M

2.5045 Å

2.5040 Å

LÂÊ

151.0 ± 5.3

169.0 ± 24.0

N

6.64 Å

6.66 Å

LÂO

-2.8 ± 0.4

0.0 ± 3.0

P

90°

90°

LOO

26.8 ± 4.8

27.0 ± 5.0

Q

90°

90°

LRR

-2.8 ± 0.4

7.7 ± 5.0

S

120°

120°

Bulk

24.9 ± 4.2

25.6 ± 8.0

modulus

Table 6-2 reveals that the physical quantities included in the fitting process, i.e., lattice
parameters and C33, are predicted within 0.3% accuracy. I found that, without any adjustments of
bond, angle, or improper dihedral force constants, as obtained from ab initio calculations, the
proposed FF can predict C11 to within 15% accuracy, C12 to within 11% accuracy, and the bulk
modulus to within 3% accuracy. As a benchmark, Ohba et al. used density functional-
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perturbation theory to compute the values of C11, C12, and the bulk modulus for hBN,51 and
obtained errors (compared to experiment) of 17%, 0.1%, and 6%, indicating that the errors
incurred using my ab-initio-derived classical FF parameters are comparable to those incurred
while directly using ab initio calculations.
In order to ascertain how well the proposed FF represents the thermo-mechanical
properties of bulk hBN, I used the GULP package to obtain the phonon dispersion relation of
bulk hBN, and compared it to experimental data reported by Serrano et al.52 I observed that the
elimination of Coulombic interactions up to the third-nearest neighbor (i.e., setting 1–4
interactions to zero) was essential to obtain positive phonon frequencies. This is because, as
shown in Appendix 6.7.3, the inclusion of 1–4 Coulombic interactions, which are attractive in
nature (B and N atoms have partial charges which are opposite in sign), leads to negative phonon
frequencies, indicating that the lattice is unstable with respect to perturbations involving B and N
atoms moving closer to each other. Scaling of the the 1–4 interactions by a factor of 0.0, is
different from what is done in the OPLS/AA53 framework, as well as my recently published FF
for MoS2,49,54 wherein a 1–4 scaling factor of 0.5 was utilized. Interestingly, in the case of MoS2,
I did not obtain negative phonon frequencies with a 1–4 scaling factor of 0.5 because: (i) the
larger Mo-S bond length (2.41 Å) as compared to the B-N bond length (1.446 Å), and (ii) the
distribution of the negative charges between two sulfur atoms, as opposed to being concentrated
in a single nitrogen atom in the case of hBN, lead to a weaker electrostatic attraction between 1–
4 neighbors in MoS2. Further, in the case of hBN, I observed that the inclusion of Coulombic
terms is important in order to correctly predict the lower acoustic branches of the phonon
dispersion relation (see Appendix 6.7.3 for a discussion on the effect of the partial charges on the
B and N atoms, the equilibrium B–N bond length, and the 1–4 scaling factor on the phonon
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dispersion relation). Finally, as shown in Figure 6-2, the newly proposed classical FF can very
well describe the acoustic phonons (lower energy phonons), which are the most important in
terms of describing vibrational phenomena and interfacial dynamic properties, such as the
friction7 and the diffusion coefficient of water55 on the surface.
In order to understand the role of the improper dihedral potential in determining the bulk
mechanical properties of hBN, I recalculated each of the properties listed in Table 6-2 and the
phonon dispersion relation of hBN, after turning off the improper dihedral potential.
Surprisingly, I observed no change in any of the predicted mechanical properties of hBN (see
Appendix 6.7.4), indicating the negligible role played by improper dihedrals in determining bulk
mechanical properties, including the extent of thermal vibrations, as quantified by the mean
standard deviation in layer height (see Appendix 6.7.5). This is because, close to equilibrium
conditions, the B and N atoms are not expected to significantly move out-of-plane, thereby
leading the improper dihedral potential to not affect the bulk mechanical properties of hBN.
Note, however, that the improper dihedrals do play a role in the stress-strain behavior of finite
2D nanoplatelets, as shown in a previous study.56 I also found that the improper dihedral
potential significantly influences the predicted bending rigidity of monolayer hBN (see
Appendix 6.7.6). Indeed, when an hBN layer is bent significantly, e.g., to accommodate the
hexagonal hBN lattice on the surface of a nanotube, the B and N atoms are positioned out-ofplane relative to each other, thereby leading to a significant energetic penalty with respect to the
improper dihedral potential.
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Figure 6-2. (A) Comparison of the theoretically-predicted phonon dispersion relation of bulk
hBN (depicted in solid red lines) with the experimental data (depicted using filled blue circles)
reported by Serrano et al.52 The phonon dispersion relation is plotted along the ΓMKΓ direction
L
in the hBN reciprocal space, where the high-symmetry points are Γ = (0, 0, 0), M = 1 , 0, 08,
G

L L

and K = 1^ , ^ , 08 in units of the reciprocal space basis vectors. (B) hBN lattice along with the
primitive unit cell, containing one B atom and one N atom. Boron atoms are shown in cream
color and nitrogen atoms are shown in blue color. The basis vectors ÅL⃗ and ÅG⃗ are also shown.
(C) hBN reciprocal space, with the hexagonal Brillouin zone and three high-symmetry points, M,
M, and K. The reciprocal space basis vectors €L⃗ and €G⃗ are also shown.

6.4 Validation of the Proposed Force Field for Predicting Intersheet
Interactions Between Layers of hBN
It would be interesting to examine how the proposed force field performs in describing the
interactions between two hBN monolayers, as compared to state-of-the-art ab initio calculations.
To this end, I compared the intersheet interaction energy predicted by the proposed FF with
accurate random phase approximation (RPA) calculations by Bjorkman et al.,57 as well as with
dispersion-corrected DFT calculations using five different approaches to implement the
dispersion interactions: (i) Grimme’s D3 approach,45 (ii) the rVV10 functional,58 (iii) the
optB88-vdW functional,59 and the nonlocal (iv) vdW-DF60 and (v) vdW-DF2 approaches,61 as
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shown in Figure 6-3. For this purpose, two 4×4×1 hBN supercells, in AA’ stacking, were placed
at various distances from each other, and the interaction energy between them was calculated. LJ
interactions were cutoff at a distance of 1.2 nm, and long-range electrostatic interactions were
included using the PPPM technique.62 Periodic boundary conditions were utilized in all three
dimensions. Vacuum space of 15 nm was utilized in the z direction.
Interestingly, while each of the dispersion-corrected density functionals (i)-(v) overpredicts the interaction energy as compared to the accurate RPA calculations, my force field (FF)
predicts an interlayer interaction energy which is in excellent agreement with the RPA
calculations, thereby demonstrating the success of the combined AIMD-lattice dynamics
approach advanced here. This is because, although DFT-based calculations do not predict
dispersion interactions correctly, they perform quite well in predicting bonded interactions.
Accordingly, in my combined AIMD-lattice dynamics approach, the bonded interactions were
obtained from DFT-based calculations, while the nonbonded interactions were obtained through
lattice-dynamics based fitting to experimental data, thereby correctly capturing both the bonded
and the nonbonded interactions. Comparatively, I found the following ranking of the predicted
binding energies: RPA ≈ FF < PBE+D3 ≈ vdW-DF2 ≈ vdW-DF < rVV10 < optB88-vdW. This
implies that the FF model proposed in this chapter correctly accounts for the interactions
between hBN layers and may be used to model multilayered hBN systems.
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Figure 6-3. (A-B) Top (A) and front (B) views of two AA’ stacked hBN monolayers. Boron
atoms are shown in blue and nitrogen atoms are shown in cream color. (C) Interlayer binding
energy per unit area between two AA’ stacked hBN monolayers, as a function of the separation
distance, using various levels of theory. The force field (FF) predictions are shown using a
dashed black line. RPA results from Bjorkman et al.57 are shown using a dashed blue line.
Results using the PBE+D3, optB88-vdW, rVV10, vdW-DF, and vDW-DF2 are shown in purple,
red, orange, violet, and green colors, respectively.

6.5 Validation of the Proposed Force Field for Simulating Water
Interacting with hBN
In order to validate the transferability of the developed FF parameters to systems involving hBN
interacting with liquids, specifically water, I compared the interaction energies of a single water
molecule with a monolayer hBN sheet, as predicted by: (i) the proposed FF, using geometric
mean combining rules, and (ii) QMC calculations reported by the Michaelides group.23 For this
purpose, I used the TIP4P/Ice water model63 which is known to correctly predict both the bulk
and interfacial properties of water. A single water molecule was placed at various distances from
the hBN sheet, above a B atom (Figure 6-4A-C) and above an N atom (Figure 6-4D-F), and the
interaction energy was computed using the LAMMPS package64 (atomic coordinates were
adapted from Ref. 23). LJ interactions were cutoff at a distance of 1.2 nm, and long-range
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electrostatic interactions were included using the PPPM technique.62 Periodic boundary
conditions were utilized in all three dimensions. Plots comparing the predictions of the proposed
FF with the QMC calculations are shown in Figure 6-4C and Figure 6-4F for a water molecule
above a B atom and above an N atom, respectively.
The plots in Figure 6-4C,F clearly show that the proposed FF, along with geometric mean
combining rules, is able to satisfactorily predict the interaction energy between a single water
molecule and a monolayer hBN sheet. I note that the agreement of my FF with the QMC
calculations is better for a water molecule located on top of a B atom in a tangential orientation,
than for a water molecule located on top of a N atom and oriented with the OH bond pointing
towards the hBN surface (the so-called one-legged orientation). This is expected because, in the
one-legged orientation (Figure 6-4D-E), the distance between the hBN surface and the H atom is
significantly lower when compared to the tangential orientation (Figure 6-4A-B) (e.g., when the
O atom is at a distance of 3.0 Å from the hBN surface, the closest H atom is at a distance of 3.22
Å from the surface for the tangential orientation and of 2.04 Å from the surface for the onelegged orientation). This, in turn, leads to significant charge penetration effects, which cannot be
adequately captured by classical FF models.65
Indeed, from a decomposition of the water–hBN binding energy into van der Waals
(vdW) and Coulombic (Coul) contributions, when the water molecule is in a tangential
orientation (Figure 6-4C), the Coulombic interactions are negligible compared to the van der
Waals interactions. On the other hand, when the water molecule is in the one-legged orientation,
the Coulombic interactions are significant due to the H atom being very close to the hBN surface
(Figure 6-4F). Since the Coulombic interactions do not adequately represent charge penetration
effects, the above noted discrepancy arises. Note, however, that the tangential orientation of

332

water is the most likely orientation of the water molecules above nonpolar surfaces,66 and
therefore, my model should be adequate to represent water–hBN interactions in MD simulations.

Figure 6-4. (A-B) Top (A) and front (B) views of a water molecule placed on top of a boron
atom in monolayer hBN. Boron atoms are shown in blue color, nitrogen atoms are shown in
cream color, the oxygen atom is shown in red color, and the hydrogen atoms are shown in white
color. (C) Binding energy of a single water molecule placed on top of a boron atom in a single
hBN layer, as a function of the separation distance between the hBN layer and the oxygen atom
of the water molecule, using various levels of theory. The force field (FF) predictions are shown
using a dashed black line, with the van der Waals (vdW) and Coulombic (Coul) contributions
shown using dashed red and dashed blue lines, respectively. QMC results from Al-Hamdani et
al. are shown using filled blue circles. Results using the PBE+D3, optB88-vdW, rVV10, vdWDF, and vDW-DF2 are shown in purple, red, orange, violet, and green colors, respectively. (D-E)
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Top (D) and front (E) views of a water molecule placed on top of a nitrogen atom in monolayer
hBN. (F) Binding energy of a single water molecule placed on top of a nitrogen atom in a single
hBN layer, as a function of the separation distance between the hBN layer and the oxygen atom
of the water molecule, using various levels of theory.
Based on the plots in Figure 6-4, I found that commonly used dispersion-corrected
density functionals in DFT calculations are not able to correctly capture the interactions between
a single water molecule and monolayer hBN, and grossly overestimate the interaction energy.
Comparatively, I obtained the following ranking of the predicted binding energies: QMC ≈ FF <
PBE+D3 ≈ vdW-DF2 < vdW-DF ≈ rVV10 < optB88-vdW above a B atom and QMC < FF <
PBE+D3 ≈ vdW-DF2 ≈ vdW-DF < rVV10 < optB88-vdW above a N atom. Note that the
comparative rankings between the various dispersion-corrected DFT functionals are similar
when predicting both the interlayer binding energy and the water binding energy, indicating that
similar types of errors are encountered in the two cases. The above discussion indicates that the
proposed FF is appropriate to simulate the interfacial behavior of hBN when it interacts with
water. It is therefore likely that the proposed FF can also be combined with models for other
liquids and gases, thereby providing accurate estimates for nonbonded parameters. Because the
contact angle of a liquid on a solid surface is an important interfacial property that depends on
the strength of the liquid-surface interactions, the accuracy of the proposed FF in modeling hBNliquid interfaces could be investigated by simulating the contact angles of various liquids,
including water, on the hBN basal plane, and by comparing the simulated values with the
corresponding experimentally-measured values. Accordingly, in the next chapter (Chapter 7), I
carry out MD simulations to predict the contact angles of three different liquids (water, ethylene
glycol, and diiodomethane) on the hBN basal plane, with the aim of validating the force field
developed in this chapter. In addition, I use the force field developed in this chapter to advance a
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deeper understanding of the role of solid-liquid electrostatic interactions in determining the
wetting and frictional properties of the hBN basal plane.

6.6 Conclusions
In this chapter, I developed a classical FF model, by combining DFT-based AIMD simulations
and lattice dynamics calculations, which yields excellent agreement with the experimentally
measured crystal structure, elastic constants, bulk modulus, and acoustic phonon dispersion
relation of bulk hBN. The model developed in this chapter is the first one to date which can
correctly describe the interlayer interactions in hBN, while also taking into account the polar
nature of the B-N bond. Through the model, I demonstrated: (i) the need to neglect 1–4
intrasheet interactions to correctly model the phonon dispersion relation of hBN, (ii) the need to
include an improper dihedral potential to correctly represent the potential energy surface of a
vibrating hBN surface, and (iii) the role played by the improper dihedral potential in modulating
the bending rigidity of hBN surfaces, while not affecting its bulk mechanical properties and
phonon dispersion relation. The broad and accurate applicability of the proposed model
demonstrates that the FF parameters reported here are highly robust and transferable. Indeed, the
predictions of the proposed model compare favorably with those of the intersheet interaction
energy of hBN predicted by advanced RPA calculations, as well as with those of the watersurface interaction energy predicted by QMC calculations. I hope that the proposed FF model
will enable accurate in-silico exploration of hBN-hBN and hBN-liquid interfaces for various
applications, including mechanical composites, water desalination, osmotic power harvesting,
biosensors, and gas sensing.
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6.7 Appendices
6.7.1 Quantification of Uncertainties in the Proposed Force-Field Parameters
I used the in-built local optimization routine included in the General Utility Lattice Program
(GULP)47 to obtain the listed set of force-field parameters. One could argue that the use of
metaheuristic global optimization techniques67 (i.e., optimization techniques that are based on a
high-level algorithm, which is not deterministic, and as a result, which may or may not yield a
globally-optimal solution), including global search, genetic algorithms, simulated annealing, and
particle swarming, may be used to predict the “objectively best” set of force-field parameters. In
practice, however, the implementation of metaheuristic global optimization routines involves
some stochasticity, and therefore, each of the above-mentioned techniques only reaches “close”
to the real global minimum, but not exactly the “global minimum”. Further, because of the
complicated functional landscape of the multi-dimensional dataset, multiple global minima could
exist, implying that there are no “objectively best” force-field parameters. In order to illustrate
this concept, I have combined the GULP lattice dynamics code with four global optimization
routines implemented in MATLAB, starting with two different sets of initial guesses: (i) the
proposed set of LJ parameters, and (ii) the LJ parameters of Won and Aluru,26 adapted from the
DREIDING dataset.22 In 3 of the 4 cases when starting with (i) and in all the 4 cases when
starting with (ii), as illustrated in Appendix 6.7.2, the optimized set of LJ parameters is different.
Additionally, the optimized set of LJ parameters depends on the choice of the initial guess. This
implies that there is some level of uncertainty associated with the force-field parameters, firstly,
due to the answer depending on the initial guess, and secondly, due to the inherent variability of
the metaheuristic global optimization techniques. Therefore, in this chapter, I adhered to local
optimization, as implemented in the GULP package itself. Future work may investigate the use
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of deterministic global optimization algorithms, such as the branch-and-bound method,68 to
determine the force-field parameters.
With the above in mind, I quantified the uncertainty in the force-field parameters due to
variabilities in the initial guess using a Monte Carlo error estimation approach. For this purpose,
I initialized 2000 different GULP optimization routines with randomly chosen values of the
initial guess for the LJ parameters. The initial guesses were uniformly distributed in the range
(0.001 eV, 0.01 eV), or equivalently (0.0965 kJ/mol, 0.9647 kJ/mol) for ¡; and ¡∞ , and were
also uniformly distributed in the range (3.0 Å, 4.0 Å) for a; and a∞ , which are all reasonable
ranges of values for the LJ parameters. Only 438 of the 2000 optimization routines completed
successfully, had an error in C33 (compared to the experimental value) of less than 5%, and led to
LJ parameters in the above range of values. The standard deviations in the optimized LJ
parameters resulting from those 438 runs were used as an estimate of the uncertainty in the forcefield parameters due to the uncertainty in the initial guesses. Accordingly, the force-field
parameters with uncertainties are: ¡; = (0.2897 ± 0.1172) kJ/mol, a; = (3.3087 ± 0.1664)
Å,

¡∞ = (0.1979 ± 0.1033)

kJ/mol,

a∞ = (3.2174 ± 0.1744)

Å,

with

the

errors

representative of the uncertainty in the initial guesses for the LJ parameters. These errors are
listed in Table 6-3. Additionally, I calculated the standard deviation in the predicted elastic
constants and bulk modulus of hBN (Table 6-4), in these 438 runs, to quantify the uncertainty in
the elastic constants and the bulk modulus due to the uncertainty in the initial guess for the
Lennard-Jones (LJ) parameters.
Physically, because all the sets of force-field parameters were optimized to reproduce the
correct values of the intersheet spacing and the elastic constant C33, they should predict
approximately the same level of cohesion between the hBN layers. Nevertheless, the relative
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values of the LJ parameters of the B and N atoms could be different for each set of force-field
parameters. Accordingly, predictions of relative differences between phenomena occurring at
boron and nitrogen terminated edges could be amplified due to differences in the LJ parameters
of the B and N atoms. On the other hand, I expect the uncertainty in the prediction of properties
where both the B and N atoms are involved in approximately equal numbers, e.g., contact angles
of liquids on the basal plane, to be minimal, because a different set of force-field parameters is
likely to merely repartition the LJ parameters between the B and the N atoms in a different
manner.
Additionally, there is some error associated with the force-field parameters due to
uncertainties in the input parameters, namely, the bond, the angle, and the improper dihedral
force constants, as well as the C33 elastic constant. I quantified this error using a Monte Carlo
approach. Accordingly, each input parameter was treated as a normally distributed random
variable, and 2000 different GULP optimization routines were setup. The mean of the random
variable was taken to be equal to the average value of the respective parameter, and the standard
deviation was taken to be equal to: (i) the 95% confidence interval for the bond, the angle, and
the improper dihedral force constants, and (ii) the reported error in the experimental C33
measurement. Only 931 of the 2000 optimization routines completed successfully, and had an
error in C33 (compared to the experimental value) of less than 5%. The standard deviations in the
optimized LJ parameters resulting from the 931 successful runs were used as an estimate of the
uncertainty in the force-field parameters due to the uncertainty in the input parameters, namely,
the bond, the angle, and the dihedral force constants, as well as the C33 elastic constant.
Accordingly, the deduced force-field parameters with uncertainties are: ¡; = (0.2897 ±
0.0619) kJ/mol, a; = (3.3087 ± 0.2171) Å, ¡∞ = (0.1979 ± 0.0737) kJ/mol, a∞ =
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(3.2174 ± 0.2028) Å, with the errors representative of the uncertainty in the bond, the angle,
and the improper dihedral force constants, as well as the C33 elastic constant. These errors are
listed in Table 6-3. Additionally, I calculated the standard deviation in the predicted elastic
constants and bulk modulus of hBN (Table 6-4), in these 931 runs, to quantify the uncertainty in
the elastic constants due to the uncertainty in the bond, the angle, and the improper dihedral force
constants, as well as the C33 elastic constant.
Table 6-3. Errors in the nonbonded Lennard-Jones (LJ) parameters for the B and N atoms, due to
uncertainties in the: (a) initial guess (subscript: guess) and (b) initial parameters (subscript:
param), determined using a Monte Carlo approach. Error values indicated in bold font are the
larger values out of (a) and (b), and are used as an estimate of the error in the main chapter.

B

ˇ!
ˇ!
x W˛\K]KI w
x
IJB
IJB
0.1172
0.0619

N

0.1033

Nonbonded

W˛XYZ[[ w

0.0737

W˝XYZ[[ kÅl

W˝\K]KI kÅl

0.1664

0.2171

0.1744

0.2028

Table 6-4. Errors in the predicted elastic constants and bulk modulus of bulk hexagonal boron
nitride, due to uncertainties in the: (a) initial guess (subscript: guess) and (b) initial parameters
(subscript: param), determined using a Monte Carlo approach. Error values indicated in bold
font are the larger values out of (a) and (b), and are used as an estimate of the error in the main
chapter.
Quantity, Q

W^XYZ[[
(GPa)

W^\K]KI
(GPa)

C11

16.3

7.9

C12

3.5

5.3

C13

0.4

0.2

C33

0.4

4.8

C44

0.4

0.2

Bulk
modulus

0.3

4.2
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6.7.2 Comparison of Various Global Optimization Techniques for Predicting
Force-Field Parameters
I have implemented a fully relaxed fitting procedure by combining lattice dynamics calculations
using the General Utility Lattice Program (GULP)47 with global optimization67 packages
available in MATLAB. Accordingly, as in the main chapter, where I used the local optimization
routine available directly in GULP, I formulate the objective function for optimization, _, as
follows:
∞

_ (¡; , a; , ¡∞ , a∞ ) = £ `' ab',X(*P (¡; , a; , ¡∞ , a∞ ) − b',JUI c

G

(6-4)

']L

where, ¡; , a; , ¡∞ , a∞ are the 4 Lennard-Jones (LJ) parameters which are being fit, ò is the
number of physical observables considered in the fitting process, b',X(*P is the simulated value
of the ith observable using fully-relaxed lattice dynamics, and b',JUI is the experimentallyobserved value of the ith observable. The assigned weights, `' , are listed in Table 6-5. Because
the lattice constants are essential to correctly represent the structure of the system, before
calculating other properties such as the elastic constants and the bulk modulus, the lattice
constants were assigned weights of 10000, which is the default value in the GULP package. On
the other hand, the elastic constant C33 was assigned a much lower weight of 1.0.
Table 6-5. Weights assigned to define the objective function for optimization of the LJ
parameters for the B and N atoms.
Observable i
Lattice constants
(K, M, N, P, Q, S)
Elastic constant (C33)

Weight (de )
10000
1

I have considered four different global optimization algorithms available in MATLAB:
(a) simulated annealing, (b) global search, (c) particle swarm, and (d) genetic algorithm, and in
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each case, the objective function _ is fed to MATLAB in order to determine the “globally
optimal” values of the LJ parameters. The aim of this exercise is to check whether the global
optimization algorithms converge to the same set of LJ parameters. I have also used two different
initial guesses: (i) the set of force-field parameters proposed in the main chapter (labeled “FF”),
and (ii) force-field parameters from the DREIDING force field,22 as adapted by Won and Aluru26
(labeled “DFF”). In Table 6-6, I report the results obtained using each of the four different global
optimization algorithms, and beginning with two different initial guesses (FF and DFF). For each
optimization, I set the following physically-motivated bounds on the LJ parameters: (0.0005 eV,
0.05 eV), or equivalently (0.0482 kJ/mol, 4.824 kJ/mol)) for ¡; and ¡∞ , and (3.0 Å, 5.0 Å) for a;
and a∞ , which is a reasonable range of values for the LJ parameters. Table 6-6 clearly shows that
various global optimization techniques converge to different sets of optimal force-field
parameters, even using the same initial guess. For this reason, in this chapter, I have adopted a
local optimization routine, as implemented in the GULP package itself.
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Table 6-6. Comparison of optimized LJ parameters for the B and N atoms using four different
global optimization algorithms and two sets of initial guesses. Percentage deviations of the
parameter values from the optimized LJ parameters reported in the main chapter are also
indicated.
Initial Algorithm
Guess
FF

DFF

Simulated
Annealing
Global
Search
Particle
Swarm
Genetic
Algorithm
Simulated
Annealing
Global
Search
Particle
Swarm
Genetic
Algorithm

˛f (eV)

Final Solution
˛g (eV)
˝f (Å)

Deviation from FF
˛f
˝f
˛g
˝g
(%) (%) (%) (%)
11.0 0.1 16.4 0.0

˝g (Å)

0.002674

3.3117

0.002388

3.2190

0.003003

3.3087

0.002051

3.2174

0

0

0

0

0.000569

3.0

0.006059

3.2904

81.1

9.3

195.4

2.3

0.002918

3.3791

0.002294

3.0759

2.8

2.1

11.8

4.4

0.001612

3.3811

0.003674

3.1797

46.3

2.2

79.1

1.2

0.000653

3.3941

0.005617

3.2096

78.3

2.6

173.9

0.2

0.003511

3.1074

0.001823

3.4253

16.9

6.1

11.1

6.5

0.001515

3.1720

0.003686

3.3180

49.6

4.1

79.7

3.1

6.7.3 Predicting the Phonon Dispersion Relation of Hexagonal Boron Nitride
using other 1-4 Scaling Factors and Zero Partial Charge
In order to show that using a scaling factor other than 0.0 for the 1-4 interactions yields negative
phonon frequencies, I calculated the phonon dispersion relation for two different 1-4 scaling
factors: (a) 0.5, as utilized in the OPLS/AA force field,53 and (b) 1.0, as utilized in the
DREIDING force field.22 For this purpose, the equilibrium bond length for the B-N bond was
adjusted in each case, so that I obtained a lattice constant of Å = € = 2.5045 Å, to be consistent
with the force-field parameters reported in the main chapter (see Table 6-7). Subsequently, the
Lennard-Jones (LJ) parameters were optimized, and each phonon dispersion relation was plotted
using lattice dynamics calculations in GULP. As shown in Figure 6-5, in both cases, I obtained
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negative phonon frequencies for the low energy acoustic modes, which is unphysical. As already
noted in the main chapter, this is because the inclusion of 1–4 Coulombic interactions, which are
attractive in nature (because the B and N atoms have partial charges of opposite sign), leads to
negative phonon frequencies, implying that the lattice is unstable with respect to perturbations
involving the B and N atoms moving closer to each other. This is corroborated by the fact that, as
seen from a comparison of Figure 6-5A and Figure 6-5B, the effect is more pronounced (i.e.,
more negative phonon frequencies) when more attractive 1-4 interactions are included (i.e., a
scaling factor of 1.0 is used).
Table 6-7. Equilibrium bond lengths and LJ parameters used to obtain the correct B-N
interatomic distance in four different cases.
Case
|q| = 0.907e,
1-4 Scale = 0.0
|q| = 0.907e,
1-4 Scale = 0.5
|q| = 0.907e,
1-4 Scale = 1.0
|q| = 0,
1-4 Scale = 0.0

Equilibrium
BN Bond
Length (Å)
1.32

Optimized LJ Parameters
˛f (eV) ˝f (Å) ˛g (eV)
˝g (Å)
0.003003

3.3087

0.002051

3.2174

1.4528

0.003003

3.3087

0.002051

3.2174

1.59

0.003580

3.3970

0.002161

2.8799

1.443

0.002733

3.4003

0.001723

3.2177
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Figure 6-5. Phonon dispersion relation of bulk hexagonal boron nitride with a 1-4 scaling factor
of (A) 0.5 and (B) 1.0, plotted along the ΓMKΓ direction in the hBN reciprocal space, where the
L
L L
high-symmetry points are Γ = (0, 0, 0), M = 1G , 0, 08, and K = 1^ , ^ , 08, in units of the
reciprocal space basis vectors. Negative phonon frequencies are clearly observed in (A) and (B).
More negative phonon frequencies are observed in panel (B), using a 1-4 scaling factor of 1.0
(corresponding to stronger attractive interactions).
As seen in Table 6-7, a higher equilibrium B-N bond length is required to reproduce the
experimentally observed crystal structure, as I increase the 1–4 scaling factor, because a stronger
electrostatic attraction between the B and N atoms arises. On the other hand, as the partial
charges on the B and N atoms are increased, while maintaining a fixed 1–4 scaling factor of 0.0,
a smaller equilibrium bond B-N bond length is required to reproduce the experimentally
observed crystal structure, due to increased 1–5 repulsion in the system. I also calculated the
phonon dispersion relation for hBN after excluding the partial charges on the B and N atoms.
Again, the equilibrium bond length for the B-N bond was adjusted so that I obtained a lattice
constant of Å = € = 2.5045 Å, to be consistent with the force-field parameters reported in the
main chapter (see Table 6-7). Subsequently, the Lennard-Jones (LJ) parameters were optimized
and the phonon dispersion relation was plotted using lattice dynamics calculations in GULP. As
shown in Figure 6-6, the exclusion of partial charges in the model for hBN eliminates any
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negative phonon frequencies, but leads to a very poor description of the lower energy acoustic
modes. Therefore, the B-N bond length, the distribution of partial charges, and the 1–4 scaling
factor all play an important role in modulating the phonon dispersion relation of bulk hBN. Put
together, I can conclude that: (i) the presence of partial charges on B and N is essential to
correctly represent the lower energy (acoustic) modes of the phonon dispersion relation for hBN,
and (ii) a scaling factor of 0.0 for the 1-4 interactions is required to eliminate any unphysical,
negative phonon frequencies.
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Figure 6-6. Phonon dispersion relation of bulk hexagonal boron nitride with no partial charges
on the B and N atoms (and with a 1-4 scaling factor of 0.0), plotted along the ΓMKΓ direction in
L
the hBN reciprocal space, where the high-symmetry points are Γ = (0, 0, 0), M = 1G , 0, 08, and
L L

K = 1^ , ^ , 08, in units of the reciprocal space basis vectors.

6.7.4 Predicted Mechanical Properties and Phonon Dispersion Relation of
Hexagonal Boron Nitride without the Improper Dihedral Potential
Table 6-8. Comparison of the simulated crystal structure, elastic constants, and bulk modulus of
bulk hBN, in two cases: (i) with the improper dihedral potential included, and (ii) without the
improper dihedral potential included. C11, C12, C13, C44, and the bulk modulus were not included
in the fitting process and were only utilized for validation of the FF. It is evident that the values
of the physical observables obtained in cases (i) and (ii) are identical.
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Figure 6-7. Comparison of the theoretically-predicted phonon dispersion relation of bulk hBN
(depicted in solid red lines), in the absence of the improper dihedral potential, with the
experimental data (depicted using filled blue circles) reported by Serrano et al.52 The phonon
dispersion relation is plotted along the ΓMKΓ direction in the hBN reciprocal space, where the
L
L L
high-symmetry points are Γ = (0, 0, 0), M = 1G , 0, 08, and K = 1^ , ^ , 08, in units of the
reciprocal space basis vectors. Note that the phonon dispersion relation is identical to the one
presented in Figure 6-2A of the main chapter.

6.7.5 Extent of Thermal Vibrations in Hexagonal Boron Nitride
I quantified the extent of thermal vibrations of periodic hexagonal boron nitride (hBN) surfaces
at room temperature using molecular dynamics (MD) simulations, by computing the standard
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deviation in the layer height, i.e., m〈Œ G 〉 − 〈Œ〉G , for monolayer, bilayer, and trilayer hBN, where
the Œ axis is perpendicular to the hBN surface and 〈∙〉 denotes time averaging. These MD
simulations were carried out in the open-source package LAMMPS.64 The canonical (NVT)
ensemble was utilized, and atomic coordinates were integrated with a time step of 2 fs. The
Nose-Hoover thermostat,69,70 with a time constant of 100 fs, was utilized to maintain the system
at a temperature of 298.15 K. LJ interactions were cutoff at a distance of 1.2 nm, and long-range
electrostatic interactions were included using the PPPM technique.62 Periodic boundary
conditions were utilized in all three dimensions. Bond, angles, and improper dihedrals were
correctly accounted for across periodic boundaries in the xy direction. A vacuum space of 15 nm
was utilized in the z direction. Simulations were carried out for a period of 1 ns, and the last 500
ps were used to compute the time-averaged value of the standard deviation in the layer height.
These simulations were carried out (i) in the presence and (ii) in the absence of improper
dihedral potentials to quantify the impact of the dihedral potentials on the extent of thermal
vibrations. Figure 6-8 depicts the standard deviation in layer height, predicted for cases (i) and
(ii), for monolayer, bilayer, and trilayer hBN. Figure 6-8 reveals that the extent of vibrations
decreases from monolayer to bilayer, and from bilayer to trilayer, as expected. However,
surprisingly, the presence, or the absence, of improper dihedral terms has no significant effect on
the extent of vibrations observed, within the indicated error bars (standard deviations from 10
MD simulation runs).
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Figure 6-8. Effect of improper dihedral potential on the vibrational properties of mono-, bi-, and
tri-layer hBN sheets. The standard deviation in the layer height (m〈Œ G 〉 − 〈Œ〉G ) is shown for
mono-, bi-, and tri-layer hBN, with the improper dihedral potential included (blue color) and
without the improper dihedral potential included (orange color). Error bars denote standard
deviations resulting from 10 MD simulation runs.

6.7.6 Predicted Bending (Flexural) Rigidity of Hexagonal Boron Nitride
Having studied the performance of the proposed force field and the impact of the improper
dihedral potential in describing the mechanical properties of flat, infinite hBN surfaces, I proceed
next to investigate the performance of the force field in describing curved systems, such as
nanotubes, which are extremely important nanostructures in a number of applications. The
Helfrich Hamiltonian for the energy of a curved membrane71 can be simplified for the case of a
nanotube, so as to obtain a relation between the energy of a single BN unit in a nanotube
;∞∞7
O;∞
(9;∞
) and the energy of a single BN unit in perfectly flat hBN (9;∞
). Specifically, 72
;∞∞7
O;∞
9;∞
= 9;∞
+
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Å;∞ h
2æG

(6-5)

where h is the bending (flexural) rigidity of monolayer hBN, Å;∞ is the area per BN unit in hBN,
&V(ì:NV(*
and æ is the radius of the nanotube. I define the curvature energy of a BNNT, 9;∞∞7
, as the

difference in the energy per BN unit between a given BNNT and a perfectly flat hBN sheet, so
that:
&V(ì:NV(*
;∞∞7
O;∞
9;∞∞7
= 9;∞
− 9;∞

(6-6)

Using Eq. (6-6) in Eq. (6-5), I obtain a linear relationship between the curvature energy of a
BNNT and its radius as:
&V(ì:NV(*
9;∞∞7
= h1

Å;∞
8
2æG

(6-7)

Therefore, the slope of a straight-line plot between the curvature energies of BNNTs of varying
radii and

:6i
Gƒ

allows us to obtain as estimate of the bending rigidity of monolayer hBN. Such a

strategy has been used in the past to predict the bending rigidity of monolayer hBN using GGADFT calculations73 and a Tersoff potential.74 I carried out single-point energy calculations of
armchair (n,n) BNNTs of varying diameters, in the LAMMPS package, to obtain the energy due
&V(ì:NV(*
to curvature, 9;∞∞7
, as the difference between the nanotube potential energy and the energy

of a flat sheet of hBN containing the same number of BN units as in the nanotube. LJ
interactions were cutoff at a distance of 1.2 nm, and long-range electrostatic interactions were
included using the PPPM technique.62 Periodic boundary conditions were utilized in all three
dimensions. Bonds, angles, and improper dihedrals were correctly accounted for across periodic
boundaries in the xy direction. A vacuum space of 15 nm was utilized in the z direction. These
calculations were carried out in the presence and in the absence of the improper dihedral
&V(ì:NV(*
potential, and the corresponding plots of 9;∞∞7
versus

:6i
Gƒ

are shown in Figure 6-9. From

these plots, I extracted the bending rigidity of hBN to be (2.1329 ± 0.0154) eV in the presence of
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the improper dihedral potential, and (1.2399 ± 0.0182) eV in the absence of the improper
dihedral potential, where the uncertainty ranges represent 95% confidence intervals. The R2
values for the fits were greater than 0.999 in both cases. My values can be compared to 0.86 eV
obtained using a Tersoff potential74 and 1.333 eV using GGA-DFT calculations.73 The value of
the bending rigidity of hBN obtained in the absence of the improper dihedral potential seems to
be in better agreement with previous DFT calculations, indicating that the improper dihedral
parameters appropriate for modeling flat hBN may not be directly transferrable to nanotube
systems! Assuming equal parameter values for bonded potentials in flat and curved systems is a
common assumption reported in the literature, and requires critical examination in the future.
Finally, note that, in contrast to there being no effect on the bulk mechanical and vibrational
properties of hBN due to the improper dihedral potential, there is a significant effect of the
improper dihedral potential on the bending rigidity of hBN.

Figure 6-9. Calculation of the bending rigidity h of monolayer hBN as the slope of the plot of the
curvature energy associated with armchair (n,n) BN nanotubes, with n = {5, 8, 10, 12, 14, 16, 18,
:
20}, versus G6iƒ , where Å;∞ is the area of the BN unit cell, and æ is the radius of the nanotube.
Two plots are shown: one including the improper dihedral potential (blue color) and the other
350

excluding the improper dihedral potential (orange color). Lines denote the best linear fit to the
data points. The goodness-of-fit (R2) values are also indicated on the plot.
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Chapter 7
Liquids with Lower Wettability can Exhibit Higher Friction
on Hexagonal Boron Nitride: The Intriguing Role of SolidLiquid Electrostatic Interactions
7.1 Introduction
The wettability of two-dimensional (2D) materials1–4 by various liquids, including water, plays a
critical role in a number of applications, such as liquid-phase exfoliation-based synthesis,5
oil/water separation6 and desalination membranes,7 osmotic-power harvesting,8 and flow through
nanofluidic conduits.9 Unlike graphene, which is a homopolar 2D material, hexagonal boron
nitride (hBN) is a heteropolar 2D material, exhibiting significant charge separation between the
boron (B) and the nitrogen (N) atoms.10 Indeed, ab initio molecular dynamics (MD) simulations
have revealed that although the interfacial structures, i.e., the density profiles of water are similar
on the graphene and the hBN basal planes, the two surfaces demonstrate remarkably different
slippage and frictional properties with respect to the flow of water. Indeed, the hBN basal plane
exhibits a three-fold increase in the friction coefficient of water, when compared to the graphene
basal plane.11 Moreover, recent experiments have revealed that BN nanotubes exhibit much
larger friction coefficients, and correspondingly lower slip lengths, for the flow of water, when
compared to carbon nanotubes.9 In this regard, analytical theories for the friction coefficient and
the slip length12–14 were used to rationalize the frictional behavior of water inside carbon
nanotubes,13 and on graphene and hBN surfaces.11 However, to date, the applicability of such
theories to describe the frictional properties of various liquids (e.g., water, ethylene glycol, and
diiodomethane, which are commonly utilized in characterizing the interfacial properties of solids
in general15,16) on solid-liquid interfaces at which electrostatic interactions are important, has not
357

been thoroughly investigated. Moreover, the wetting and frictional behavior of liquids, other than
water, on the hBN basal plane, have not been systematically studied, either theoretically or
experimentally.
With the above in mind, and based on the force field for hBN that I developed in Chapter
6,10 in this chapter, I investigate the wetting behavior of the hBN basal plane by polar (water and
ethylene glycol) and nonpolar (diiodomethane) liquids, using classical MD simulations. My
simulation results for the contact angle of water on the hBN basal plane are in qualitative
agreement with experimental data17 that suggest that the hBN basal plane is mildly hydrophilic.
Further, I find that water exhibits the lowest wettability, as quantified by the highest contact
angle, but the highest friction coefficient, on the bulk hBN basal plane, amongst the three liquids
considered. This surprising finding is explained in terms of the competition between dispersion
and electrostatic interactions operating between the hBN basal plane and various liquids.
Notably, I find that electrostatic interactions do not affect the wetting behavior appreciably, as
quantified by the respective contact angles of the three liquids considered, on the bulk hBN basal
plane. In terms of the frictional behavior, I find that water exhibits the highest friction coefficient
in the presence of hBN-liquid electrostatic interactions, corresponding to the actual situation. On
the other hand, diiodomethane displays a similar tendency when hBN-liquid electrostatic
interactions are excluded. Accordingly, I infer that electrostatic interactions affect the frictional
properties of various liquids in contact with hBN surfaces to different extents, a finding which
the corrugations in the free energy and the potential energy landscapes of the interfacial liquid
molecules are unable to explain. Instead, I propose that the mean-squared total lateral force
exerted on the liquid molecules by the solid surface is a better indicator of the frictional
properties of the surface.
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7.2 Review of Previous Experimental and Theoretical Work
In the past, several experimental studies have characterized the wettability of water on hBN
surfaces and have reported water contact angles ranging from 42° to 165°,6,18–21 depending on the
surface roughness and morphology (porous nanosheets versus flat, large-area surfaces), and on
the extent of surface contamination. Recently, Li et al.17 reported that the contact angle of water
on a flat, large-area hBN surface, with negligible surface contamination, is around 66°. This
contact angle value is expected to reflect the intrinsic wettability of the hBN basal plane, free
from the effects of surface roughness and hydrocarbon contamination. Further, this contact angle
value indicates that the pristine hBN basal plane is mildly hydrophilic, similar to graphene15 and
molybdenum disulfude.16 On the modeling front, Li and Zeng used ab initio molecular dynamics
(AIMD) simulations, and reported similar contact angles of water nanodroplets on the graphene
and hBN basal planes (86° and 87°, respectively).22 Nevertheless, the use of liquid nanodroplets
to quantify the equilibrium contact angle of water on solid surfaces is ambiguous in terms of how
the contact angle is defined. Indeed, the work presented in Chapter 5 revealed differences of up
to 15° depending on whether the contact angle is defined using the: (a) nanodroplet curvature in
the first two layers of liquid above the solid surface, or (b) tangent to the circular fit of the
nanodroplet profile after excluding the first two layers of liquid from the analysis.3
Instead of using nanodroplets, another approach to characterize the wetting properties of
a solid-liquid interface involves the calculation of the work of adhesion, which is the reversible
work (free-energy change), per unit area, required to separate the liquid and the solid from
molecular contact to infinity.23 Recall that the work of adhesion, Ì:P , is related to the
equilibrium contact angle, v, of the liquid on the solid surface, and to the surface tension, Ïõ , of
the liquid, through the Young-Dupre equation:23 Ì:P = Ïõ (1 + cos v). Further, recall that in ab
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initio MD simulations, all atomic forces are calculated self-consistently using first-principles,24
and therefore, it is not straightforward to compute free energies by incrementally tuning off
interactions between the solid and the liquid,25 as can be conveniently done using classical MD
simulations.4,26,27 Consequently, at this stage, the nanodroplet method represents the only firstprinciples approach which allows characterization of the equilibrium properties of solid-liquid
interfaces. In this regard, classical MD simulation-based work of adhesion calculations,4,26,27 as
demonstrated in Chapter 5, not only eliminate ambiguities associated with finite-size effects,
such as the line tension at the circumference of the nanodroplet,26 but also offer a unique
opportunity to study the role of electrostatic interactions and entropy in modulating the
wettability of solid surfaces,4 by decomposing the work of adhesion into contributions arising
from enthalpic and entropic effects, or into contributions arising from dispersion and electrostatic
interactions.4
In terms of the dynamic properties of hBN-liquid interfaces, Tocci et al. utilized AIMD
simulations to relate the frictional behavior of the graphene and hBN basal planes to the
corrugation in the free energy landscapes of the interfacial water molecules associated with the
respective surfaces.11 However, in AIMD simulations, the surface tension of water, which is a
critical interfacial property, is overpredicted by about 25%.28 Moreover, the AIMD simulations
are carried out at elevated temperatures of about 330 K, to prevent over-structuring of the water
molecules.11 On the other hand, using classical MD simulations, not only can surface tensions of
various liquids be predicted with better accuracy when compared to the experimental data (as
shown in this chapter), but also the simulations can be carried out at room temperature (298.15
K), the temperature at which most experimental studies are carried out.
Recently, Wu et al.29 developed classical force-field parameters for water interacting with
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hBN, based on random phase approximation (RPA) calculations, and reported a contact angle for
water (simulated using the TIP4P water model30) of around 55°. However, the use of a specific
liquid (water in this case) to derive the force-field parameters for solid-liquid interactions does
not allow one to obtain insights using several different types of polar and nonpolar liquids,
without investing a significantly greater amount of computational effort in determining forcefield parameters for solid-liquid interactions through RPA calculations for each different liquid.
With the above in mind, in Chapter 6, I developed a transferrable force field for hBN, which can
be readily combined with the force-field parameters for other liquids, through the use of
geometric-mean combining rules for determining solid-liquid interaction parameters.10
In this chapter, I demonstrate that, using my new transferrable force field for hBN,10 I can
not only study different liquids, such as water, diiodomethane, and ethylene glycol, interacting
with hBN surfaces, but I can also model the hBN-liquid interface with better accuracy than using
force-field parameters derived from dispersion-corrected density functional theory (DFT). In
fact, my force field for hBN also leads to excellent agreement with the experimental lattice and
elastic constants, the experimental phonon dispersion relation, and the RPA-based interlayer
binding energy of hBN monolayers.10 Further, I have also shown that the water-hBN interaction
energies predicted using my new force field are in excellent agreement10 with those calculated
using the accurate quantum Monte Carlo (QMC) method.31

7.3 Calculation of the Works of Adhesion of Various Liquids on the
Bulk hBN Basal Plane
In all the classical MD simulations reported in this chapter, I utilized the open-source package
LAMMPS32 and the canonical (NVT) ensemble. The simulated systems were maintained at a
temperature of 298.15 K using the Nose-Hoover thermostat.33,34 I utilized the SHAKE method35
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to constrain bonds terminating in hydrogen atoms. Lennard-Jones (LJ) interactions were cutoff at
a distance of 1.2 nm, while long-range electrostatic interactions were taken into account using
the Particle-Particle-Particle Mesh (PPPM) method.36 Periodic boundary conditions were utilized
in all directions. The atomic coordinates were integrated with a time step of 2.0 fs. The rigid
TIP4P/Ice model37 was utilized to simulate the water molecules, the OPLS/AA force field38 was
utilized to simulate the ethylene glycol molecules, and the GROMOS 54A7 force field, based on
the Automated Topology Builder (ATB) framework,39 was utilized to simulate the
diiodomethane molecules. Geometric-mean combining rules were utilized to determine the LJ
parameters for the cross-interactions.
When modeling ethylene glycol molecules, the 1–2 and 1–3 LJ and Coulombic
interactions, were turned off, and the 1–4 LJ and Coulombic interactions were scaled by a factor
of 0.5, in order to be consistent with the parameterization of the OPLS/AA force field.38 Note
that there are no 1–4 neighbors in water and diiodomethane. In these cases, the 1–2 and 1–3 LJ
and Coulombic interactions were turned off, in order to be consistent with the respective force
fields utilized.37,39 On the other hand, for hBN, the 1–2, 1–3, and 1–4 LJ and Coulombic
interactions were all turned off.10 Indeed, in Chapter 6, I showed that including 1–4 LJ and
Coulombic interactions in the description of hBN leads to unphysical, negative phonon
frequencies.10
The works of adhesion of water, ethylene glycol, and diiodomethane on the hBN basal
plane were computed using free-energy perturbation (FEP) calculations.40 To this end, the
interactions between a four-layered stack of hBN (note that four layers of hBN are sufficient
because the thickness of each layer of hBN is around 0.32 nm,10 which implies that the thickness
of a four-layered stack of hBN is 1.28 nm, a value that is greater than my selected LJ cutoff of
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1.2 nm), periodic in the xy direction, and a 5 nm slab of liquid molecules placed on top of the
solid (Figure 7-1A-C), were turned off using 20 linear increments for the Coulombic interactions
and 20 linear increments for the LJ interactions. Accordingly, in this chapter, a four-layered
stack of hBN is referred to hereafter as the “bulk hBN basal plane”. Note that soft-core
interactions were used in order to avoid singularities while turning off the LJ potential. At each
of the 20 points in the FEP thermodynamic pathway, the simulation box was equilibrated for 300
ps, and perturbation data was collected over 200 ps, with data points spaced every 100 timesteps
(0.2 ps). Therefore, computing the LJ and the Coulombic contributions to the work of adhesion
required 10 ns each of simulation time.
The surface tensions of water, ethylene glycol, and diiodomethane were calculated
according to: Ïõ =

õj
G

L

k〈cÙÙ 〉 − k〈cii 〉 + 〈c00 〉ll,41 where the liquid interface is perpendicular to
G

the z direction, ÓÙ is the length of the simulation box in the z direction, cÙÙ is the pressure of the
liquid in the normal (z) direction, cii and c00 are the pressures of the liquid in the tangential
directions, and 〈∙〉 represents time averaging. The simulation boxes were equilibrated for 5 ns,
and 5 values of the surface tension, each averaged over 1 ns, using samples spaced every 100
timesteps apart, were determined over the next 5 ns of the simulation. These 5 values of the
surface tension were then utilized to calculate the means and the standard deviations of the
simulated surface tensions.
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Figure 7-1. (A-C) Equilibrated molecular dynamics simulation snapshots of the bulk hBN basal
plane-liquid interface for the three liquids considered: (A) water, (B) ethylene glycol, and (C)
diiodomethane. (D-I) Comparison of the interaction energies of an ethylene glycol molecule (D)
and a diiodomethane molecule (G) with a monolayer hBN basal plane, predicted using
geometric-mean combining rules for various atom types, with that predicted using various types
of dispersion-corrected DFT. Top views (E, H) and front views (F, I) of the two molecules are
shown.
The simulated surface tensions and contact angles of water, ethylene glycol, and
diiodomethane are compared with their respective experimental values in Table 7-1. The
predicted surface tensions of water, ethylene glycol, and diiodomethane are found to differ from
their experimental values by 3%, 9%, and 19%, respectively. It is noteworthy that predictions of
water contact angles2,3,22,29 on solid surfaces were made in the past using SPC/E,42 TIP4P,30 and
ab initio43,44 water models. These water models predict water surface tensions which deviate
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from the experimental value (72.1 mN/m)45 by as much as 16% (SPC/E46), 21% (TIP4P46), and
25% (ab initio water28). Therefore, the simulated surface tension values of water, ethylene glycol
(EG), and diiodomethane (DIM) reported here are reasonable. Moreover, the simulated surface
tension values for the three liquids considered reproduce qualitatively the relative surface tension
ranking observed experimentally: Ïõ,m:N*( > Ïõ,go¬ > Ïõ,3p .
Table 7-1. Simulated values of the surface tensions of the three liquids (water, ethylene glycol,
and diiodomethane) considered, and the polar and dispersion components and total value of the
works of adhesion of the three liquids on the bulk hBN basal plane. The corresponding contact
angle, v, values, calculated using the Young-Dupre equation, are also listed.
Liquid

Surface Tension
Simulated Simulated
Simulated Simulated
(mN/m)
Total
Polar
Dispersion
D (°)
15,45,47
Component, Component,
Expt
Simulated
qrs
\
(mJ/m2)
qrs
qtrs
(mJ/m2)
(mJ/m2)
Water
85.9
4.0
81.9
81.0
72.1 ±
74.2 ± 1.1
0.01
Ethylene
103.1
1.7
101.4
0.0
48.0 ±
43.8 ± 1.5
Glycol
0.02
Diiodomethane
50.8
142.9
0.7
142.2
0.0
60.6 ± 3.8
Table 7-1 also reports the contact angles of the three liquids considered on the bulk hBN
basal plane, calculated using the Young-Dupre equation. The predicted contact angle of water on
the bulk hBN basal plane is found to be 81°, which compares qualitatively with the experimental
contact angle of 66°, recently measured on the uncontaminated bulk hBN basal plane.17 This
finding implies that my classical MD-based model of the hBN-water interface is able to
qualitatively reproduce the mild hydrophilicity of the hBN basal plane. The predicted contact
angles for ethylene glycol and diiodomethane on the hBN basal plane are both 0°, indicating
complete wetting of the surface. Note that no experimental contact angle data is yet available for
comparison in the case of ethylene glycol and diiodomethane.
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7.4 Checking the Validity of Geometric-Mean Combining Rules for
Determining the Solid-Liquid Dispersion Interactions
To check the validity of the simple geometric-mean combining rules utilized here to determine
the solid-liquid interaction parameters, I compared the results for the binding energies of
ethylene glycol and diiodomethane, with a periodic monolayer hBN surface, with the
corresponding values evaluated using dispersion-corrected DFT.48–50 Note that one could use
more accurate ab initio methods like quantum Monte Carlo (QMC),31 random phase
approximation (RPA),29 Møller-Plesset perturbation theory (MP2),51 and symmetry-adapted
perturbation theory (SAPT).27 However, I did not pursue these methods in this chapter, because
of their very high computational cost. DFT48,49 calculations were carried out using the mixed
Gaussian and plane waves (GPW) approach52 in the open-source simulation package cp2k.53 The
binding energy of a single liquid molecule above a periodic hBN surface (9)'TV'PRO;∞ ) was
computed as: 9)'TV'PRO;∞ = 9)'TV'PuO;∞ − k9)'TV'P + 9O;∞ l, where 9)'TV'PuO;∞ is the energy of
a system with the liquid molecule lying on top of a periodic hBN layer (the supercell size is
8´8´1), 9)'TV'P is the energy of a single liquid molecule in vaccum, and 9O;∞ is the energy of a
single, periodic hBN layer. Double zeta (short range) molecularly optimized (MOLOPT) basis
sets54 were utilized to represent the valence electrons in the B, N, and I atoms, and triple zeta
(plus polarization) MOLOPT basis sets54 were utilized to represent the valence electrons in the
C, H, and O atoms. Godecker-Tuter-Hutter (GTH) pseudopotentials55 were utilized to represent
the potential resulting from the nuclei and the core electrons. The Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) functional43 was utilized to represent the
exchange-correlation energy of the system. Various dispersion correction methods (Grimme’s
D3 approach,44 the rVV10 functional,56 the optB88-vdW functional,57 and the nonlocal vdW-
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DF58 and vdW-DF2 approaches59) were utilized in order to incorporate dispersion (van der
Waals) interactions into the calculations.
The results of these calculations are summarized in Figure 7-1D-I. In general, I find that
dispersion-corrected DFT calculations predict interaction potential energy wells that are slightly
deeper than, or comparable to, what is predicted using my new force field along with the
geometric-mean combining rules. It is known that more attractive interactions, i.e., deeper
interaction potential energy wells, between a solid surface and a single liquid molecule lead to a
higher work of adhesion of the liquid on the solid surface.26 Therefore, the works of adhesion
predicted using the force-field parameters derived from dispersion-corrected DFT calculations
are expected to be higher than, or comparable to, those predicted using force-field parameters
based on geometric-mean combining rules. Note that for the same liquid, according to the
Young-Dupre equation, a higher work of adhesion corresponds to a lower contact angle.
Therefore, because the contact angles predicted using geometric-mean combining rules are zero
for both ethylene glycol and diiodomethane, it follows that they would still be zero if liquid-solid
force-field parameters derived from dispersion-corrected DFT calculations are utilized.
Interestingly, as I showed in Chapter 6,10 using geometric-mean combining rules predicts
hBN-water interaction energies which are in excellent agreement with those predicted using
QMC calculations,31 whereas dispersion-corrected DFT again predicts much deeper potential
wells when compared to QMC calculations. In this chapter, I have further shown that using
geometric-mean combining rules yields reasonable agreement between the simulated water
contact angle on the bulk hBN basal plane and the experimentally-measured value. Moreover, as
shown in Appendix 7.9.1, the contact angle of water on the bulk hBN basal plane, predicted
using hBN-water interaction parameters obtained from Grimme’s D3 dispersion correction44-
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based DFT calculations, is 0°, which disagrees with the experimental value of 66°.17 I hope that
these findings will motivate researchers to go beyond dispersion-corrected DFT calculations in
deriving force-field parameters for solid-liquid interactions.60

7.5 Investigation of the Role of Solid-Liquid Electrostatic
Interactions in Determining the Wettability of the Bulk hBN
Basal Plane
The ability to calculate solid-liquid works of adhesion allows us to investigate the relative
importance of electrostatic versus dispersion interactions in modulating wetting phenomena on
the hBN basal plane, as shown in Table 7-1. Specifically, Table 7-1 shows that the electrostatic
contribution to the works of adhesion of water, ethylene glycol, and diiodomethane on the hBN
basal plane are around 5%, 2%, and 0.5%, respectively. In the case of water, the 5% electrostatic
contribution to the work of adhesion on the hBN basal plane corresponds to a contribution of
about 3° to the water contact angle. This finding indicates that the hBN-water electrostatic
interactions do not significantly affect the wetting behavior of water on the hBN basal plane,
although they are important in order to correctly model hBN and water.10,37 Note that this finding
is similar to what I reported in Chapter 5 for the wetting of MoS2 by water.4 In the case of
ethylene glycol and diiodomethane, the predicted contact angle remains 0°, whether the hBNethylene glycol or the hBN-diiodomethane electrostatic interactions are included or not. This
result is expected, because the dispersion interaction energies for both ethylene glycol and
diiodomethane molecules interacting with the monolayer hBN basal plane are much higher than
those of the water molecules interacting with the monolayer hBN basal plane (see Appendix
7.9.2).
I also found that the solid-liquid electrostatic interactions are not significant in
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determining the liquid interfacial structures, i.e., the density profiles of the three liquids
considered on the bulk hBN basal plane. Indeed, Figure 7-2A-C shows that the axial density
profiles of the three liquids considered are not affected significantly if the solid-liquid
electrostatic interactions are not accounted for. I also investigated the orientation of the liquid
molecules in the first layer of liquid on the bulk hBN basal plane (see Figure 7-2D-F), in terms
of the joint probabilities of occurrence of different values of the angles made by two
characteristic atomic vectors with the z axis of the simulation box. For water, the two
characteristic atomic vectors chosen are the vector normal to the plane of the water molecule
(vZJ(S:) ), and the vector of the OH bond (v«C ). For ethylene glycol, they are the vector of the
CO bond (vY« ), and the vector of the OH bond (v«C ). Finally, for diiodomethane, they are the
vector of the CH bond (vYC ), and the vector of the CI bond (vYo ).
Figure 7-2D shows that a majority of the water molecules in the first layer are oriented
parallel, or tangential, to the hBN surface, with vZJ(S:) close to 0° or 180° (molecular snapshots
of the most-probable orientations of the water molecule are depicted in Figure 7-2J). For
ethylene glycol, Figure 7-2E shows that a majority of the molecules are oriented such that vY«
and v«C are 90°, indicating that the CO and OH bonds prefer to be oriented parallel to the hBN
surface (molecular snapshots of the most-probable orientations of the ethylene glycol molecule
are depicted in Figure 7-2K). Finally, for diiodomethane, Figure 7-2F shows that a value of vYo
close to 90° is preferred, indicating that the CI bond prefers to be oriented parallel to the hBN
surface (molecular snapshots of the most-probable orientations of the diiodomethane molecule
are depicted in Figure 7-2L).
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Figure 7-2. (A-C) Density profiles of the liquid at the hBN-liquid interface for the three liquids
considered: (A) water, (B) ethylene glycol, and (C) diiodomethane, in the absence (dotted black
line) and in the presence (dashed blue line) of hBN-liquid electrostatic interactions. (D-F)
Contour plots depicting the orientations of the liquid molecules in the first layer of liquid above
an hBN surface for the three liquids considered: (D) water, (E) ethylene glycol, and (F)
diiodomethane, in the absence of solid-liquid electrostatic interactions. The most-probable
orientations are labeled with lowercase Roman numerals. (G-I) Corresponding contour plots in
the presence of solid-liquid electrostatic interactions. The most-probable orientations are labeled
with lowercase Roman numerals. (J-L) Molecular snapshots of the most-probable orientations of
(J) water, (K) ethylene glycol, and (L) diiodomethane, corresponding to the lowercase Roman
numerals in panels (D-I). Color code: oxygen – red, hydrogen – white, carbon – green, and
iodine – light green.
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In order to determine the extent to which solid-liquid electrostatic interactions affect the
orientation of liquid molecules in the first layer of liquid above the bulk hBN basal plane, in
Figure 7-2G-I, I present the corresponding orientational contour plots for water, ethylene glycol,
and diiodomethane, respectively, in the case when solid-liquid electrostatic interactions are not
accounted for. An examination of panels G through I in Figure 7-2, and their comparison with
panels D through F in Figure 7-2, indicates that the orientation of the liquid molecules in the first
layer of solvent above the hBN basal plane is not affected by the solid-liquid electrostatic
interactions.

7.6 Investigation of the Role of Solid-Liquid Electrostatic
Interactions in Determining the Frictional Properties of the
Bulk hBN Basal Plane
Next, I carried out simulations to understand the frictional properties of the three liquids
considered on the bulk hBN basal plane. Conventional wisdom indicates that a given liquid will
exhibit a lower friction coefficient on a surface on which it has a higher contact angle, when
compared to a surface on which it has a lower contact angle.61 Recent simulations11 have
invalidated this simplistic notion for water interacting with the different surfaces of hBN and
graphene, wherein the two surfaces exhibit similar contact angles,22 yet the friction coefficient of
water on hBN is three times higher than that of water on graphene.11 These results have typically
been rationalized in terms of a greater corrugation in the potential energy landscape,13,14 or in the
free energy landscape,11 of the interfacial water molecules, respectively, inside carbon nanotubes
of varying diameter,13,14 and on the basal planes of hBN and graphene.11 Note that the potential
energy landscape typically refers to the lateral variation in the interaction potential energy of a
single liquid molecule interacting with the solid surface. On the other hand, the free energy
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landscape refers to the lateral variation in the interaction potential energy plus the local entropy
of the liquid molecules, averaged over all the liquid molecules and their various spatial
orientations. In this chapter, I consider three different liquids (water, ethylene glycol, and
diiodomethane) interacting with the same hBN surface. This allows us to systematically vary the
polarity of the liquid (diiodomethane < ethylene glycol < water), as characterized by the
dispersion and polar components of the surface tension of the liquid (see Appendix 7.9.3),15 and
to thereby study how the solid-liquid electrostatic interactions affect the friction coefficient of
liquids of varying polarity, including examining the validity of potential energy landscape and
free energy landscape-based theories for the friction coefficient.
To this end, I calculated the friction coefficient, Ë, of the three liquids considered, on the
bulk hBN basal plane, using a Green-Kubo relationship:62
e
1
b 〈˙⃗ (#) ∙ ˙⃗ (0)〉 !#
Ë=
2≠%; < ?

(7-1)

where ≠ is the area of the solid-liquid interface, %; is the Boltzmann constant, < is the absolute
temperature of the system, ˙⃗ (#) is the total lateral force acting on the liquid due to the solid
surface at time #, and ∙ denotes a dot product operation. Note that the friction coefficient is
defined as an integral of the solid-liquid force autocorrelation function over time, and reaches a
maximum value, before beginning to decrease, as the force becomes negatively correlated with
previous timesteps.14 Accordingly, here, the friction coefficient is defined using the maximum
value of the integral appearing on the right-hand side of Eq. (7-1) (see the vertical lines in Figure
7-3, which indicate the time at which the maximum value occurs). The results of the friction
coefficient calculations are shown in Figure 7-3, for the three liquids, and are also reported in
Table 7-2, under the column labeled “Ë&JV) ”. The error bars for the friction coefficients were
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obtained from an average with 5 data points, each calculated over 50,000 timesteps (i.e., 100 ps)
of simulation time. The time-averaged autocorrelation function at time # fs was calculated using
N

solid-liquid force data from 150000 − G8 timesteps, each spaced apart by 2 fs.
A

Water

B

Ethylene Glycol

C

Diiodomethane

Figure 7-3. Friction coefficients of (A) water, (B) ethylene glycol, and (C) diiodomethane on the
bulk hBN basal plane, calculated in the absence (dashed line) and in the presence (solid line) of
solid-liquid electrostatic interactions. The shaded regions denote error bars calculated using 5
different values. The respective time points at which the friction coefficient reaches the
maximum value are also indicated using vertical lines.
Table 7-2. Friction coefficients of water, diiodomethane, and ethylene glycol on the bulk hBN
basal plane, calculated in the presence and in the absence of solid-liquid electrostatic
interactions. The ratio between the two friction coefficient values are also reported.
Liquid

Water
Ethylene
Glycol
Diiodomethane

Friction Coefficient (104 Ns/m3)
Without
With
electrostatics
electrostatics
(vwJNJYB )
(vNJYB )
4.8 ± 1.6
18.8 ± 4.0
5.8 ± 1.3
9.4 ± 2.7
6.2 ± 1.6

8.9 ± 2.0

Ratio
vNJYB

1v

wJNJYB

8

3.9
1.6
1.4

Table 7-2 reveals that water, which exhibits the lowest wettability, as quantified by the
highest contact angle on the bulk hBN basal plane, exhibits the highest friction coefficient on the
bulk hBN basal plane, amongst the three liquids considered. This finding is surprising, because
one would expect that a higher contact angle corresponds to a lower extent of interaction of the
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liquid with a given solid surface, leading to a lower value of the friction coefficient for that
particular liquid. In order to understand this surprising finding, I quantified the role of the hBNliquid electrostatic interactions in determining the liquid friction coefficient on the bulk hBN
basal plane, by calculating the friction coefficients of the three liquids considered on the bulk
hBN basal plane in the absence of solid-liquid electrostatic interactions, as shown in Table 7-2,
under the column labeled “ËZJ&JV) ”.
Table 7-2 reveals that the incorporation of solid-liquid electrostatic interactions changes
the friction coefficients of the three liquids to different extents: while the largest change is for
water, the smallest change is for diiodomethane. The friction coefficient values of the three
liquids, in the absence of solid-liquid electrostatic interactions, indicate that a more adhesive
liquid, i.e., a liquid exhibiting a lower contact angle on the solid surface, should have a larger
friction coefficient on that surface. Indeed, considering purely dispersive interactions,
diiodomethane has the highest friction coefficient, followed by ethylene glycol, and finally by
water. This result is consistent with that in Table 7-1, which shows that diiodomethane has the
largest work of adhesion, followed by ethylene glycol, and finally by water. However, when
solid-liquid electrostatic interactions are accounted for (which corresponds to the actual
situation), water has the largest friction coefficient, followed by ethylene glycol, and finally by
diiodomethane, indicating a reversal in the ordering of the friction coefficients brought about by
the solid-liquid electrostatic interactions. Note that this finding is different from what I reported
in Chapter 5 for the friction coefficient of water on the MoS2 basal plane, where the friction
coefficient was not significantly affected by the solid-liquid electrostatic interactions.4 This is
because, as explained later, the mean-squared total lateral force exerted on the liquid molecules
by the solid surface plays a key role in determining the friction coefficient, and this particular
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quantity is relatively insensitive to the inclusion of MoS2-liquid electrostatic interactions (see
Appendix 7.9.4 for more details). Indeed, the Mo and S atoms in MoS2 have lower values of the
respective partial charges (ü¬J = +0.50é, ü√ = −0.25é, where é denotes the absolute value of
the charge on an electron), as compared to the B and N atoms in hBN (ü; = +0.907é, ü∞ =
−0.907é). Moreover, the negative charge in MoS2 is distributed amongst two sulfur atoms,
whereas it is concentrated on a single nitrogen atom in hBN.
It is noteworthy that my calculated value of (1.9 ± 0.4) ´ 105 N-s/m3 for the friction
coefficient of water on the hBN basal plane compares well with a previous value of (3.0 ± 0.5) ´
105 Ns/m3 obtained by the Michaelides group using AIMD simulations.11 This is so, in spite of
the fact that water in AIMD simulations is over-structured and interacts much more strongly with
the hBN surface, when compared to the classical MD simulations utilized here. Indeed, when I
calculated the friction coefficient of TIP4P/Ice water on the bulk hBN basal plane using solidliquid interaction parameters derived from dispersion-corrected DFT (see Appendix 7.9.1), I
obtained a value of (2.7 ± 0.06) ´ 106 Ns/m3, which is about 14.4 times higher than the friction
coefficient value calculated for the TIP4P/Ice water model interacting with the bulk hBN basal
plane based on LJ parameters obtained using geometric-mean combining rules. Finally, in order
to verify that my conclusions about the contact angle and the friction coefficient are independent
of the water model utilized, I also calculated the contact angle and the friction coefficient of
TIP4P/2005 water63 on the bulk hBN basal plane, and found that the results do not change
qualitatively (see Appendix 7.9.5).
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7.7 Establishing a Physical Metric to Understand the Role of SolidLiquid Electrostatic Interactions in the Frictional Properties of
the Bulk hBN Basal Plane
Table 7-2 shows that the ratio between the friction coefficients of the different liquids in the
presence and in the absence of solid-liquid electrostatic interactions is 3.9 for water, 1.6 for
ethylene glycol, and 1.4 for diiodomethane. I attempted to rationalize the predicted change in the
friction coefficients upon the introduction of solid-liquid electrostatic interactions in terms of the
corrugation in the free energy landscape of the interfacial liquid molecules (i.e., the molecules in
the first layer of liquid above the bulk hBN basal plane). According to previous theory, the
friction coefficient is proportional to the square of the corrugation in the potential energy
landscape of the interfacial liquid molecules.13,64,65 To check the applicability of the theory (note
that more advanced approaches,14 which take into account the corrugations in the potential
energy landscape experienced by each atom type in the liquid molecule are also possible, but
they are not pursued here), I plotted the contours of the interaction energies (Figure 7-4A-C) of a
single liquid molecule placed on top of a monolayer hBN sheet (for details, see Appendix 7.9.6)
in the absence and in the presence of hBN-liquid electrostatic interactions. Because the hBN
lattice is periodic, these contour plots were made only inside a single unit cell of hBN. An
examination of the panels in Figure 7-4A-C reveals that the interaction potential energies do not
change much upon the incorporation of electrostatic interactions. In order to be quantitative, I
used the range, i.e., the difference between the maximum and the minimum value of the
interaction potential energy inside the hBN unit cell, as a measure of the corrugation in the
potential energy landscape (Figure 7-4J). Indeed, in the theory proposed in Ref. 13, the range of
the interaction potential energy appears as a squared term (the term èL which appears indirectly
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in Eq. (2) of Ref. 13 is exactly equal to half the range of the interaction potential energy as
defined here) in the expression for the friction coefficient.
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Figure 7-4. (A-C) Potential energy landscape of a single liquid molecule on top of a monolayer
hBN sheet. (A) Water molecule, oriented tangentially, with the oxygen atom located at the point
where the contour is depicted, at a vertical distance of 3.24 Å from the hBN sheet. (B) Ethylene
glycol molecule, with one of the carbon atoms located at the point where the contour is depicted,
at a vertical distance of 3.82 Å from the hBN sheet. (C) Diiodomethane molecule, with the
carbon atom located at the point where the contour is depicted, at a vertical distance of 3.80 Å
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from the hBN sheet. The contours are shown in the absence (left) and in the presence (right) of
electrostatic interactions. The vertical location for each molecule is chosen to be the distance
from the bulk hBN basal plane, at which the density of the reference atom is maximum, as
determined from MD simulations. (D-I) Free energy landscapes of liquid molecules in the first
layer of liquid above the bulk hBN basal plane, calculated with a lateral bin size of 0.5 Å, and
depicted as a filled contour plot with 5 contour levels. (D,G) Water in the absence (D) and in the
presence (G) of solid-liquid electrostatic interactions. (E,H) Ethylene glycol (EG) in the absence
(E) and in the presence (H) of solid-liquid electrostatic interactions. (F,I) Diiodomethane (DIM)
in the absence (F) and in the presence (I) of solid-liquid electrostatic interactions. (J-K) Bar
charts depicting the range, i.e., the difference between the maximum and the minimum values of
the spatially-varying: (J) solid-liquid molecule interaction energy and (K) lateral Helmholtz free
energy over the hBN surface for the three liquids in the absence (LJ) and in the presence
(LJ+Elec) of solid-liquid electrostatic interactions.
The ranges of the potential energy landscapes change by factors of 2.46, 0.92, and 3.36
for water, ethylene glycol (EG), and diiodomethane (DIM), respectively, when solid-liquid
electrostatic interactions are included to describe the hBN-water interface. Previous theory based
on the potential energy landscape13,14 would then predict that the friction coefficients of water,
ethylene glycol, and diiodomethane should change by factors of about 6.1 (»(2.46)2), 0.9
(»(0.92)2), and 11.3 (»(3.36)2), respectively, when solid-liquid electrostatic interactions are
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, indicating that the corrugation in the potential energy

landscape is not able to capture the quantitative changes in the friction coefficients of the three
liquids considered, or even the qualitative rank ordering of the changes, upon inclusion of solidliquid electrostatic interactions at the hBN-water interface.
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I next attempted to rationalize the predicted change in the friction coefficients upon the
introduction of solid-liquid electrostatic interactions in terms of the corrugation in the free
energy landscape of the interfacial liquid molecules.11 To determine the free energy landscape of
the interfacial liquid molecules on the bulk hBN basal plane, I first inferred the extent of the first
layer of liquid molecules corresponding to each liquid from the axial density profile plots
reported in Figure 7-2A-C. Subsequently, I plotted the contours of the spatially-varying
Helmholtz free energy of the liquid molecules, ≠(y, ›), which was calculated as: ≠(y, ›) =
−%; < ln 1Í)'TV'P (y, ›)8,66 where Í)'TV'P (y, ›) is the spatially-varying density of the liquid
molecules in the first layer of liquid above the bulk hBN basal plane. The resulting plots are
shown in Figure 7-4 for each of the three liquids considered, in the absence (panels D, E, and F)
and in the presence (panels G, H, and I) of solid-liquid electrostatic interactions. A comparison
of panels D and G in Figure 7-4 reveals that there is no qualitative difference in the free energy
landscape of the water molecules in the absence and in the presence of water-hBN electrostatic
interactions. I used the range, i.e., the difference between the maximum and minimum values of
the spatially-varying Helmholtz free energy of the liquid molecules in the first liquid layer over
the bulk hBN basal plane, to quantify the corrugation in the free energy landscape of the liquid
molecules on the bulk hBN basal plane (Figure 7-4K). This metric increases by a factor of about
1.26 when solid-liquid electrostatic interactions are included to describe the hBN-water interface.
This increase in the corrugation of the free energy landscape theory11 would then predict the
water friction coefficient to increase by a factor of about 1.6 (»(1.26)2) when solid-liquid
electrostatic interactions are included to describe the hBN-water interface. These findings
indicate that the corrugation in the free energy landscape cannot explain the predicted four-fold
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increase (Table 7-2) in the friction coefficient of water upon the inclusion of the hBN-water
electrostatic interactions.
For ethylene glycol and diiodomethane, due to the relatively nonpolar nature of these two
liquids, the respective friction coefficients on the bulk hBN basal plane change by factors which
are less than the factor of 3.9 by which the water friction coefficient on the bulk hBN basal plane
changes when the solid-liquid electrostatic interactions are included versus when they are
excluded (Table 7-2). I found that the corrugation in the free energy landscape (Figure 7-4K)
changes by a factor of about 1.17 for ethylene glycol and by about 1.03 for diiodomethane,
indicating that the friction coefficient should change by a factor of around 1.4 (»(1.17)2) for
ethylene glycol and should stay almost constant for diiodomethane upon the inclusion of the
hBN-liquid electrostatic interactions. The simulations, on the other hand, reveal a change in the
friction coefficient of ethylene glycol by a factor of about 1.6, and in the friction coefficient of
diiodomethane by a factor of about 1.4, when the hBN-liquid electrostatic interactions are
included. Therefore, for relatively nonpolar liquids, such as ethylene glycol and diiodmethane,
the corrugation in the free energy landscape (Figure 7-4D-I) is able to semi-quantitatively
capture the change in the friction coefficient, upon the inclusion of solid-liquid electrostatic
interactions.
The above findings seem to indicate that although the corrugation in the free energy
landscape of the interfacial liquid molecules is not able to quantitatively explain the changes in
the friction coefficients of the three liquids considered, upon inclusion of solid-liquid
electrostatic interactions at the hBN-water interface, it is able to explain the qualitative rank
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energy landscape is not able to explain qualitatively the rank ordering of changes in the friction
coefficients of water interacting with 2D materials in two different cases: (i) when comparing the
TIP4P/Ice and the SPC/E water models37,42 on the bulk MoS2 basal plane (see Appendix 7.9.4),
and (ii) when comparing the TIP4P/Ice and TIP4P/2005 water models37,63 on the bulk hBN basal
plane (see Appendix 7.9.5). Accordingly, the corrugations in both the potential energy landscape
and the free energy landscape of the interfacial liquid molecules are not always able to provide
qualitative insights into the frictional behavior of various liquids on 2D material surfaces.
To proceed further, recognizing that the friction coefficient (see Eq. (7-1)) can be written
as a product of the mean-squared total lateral force acting on the liquid due to the solid (〈˙⃗ G 〉)
and the decorrelation time for the force-force autocorrelation function (±{ ), i.e., Ë =
L
G˜56 7

〈˙⃗ G 〉±{ ,13 I infer that the mean-squared total lateral force, rather than the interaction

potential energy or the free energy, appears directly in Eq. (7-1) used to calculate the friction
coefficient. Therefore, I proceeded to plot the contours of the mean-squared lateral force acting
on liquid molecules in the first layer of liquid above the bulk hBN basal plane, in the absence
and in the presence of electrostatic interactions. This average is carried out using the MD
simulation trajectory, and properly accounts for the probability that a liquid molecule is found at
a particular location above the hBN unit cell, including the possible spatial orientations of the
liquid molecules at that location (for details, see Appendix 7.9.7). The resulting plots are shown
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in Figure 7-5 for each of the three liquids considered, in the absence (panels A, B, and C) and in
the presence (panels D, E, and F) of solid-liquid electrostatic interactions. A comparison of
Figure 7-5A and Figure 7-5D for water, Figure 7-5B and Figure 7-5E for ethylene glycol, and
Figure 7-5C and Figure 7-5F for diiodomethane, reveals that the mean-squared lateral force
acting on liquid molecules in the first layer of liquid above the bulk hBN basal plane increases
the most for water, followed by ethylene glycol, and finally by diiodomethane, upon inclusion of
solid-liquid electrostatic interactions. In order to be quantitative, in Figure 7-5G, I plot the meansquared total lateral force acting on the entire slab of liquid molecules, for the three liquids
considered, in the absence and in the presence of solid-liquid electrostatic interactions, and verify
that this inference is true.
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Figure 7-5. (A-C) Mean-squared lateral force landscapes of liquid molecules in the first layer of
liquid above the bulk hBN basal plane, calculated with a lateral bin size of 0.5 Å, and depicted as
a filled contour plot with 5 contour levels. (A,D) Water in the absence (A) and in the presence
(D) of solid-liquid electrostatic interactions. (B,E) Ethylene glycol (EG) in the absence (B) and
in the presence (E) of solid-liquid electrostatic interactions. (C,F) Diiodomethane (DIM) in the
absence (C) and in the presence (F) of solid-liquid electrostatic interactions. (G) Bar chart
depicting the mean-squared total lateral force acting on the entire slab of liquid molecules, for
the three liquids considered, in the absence (LJ) and in the presence (LJ+Elec) of solid-liquid
electrostatic interactions.
Therefore, unlike the corrugation in the potential energy landscape, but like the
corrugation in the free energy landscape, the mean-squared total lateral force acting on the entire
slab of liquid molecules is able to qualitatively rationalize the ranking of the ratios between the
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friction coefficients calculated in the presence and in the absence of the solid-liquid electrostatic
interactions, for the three liquids considered. Moreover, I have verified the utility of this metric
even for those cases listed above in which the corrugation in the free energy landscape failed to
qualitatively rationalize the change in the friction coefficient upon introduction of solid-liquid
electrostatic interactions (see Appendix 7.9.4 and Appendix 7.9.5), indicating that the meansquared total lateral force acting on the entire slab of liquid molecules is a robust metric to
understand changes in the friction coefficient.
Finally, I have also verified that, using the mean-squared total lateral force acting on the
entire slab of liquid molecules as an indicator for the extent of friction on that surface, is
appropriate even in the case of completely nonpolar solids (i.e., those not involving electrostatic
interactions). To this end, in Appendix 7.9.8, I calculated the friction coefficients of water,
represented using the TIP4P/Ice model, on the bulk hBN basal plane, in the absence of solidliquid electrostatic interactions, in two different cases: (i) with the hBN-water Lennard-Jones
(LJ) parameters set to the values used in the main chapter, and (ii) with the hBN-water LJ
¡;/∞R« parameters set to twice the values used in the main chapter. I found that the friction
coefficient increases by a factor of 3.3 between cases (i) and (ii). Further, the free energy
landscape of the water molecules in the first water layer above the bulk hBN-like basal plane is
not able to explain the predicted increase. On the other hand, I found that the mean-squared total
lateral force acting on the entire slab of water molecules above the bulk hBN-like basal plane
also increases by a factor of 2.8, thereby explaining the predicted increase in the friction
coefficient (see Appendix 7.9.8).

7.8 Conclusions
In this chapter, I investigated the wetting and frictional behavior of the bulk hexagonal boron
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nitride (hBN) basal plane, with respect to three different liquids: water, diiodomethane, and
ethylene glycol, using classical molecular dynamics (MD) simulations, based on the force field
for hBN developed in Chapter 6. The MD simulations are in qualitative agreement with the
experimental contact angle measurements of water on the basal plane of bulk hBN. I reached
several important conclusions: (i) the solid-liquid force-field parameters utilized in this chapter,
as derived using geometric-mean combining rules, predict contact angles which agree better with
the experimental values than those obtained using force-field parameters derived using
dispersion-corrected DFT calculations, (ii) less adhesive but polar liquids (e.g., water) can
exhibit a higher friction coefficient on the bulk hBN basal plane, due to the competition between
electrostatic and dispersion interactions, (iii) liquid polarity influences the extent to which solidliquid electrostatic interactions modulate friction on the bulk hBN basal plane, with the friction
coefficients of polar liquids exhibiting a greater sensitivity to the solid-liquid electrostatic
interactions than those of nonpolar liquids, and (iv) corrugations in the potential energy and in
the free energy landscapes of interfacial liquid molecules offer only limited success in predicting
the relative frictional properties of the bulk hBN basal plane, in the absence and in the presence
of solid-liquid electrostatic interactions. On the other hand, the mean-squared total lateral force
acting on the entire slab of liquid molecules above the solid surface is more successful at
predicting the relative frictional properties of the bulk hBN basal plane. In fact, I verified that
conclusion (iv) holds true even for nonpolar surfaces in which electrostatic interactions do not
operate. I hope that the investigation of the wetting and frictional properties of the bulk hBN
basal plane presented in this chapter will lead to a better understanding of how electrostatic
properties can modulate the equilibrium and dynamic interfacial properties of solid-liquid
interfaces, thereby providing insight into the use of hBN surfaces in various applications, such as
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separation membranes, osmotic power harvesting, and biological sensors, where not just water,
but also other organic liquids come into contact with hBN. Indeed, turning off electrostatic
interactions between the hBN layer and a particular liquid under consideration, say water, as
done in this chapter, is not just a thought experiment. Instead, in effect, doing so corresponds to
studying the interface of water with a graphene-like solid, which is devoid of electrostatic
interactions. Recall that the graphene basal plane exhibits similar interaction energies with a
single water molecule,67 and a similar water contact angle,15 when compared to the hBN basal
plane.17,31 As a result, and considering my demonstration that the friction coefficients of
nonpolar liquids on hBN are not very sensitive to the existence of solid-liquid electrostatic
interactions, my results reveal that, despite the increased friction of water on the hBN basal
plane, relative to the friction of water on the graphene basal plane, nonpolar liquids could exhibit
similar friction coefficients on the basal planes of hBN and graphene.

7.9 Appendices
7.9.1 Wetting and Frictional Properties of the TIP4P/Ice Water Model on the
Bulk Hexagonal Boron Nitride Basal Plane, using Solid-Liquid ForceField Parameters Derived from Dispersion-Corrected Density
Functional Theory
In order to determine how well force-field parameters derived using dispersion-corrected density
functional theory (DFT) are able to perform in terms of predicting the interfacial properties of
water on the bulk hexagonal boron nitride (hBN) basal plane, I converted the interaction energies
predicted by dispersion-corrected DFT10 into force-field parameters. For this purpose, I utilized a
Buckingham potential68 to represent the pairwise interactions between the boron (B) and nitrogen
(N) atoms in hBN, and the oxygen (O) atoms in the water molecules (this is because a simple 12-
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6 Lennard-Jones potential was not able to fit the water-hBN interaction energies, as predicted by
dispersion-corrected DFT) as follows:
öUV&5,;/∞R« k+'< l = ≠;/∞R« exp q−

+'<
|;/∞R«

r+

};/∞R«
+'<“

(7-2)

where öUV&5,;/∞R« denotes the pairwise Buckingham interactions between the B/N and O atoms,
+'< denotes the distance between the B/N and O atoms, and ≠;/∞R« , |;/∞R« , and };/∞R« are
constants. The three constants, ≠;/∞R« , |;/∞R« , and };/∞R« , were optimized, using a custom
program written in MATLAB R2017a, so as to minimize the mean-squared error between the
interaction energies predicted by Eq. (7-2) between a single, tangentially-oriented water
molecule placed approximately on top of a boron atom in the hBN sheet (see Ref. 31 for the
exact atomic coordinates, which were used in both the DFT calculations as well as in the
MATLAB program), and those predicted by Grimme’s D3 correction44-based DFT
calculations.10 The root-mean squared error for the fit was found to be around 9.0 meV, which is
about 8% of the potential energy well predicted by Grimme’s D3 method for incorporating
dispersion interactions into the DFT calculations (see Figure 7-6). The best-fit value for the three
parameters in the Buckingham potential were found to be: ≠;/∞R« = (7.1649 ± 1.0967) ×
'

10E Ô() , |;/∞R« = (0.3116 ± 0.0059) Å, and };/∞R« = (3466.7 ± 84.9)

' Å~
Ô()

, where the

reported errors are 95% confidence intervals.
Using the above best-fit parameters to represent the interactions between the water
molecules and the B and N atoms in hBN, I calculated the work of adhesion of water
(represented using the TIP4P/Ice water model37) on the bulk hBN basal plane, using molecular
dynamics (MD) simulations, to be 214.2 mJ/m2. Since the surface tension of the TIP4P/Ice water
model is (74.2 ± 1.1) mJ/m2, as reported in the main chapter, using the Young-Dupre equation, I
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predict complete wetting of the bulk hBN basal plane by water, i.e., a contact angle of 0°, when
the hBN-water interaction parameters predicted by dispersion-corrected DFT are utilized.
I also predicted the friction coefficient of the TIP4P/Ice water model37 on the bulk hBN
basal plane, using solid-liquid interaction parameters derived from dispersion-corrected DFT
calculations. As shown in Figure 7-7, the friction coefficient of TIP4P/Ice water on the bulk hBN
basal plane, with the hBN-water interactions calculated using a Buckingham potential fit to
reproduce the interaction energy between a single water molecule and the monolayer hBN
surface, was found to be (2.7 ± 0.06) ´ 106 Ns/m3, which is about 14.4 times higher than the
friction coefficient calculated using the TIP4P/Ice water model interacting with the bulk hBN
basal plane based on LJ parameters obtained using geometric-mean combining rules.

Interaction Energy (meV)

20
0
-20
-40
-60
-80
-100
-120

2

2.5

3

3.5

4

4.5

5

Distance (Å)

Figure 7-6. Comparison of the interaction energies between a single, tangentially-oriented water
molecule, placed approximately on top of a boron atom in the hBN sheet (see Ref. 31 for the
exact atomic coordinates), and the hBN sheet, as predicted by Eq. (S1) (solid blue line), and as
calculated using Grimme’s D3 method of incorporating dispersion interactions into the DFT
calculations (hollow red circles).
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Figure 7-7. Friction coefficient of TIP4P/Ice water on the bulk hBN basal plane, with the hBNwater interaction calculated using a Buckingham potential fit to reproduce the interaction energy
between a single water molecule and the monolayer hBN surface (solid line), and with the hBNwater interaction energy calculated using geometric-mean combining rules (dashed line).

7.9.2 Comparison of the Dispersion and Electrostatic Contributions of the
Interaction Energy of a Single Liquid Molecule with the Monolayer
Hexagonal Boron Nitride Basal Plane
Table 7-3. Dispersion and electrostatic contributions of the interaction energy of a single
molecule of water, ethylene glycol, and diiodomethane, with the monolayer hexagonal boron
nitride basal plane. The location of the reference atom, the vertical position of the energy
minimum with respect to the reference atom, and the percent contribution of the electrostatic
interactions to the total interaction energy, are also reported.
Liquid

Water

Location of
Reference
Atom

Oxygen
above boron
atom
Ethylene Glycol Carbon above
boron atom
Diiodomethane Carbon above
boron atom

Position of
Energy
Minimum
w.r.t.
Reference
Atom (Å)
3.22

Dispersion
Component
of
Interaction
Energy
(meV)
-66.4

Electrostatic
Component
of
Interaction
Energy
(meV)
-2.8

%
Electrostatic

4.23

-145.7

3.8

2.7

3.56

-391.0

2.5

0.6
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4.1

7.9.3 Experimentally-Obtained Dispersion and Polar Contributions of the
Surface Tension of the Different Liquids Considered in my Study
Table 7-4. Dispersion and polar contributions, and total value of the surface tension for the three
liquids considered in my study, determined experimentally.69 The extent of the polar character of
the liquids, as characterized by the percentage contribution of the polar contribution of the
surface tension to the total value of the surface tension, is also reported. It is evident that the
polar character of the liquids decreases as: water > ethylene glycol (EG) > diiodomethane (DIM).
Liquid
Water
Ethylene
Glycol
Diiodomethane

Surface Tension69 (mJ/m2)
Polar
Dispersion
Total
Component Component
51.0
21.8
72.8
19.0
29.0
48.0
0.0

50.8

50.8

Percentage of
Polar
Character (%)
70.0
39.6
0.0

7.9.4 Frictional Properties of the TIP4P/Ice and SPC/E Water Models on the
Bulk Molybdenum Disulfide (MoS2) Basal Plane
I also investigated the frictional properties of the TIP4P/Ice37 and SPC/E42 water models on the
bulk molybdenum disulfide (MoS2) basal plane. Note that, in the case of MoS2, three layers are
sufficient to represent the bulk material, because the thickness of three layers of MoS2 (1.824
nm)3 is greater than the Lennard-Jones cutoff of 1.2 nm utilized in my simulations. I utilized the
force field for MoS2 developed recently by my group,3 along with geometric-mean combining
rules, in order to represent the interactions between a tri-layered MoS2 surface and water
molecules. As shown in Figure 7-8, the friction coefficient of TIP4P/Ice water, in the presence of
solid-liquid electrostatic interactions, which corresponds to the actual situation, was found to be
(5.3 ± 1.0) ´ 105 Ns/m3. On the other hand, as also shown in Figure 7-8, the friction coefficient
of water in the absence of solid-liquid electrostatic interactions was found to be (4.6 ± 0.6) ´ 105
Ns/m3. The ratio between the friction coefficients in the presence of solid-liquid electrostatic
interactions and in the absence of such interactions is therefore 1.2.
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Figure 7-8. Friction coefficient of the TIP4P/Ice water model, on the bulk MoS2 basal plane,
calculated in the absence (dashed line) and in the presence (solid line) of solid-liquid electrostatic
interactions. The shaded regions represent error bars calculated using 5 different values. The
respective time points at which the friction coefficient reaches the maximum value are also
indicated using vertical lines.
I also repeated the calculations using the SPC/E water model,42 (Figure 7-9) which was
utilized in Chapter 5.4 In that chapter, the friction coefficient of SPC/E water on a frozen
monolayer MoS2 sheet was found to be ≈ 3.5´105 Ns/m3. Here, I find the friction coefficient of
SPC/E water42 on a vibrating tri-layered (bulk) MoS2 sheet to be (3.6 ± 0.4) ´ 105 Ns/m3 in the
presence of solid-liquid electrostatic interactions, which corresponds to the actual situation, and
(4.0 ± 0.7) ´ 105 Ns/m3 in the absence of solid-liquid electrostatic interactions (Figure 7-9), with
a ratio of 0.9 between the two cases. Therefore, consistent with the findings reported in Chapter
5,4 the friction coefficients for SPC/E water and TIP4P/Ice water on the bulk MoS2 basal plane
are found to be relatively insensitive to the inclusion of solid-liquid electrostatic interactions in
the model.
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Figure 7-9. Friction coefficient of the SPC/E water model on the bulk MoS2 basal plane,
calculated in the absence (dashed line) and in the presence (solid line) of solid-liquid electrostatic
interactions. The simulation times at which the maximum values of the friction coefficients were
attained are indicated using the vertical lines. The shaded regions represent error bars from 5
simulation runs.
In Figure 7-10A-B, I plot the free energy landscapes of water molecules, described using
the TIP4P/Ice model, in the first layer of liquid above the bulk MoS2 basal plane, in the absence
(Figure 7-10A) and in the presence (Figure 7-10B) of solid-liquid electrostatic interactions. In
Figure 7-11A-B, I depict the corresponding free energy landscapes of water molecules, described
using the SPC/E model, in the absence (Figure 7-11A) and in the presence (Figure 7-11B) of
solid-liquid electrostatic interactions. I found that the range (i.e., the difference between the
maximum and the minimum values) of the spatially-varying Helmholtz free energy of water
molecules in the first layer of liquid above the bulk MoS2 basal plane decreased by a factor of
0.86 for the TIP4P/Ice water model (Figure 7-10C) and by a factor of 0.99 for the SPC/E water
model (Figure 7-11C), upon inclusion of solid-liquid electrostatic interactions in the simulation.
Previous theory11 would then indicate that the friction coefficients would decrease by a factor of
0.74 (≈(0.86)2) for the TIP4P/Ice water model and by a factor of 0.98 (≈(0.99)2) for the SPC/E
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water molecules is not able to qualitatively explain the changes in the friction coefficients of
TIP4P/Ice water and SPC/E water on the bulk MoS2 basal plane upon inclusion of solid-liquid
electrostatic interactions.
On the other hand, in Figure 7-10D-E, I plot the mean-squared lateral force contour plots
for water molecules, described using the TIP4P/Ice model, in the first layer of liquid above the
bulk MoS2 basal plane, in the absence (Figure 7-10D) and in the presence (Figure 7-10E) of
solid-liquid electrostatic interactions. In Figure 7-11D-E, I depict the corresponding meansquared lateral force contour plots of the interfacial water molecules, described using the SPC/E
model, in the absence (Figure 7-11D) and in the presence (Figure 7-11E) of solid-liquid
electrostatic interactions. I found that the mean-squared total lateral force acting on the entire
slab of water above the bulk MoS2 basal plane increased by a factor of 1.16 for the TIP4P/Ice
water model (Figure 7-10F) and by a factor of 1.13 for the SPC/E water model (Figure 7-11F),
upon inclusion of solid-liquid electrostatic interactions in the simulation. Therefore, in this case,
the increase in the mean-squared total lateral force acting on the entire slab of water is able to
qualitatively rationalize the greater increase in the friction coefficient of TIP4P/Ice water, as
compared to SPC/E water, on the bulk MoS2 basal plane, upon inclusion of the solid-liquid

393

¸x2y6

electrostatic interactions, in agreement with the MD simulation results, i.e., 1¸

32x2y6

¸x2y6

1¸

32x2y6

A

8

I'SV):N'JZ
7oE/o&*

8

I'SV):N'JZ

√Y/3

<

.
B

C

60

Range( A) (meV)

50
40
30
20
10
0

D

E

LJ

LJ+Coul

F

Figure 7-10. (A-B) Free energy landscapes of water molecules, described using the TIP4P/Ice
model, in the first layer of liquid above the bulk MoS2 basal plane, calculated with a lateral bin
size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, in the absence (A) and
in the presence (B) of solid-liquid electrostatic interactions. (C) Bar chart depicting the range,
i.e., the difference between the maximum and the minimum values of the free energy landscape,
for water molecules, described using the TIP4P/Ice model, in the first liquid layer over the bulk
MoS2 basal plane, in the absence (LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic
interactions. (D-E) Mean-squared lateral force landscape of water molecules, described using the
TIP4P/Ice model, in the first layer of liquid above the bulk MoS2 basal plane, calculated with a
lateral bin size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, in the
absence (D) and in the presence (E) of solid-liquid electrostatic interactions. (F) Bar chart
depicting the average values of the mean-squared total lateral force acting on all the water
molecules, described using the TIP4P/Ice model, over the bulk MoS2 basal plane, in the absence
(LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic interactions.
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Figure 7-11. (A-B) Free energy landscapes of water molecules, described using the SPC/E
model, in the first layer of liquid above the bulk MoS2 basal plane, calculated with a lateral bin
size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, in the absence (A) and
in the presence (B) of solid-liquid electrostatic interactions. (C) Bar chart depicting the range,
i.e., the difference between the maximum and the minimum values of the free energy landscape,
for water molecules, described using the SPC/E model, in the first liquid layer over the bulk
MoS2 basal plane, in the absence (LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic
interactions. (D-E) Mean-squared lateral force landscape of water molecules, described using the
SPC/E model, in the first layer of liquid above the bulk MoS2 basal plane, calculated with a
lateral bin size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, in the
absence (D) and in the presence (E) of solid-liquid electrostatic interactions. (F) Bar chart
depicting the average values of the mean-squared total lateral force acting on all the water
molecules, described using the SPC/E model, over the bulk MoS2 basal plane, in the absence
(LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic interactions.

7.9.5 Wetting and Frictional Properties of the TIP4P/2005 Water Model on
the Bulk Hexagonal Boron Nitride (hBN) Basal Plane
In addition to the TIP4P/Ice water model,37 another widely used water model is the TIP4P/2005
model, which predicts the dielectric constant, pair distribution function, and self-diffusion
coefficient of water in good agreement with the experimental data.63 Using the procedure
described in the main chapter, I calculated the surface tension of the TIP4P/2005 water model to
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be (62.3 ± 0.7) mJ/m2, which is lower than the experimental value45 of (72.1 ± 0.01) mJ/m2 by
about 14%. On the other hand, the TIP4P/Ice water model37 predicts the water surface tension to
be (74.2 ± 1.1) mJ/m2, which is within 3% of the experimental value.
Further, using the same procedure reported in the main chapter, I obtained the
electrostatic and the dispersion contributions of the work of adhesion of TIP4P/2005 water on the
bulk hBN basal plane to be 4.0 mJ/m2 and 74.0 mJ/m2, respectively, so that the total work of
adhesion for the TIP4P/2005 water model on the bulk hBN basal plane is 78.0 mJ/m2. Note that,
in these simulations, the hBN-water Lennard-Jones parameters were obtained using geometricmean combining rules. Using the Young-Dupre equation, I obtained the contact angle of the
TIP4P/2005 water model on the bulk hBN basal plane to be 75.4°, which is in slightly better
agreement with the experimental value17 of 65.7°, as compared to the 81° value predicted by the
TIP4P/Ice water model (see the main chapter).
I also computed the friction coefficient of TIP4P/2005 water on the bulk hBN basal
plane, using a Green-Kubo relationship, as explained in the main chapter (see Figure 7-12). The
friction coefficient was found to be (2.6 ± 0.9) ´ 104 Ns/m3 in the absence of solid-liquid
electrostatic interactions, and (11.8 ± 1.5) ´ 104 Ns/m3 in the presence of solid-liquid electrostatic
interactions. The ratio of the friction coefficients corresponding to the two cases is 4.5, which is
slightly higher than the value of 3.9 reported in the main chapter, for the TIP4P/Ice water model.
This implies that my finding, namely, that the solid-liquid electrostatic interactions are
responsible for raising the friction coefficient of water on the bulk hBN basal plane above that of
diiodomethane, is robust, and is independent of the water model utilized.
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Figure 7-12. Friction coefficients of TIP4P/2005 water on the bulk hBN basal plane, calculated
in the absence (dashed line) and in the presence (solid line) of solid-liquid electrostatic
interactions. The simulation times at which the maximum values of the friction coefficients were
attained are indicated using the vertical lines. The shaded regions denote error bars from 5
simulation runs.
To rationalize the 4.5-fold change in the friction coefficient of the TIP4P/2005 water
model on the bulk hBN basal plane, upon inclusion of the solid-liquid electrostatic interactions,
in Figure 7-13A-B, I plot the free energy landscapes of water molecules, described using the
TIP4P/2005 model, in the first layer of liquid above the bulk hBN basal plane, in the absence
(Figure 7-13A) and in the presence (Figure 7-13B) of solid-liquid electrostatic interactions. I
found that the range (i.e., the difference between the maximum and the minimum values) of the
spatially-varying Helmholtz free energy of water molecules in the first layer of liquid above the
bulk hBN basal plane increased by a factor of 1.12 for the TIP4P/2005 water model (Figure
7-13C), as compared to a factor of 1.26 for the TIP4P/Ice water model (Figure 7-4K in the main
chapter), upon inclusion of the solid-liquid electrostatic interactions into the simulation. Previous
theory11 would then indicate that the friction coefficients would increase by a factor of 1.24
(≈(1.12)2) for the TIP4P/2005 water model and by a factor of 1.59 (≈(1.26)2) for the TIP4P/Ice
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Figure 7-13. (A-B) Free energy landscapes of water molecules, described using the TIP4P/2005
model, in the first layer of liquid above the bulk hBN basal plane, calculated with a lateral bin
size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, in the absence (A) and
in the presence (B) of solid-liquid electrostatic interactions. (C) Bar chart depicting the range,
i.e., the difference between the maximum and the minimum values of the free energy landscape,
for water molecules, described using the TIP4P/2005 model, in the first liquid layer over the bulk
hBN basal plane, in the absence (LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic
interactions. (D-E) Mean-squared total squared lateral force landscape of water molecules,
described using the TIP4P/2005 model, in the first layer of liquid above the bulk hBN basal
plane, calculated with a lateral bin size of 0.5 Å, and depicted as a filled contour plot with 5
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contour levels, in the absence (D) and in the presence (E) of solid-liquid electrostatic
interactions. (F) Bar chart depicting the mean-squared total lateral force acting on all the water
molecules, described using the TIP4P/2005 model, over the bulk hBN basal plane, in the absence
(LJ) and in the presence (LJ+Elec) of solid-liquid electrostatic interactions.
On the other hand, in Figure 7-13D-E, I plot the mean-squared lateral force contour plots
for water molecules, described using the TIP4P/2005 model, in the first layer of liquid above the
bulk hBN basal plane, in the absence (Figure 7-13D) and in the presence (Figure 7-13E) of solidliquid electrostatic interactions. I found that the mean-squared total lateral force acting on the
entire slab of water above the bulk hBN basal plane increased by a factor of 10.1 for the
TIP4P/2005 water model (Figure 7-13F) and by a factor of 9.7 for the TIP4P/Ice water model
(Figure 7-5G), upon inclusion of solid-liquid electrostatic interactions into the simulation.
Therefore, in this case, the increase in the mean-squared total lateral force acting on the entire
slab of water is able to qualitatively rationalize the greater increase in the friction coefficient of
TIP4P/2005 water, as compared to TIP4P/Ice water, on the bulk hBN basal plane, upon inclusion
of the solid-liquid electrostatic interactions, in agreement with the MD simulation results, i.e.,
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7.9.6 Calculation of the Interaction Energy of a Single Liquid Molecule
Residing on Top of Monolayer Hexagonal Boron Nitride
I calculated the electrostatic (ö*)*& ) and Lennard-Jones (öõ. ) interaction energies between a
single liquid molecule and the hBN surface using a Fourier summation approach:4,70
ö*)*& (+⃗) =

ü< ü5
2o 1
∙
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where ÅI denotes the area of the primitive hexagonal boron nitride (hBN) unit cell, Å? denotes
the permittivity of free space, A denotes the index for each atom in a single liquid molecule, % =
{1,2} denotes the index for the boron and nitrogen atoms in the primitive unit cell of hBN, …⃗ =
2o(%L €⃗L + %G €⃗G ), €⃗L , €⃗G denote the reciprocal space vectors, %L , %G are integers such that
−25 ≤ %L , %G ≤ 25 (see Ref. 4 for a convergence test), +⃗ = (±⃗, Œ) denotes the coordinates of
point P where the potential is calculated, ±⃗ = (y, ›) denotes the y and › coordinates of point P,
±⃗<5 denotes the relative lateral position of the A ﬁﬂ atom in the liquid molecule and the % ﬁﬂ atom in
the hBN unit cell, Œ<5 denotes the vertical position of the A ﬁﬂ atom in the liquid molecule with
respect to the % ﬁﬂ atom in the hBN unit cell, ü< and ü5 denote the partial charges on each atom in
the liquid molecule and in the hBN unit cell, respectively, and (a<5 , ¡<5 ) denote the 12-6
Lennard-Jones (LJ) parameters corresponding to the interaction between the A ﬁﬂ atom in the
liquid molecule and the % ﬁﬂ atom in the hBN unit cell. Note that geometric-mean combining
ˆ

rules are used to determine the cross-interaction LJ parameters as: a<5 = ka< a5 lƒ and ¡<5 =
ˆ

k¡< ¡5 lƒ , where (a< , ¡< ) denote the 12-6 LJ parameters corresponding to the interactions between
the same atom type. Using Eqs. (7-3) and Eq. (7-4), in Figure 7-4A-C of the main chapter, I
plotted the contours for the Lennard-Jones (öõ. ) and the LJ+Electrostatic (öõ.u*)*& ) interaction
energies between a single liquid molecule and a monolayer hBN surface.
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7.9.7 Calculation Methodology for Obtaining the Contours of the SpatiallyVarying Mean-Squared Lateral Force Acting on Liquid Molecules in
the First Liquid Layer on the Bulk Hexagonal Boron Nitride Basal
Plane
I used molecular dynamics (MD) simulations to generate spatially-varying contour plots of the
time-averaged values of the lateral (x and y) components of the forces exerted on the liquid
molecules due to the periodic hBN surface (˙i and ˙0 ), in the absence and in the presence of
solid-liquid electrostatic interactions. The results of these calculations were used to plot the
spatially-varying contours of the mean-squared lateral force, using ˙⃗ G = ˙iG + ˙0G , as shown in
Figure 7-5D-I in the main chapter, and in Figure 7-10D-E and Figure 7-15D-E in Appendices
7.9.4 and 7.9.8, respectively. For this purpose, I utilized the fix ave/chunk command in the opensource package LAMMPS, and carried out three different reruns of the simulation: (i) in which
the liquid and the solid interact solely through Lennard-Jones (LJ) interactions, (ii) in which the
liquid and the solid interact through both LJ and electrostatic interactions, and (iii) in which the
interactions between the liquid and the solid are turned off.
The difference between the x and y forces exerted on the liquid molecules present in each
bin in cases (i) and (iii), squared and summed, yields the contours depicted in Figure 7-5D-F in
the main chapter, in Figure 7-10D and Figure 7-11D in Appendix 7.9.4, and in Figure 7-13D and
Figure 7-15D in Appendix 7.9.8 (i.e., excluding solid-liquid electrostatic interactions). Similarly,
the difference between the x and y forces exerted on the liquid molecules present in each bin in
cases (ii) and (iii) ), squared and summed, yields the contours depicted in Figure 7-5G-I in the
main chapter, in Figure 7-10E and Figure 7-11E in Appendix 7.9.4, and in Figure 7-13E and
Figure 7-15E in Appendix 7.9.8 (i.e., including solid-liquid electrostatic interactions).
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7.9.8 Investigation of the Frictional Properties of Two Nonpolar Hexagonal
Boron Nitride-Like Surfaces with Different Water-Surface Interactions
I studied the wetting and frictional properties of two nonpolar hexagonal boron nitride (hBN)like surfaces with different water-surface interactions. To this end, I computed the works of
adhesion and the friction coefficients of water, represented using the TIP4P/Ice model, on the
bulk hBN basal plane, in the absence of solid-liquid electrostatic interactions, in two cases: (i)
with the hBN-water Lennard-Jones (LJ) parameters set to the values utilized in the main chapter,
and (ii) with the hBN-water LJ ¡;/∞R« parameters set to twice their respective values, as utilized
in the main chapter. The results of these calculations are shown in Table 7-5. As expected, Table
7-5 reveals that the work of adhesion increases with an increased LJ interaction parameter for the
solid-liquid interactions. Correspondingly, as per the Young-Dupre equation,23 the contact angle
of TIP4P/Ice water on the hBN-like nonpolar surface decreases from 84° to 0°. Moreover, the
friction coefficient increases by a factor of 3.3 between the cases (i) and (ii) (Table 7-5, Figure
7-14).
In Figure 7-15A, I depict the landscape of the Helmholtz free energy of the water
molecules in the first layer of water above the bulk hBN-like basal plane, calculated with a
lateral bin size of 0.5 Å, and depicted as a filled contour plot with 5 contour levels, for case (i).
In Figure 7-15B, I depict the corresponding free energy landscape when the hBN-water LJ
¡;/∞R« parameters are set to twice the respective values as utilized in the main chapter (case
(ii)). Based on these free energy landscapes, in Figure 7-15C, I depict the range (i.e., the
difference between the maximum and the minimum values) of the spatially-varying Helmholtz
free energy of the water molecules in the first water layer above the solid surface. This metric
changes by a factor of 1.09, between cases (i) and (ii). The square of this metric, i.e., 1.2, is not
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able to quantitatively explain the 3.3-fold increase in the friction coefficients corresponding to
the two cases. On the other hand, an examination of Figure 7-15D and Figure 7-15E indicates
that a larger mean-squared lateral force is exerted on the liquid molecules in the case when the
hBN-water LJ ¡;/∞R« parameters are set to twice their original values (Figure 7-15E), as
compared to when the hBN-water LJ parameters are set to the values utilized in the main chapter
(Figure 7-15D). Indeed, the mean-squared total lateral force on the entire slab of water increased
by a factor of about 2.8 upon inclusion of solid-liquid electrostatic interactions (Figure 7-15F).
Because the friction coefficient (see Eq. (7-1) in the main chapter) can be written as a product of
the mean-squared total lateral force acting on the liquid due to the solid (〈˙⃗ G 〉) and the
L

decorrelation time for the force-force autocorrelation function (±{ ), i.e., Ë = G˜5

67

〈˙⃗ G 〉±{ ,13 this

finding provides an explanation for the observation that the friction coefficient of water increases
upon doubling the hBN-water LJ ¡;/∞R« parameters. Note that, in this case, the potential energy
landscape (Figure 7-4A) would have been able to semi-quantitatively rationalize the predicted
increase in the friction coefficient, because the average solid-liquid potential energy would
double upon doubling the LJ ¡;/∞R« parameters, suggesting a four-fold increase in the friction
coefficient, as compared to the simulated 3.3-fold increase.
Table 7-5. Works of adhesion and the friction coefficients of water, represented using the
TIP4P/Ice water model, on the bulk hBN basal plane, in the absence of solid-liquid electrostatic
interactions, with the hBN-water Lennard-Jones (LJ) parameters as utilized in the main chapter
(“Original”), and with the hBN-water LJ ¡;/∞R« parameters set to twice their original values
(“Twice”).
Surface-Water
Interaction
Original
Twice

Work of
Adhesion
(mJ/m2)
81.9
206.2
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Friction
Coefficient
(Ns/m3)
(4.8 ± 1.6) ´ 104
(1.6 ± 0.7) ´ 105

Figure 7-14. Frictional properties of water on the bulk hBN basal plane in the absence of solidliquid electrostatic interactions, with the hBN-water Lennard-Jones (LJ) parameters as utilized in
the main chapter (dashed line), and with the hBN-water LJ ¡;/∞R« parameters set to twice their
original values (dotted line). The simulation times at which the maximum values of the friction
coefficients were attained are indicated using the vertical lines. The shaded regions represent
error bars from 5 simulation runs.
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Figure 7-15. (A-B) Free energy landscapes of water molecules in the first layer of liquid above
the bulk hBN basal plane, calculated with a lateral bin size of 0.5 Å, and depicted as a filled
contour plot with 5 contour levels, in the absence of solid-liquid electrostatic interactions, with
the hBN-water LJ parameters as utilized in the main chapter (A), and with the hBN-water LJ
¡;/∞R« parameters set to twice their original values (B). (C) Bar chart depicting the range, i.e.,
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the difference between the maximum and the minimum values of the free energy landscape, for
water molecules in the first liquid layer over the bulk hBN basal plane, in the absence of solidliquid electrostatic interactions, with the hBN-water LJ parameters as utilized in the main chapter
(LJ), and with the hBN-water LJ ¡;/∞R« parameters set to twice their original values (LJ
(2¡;/∞R« )). (D-E) Mean-squared lateral force landscape of water molecules in the first layer of
liquid above the bulk hBN basal plane, calculated with a lateral bin size of 0.5 Å, and depicted as
a filled contour plot with 5 contour levels, in the absence of solid-liquid electrostatic interactions,
with the hBN-water LJ parameters as utilized in the main chapter (D), and with the hBN-water
LJ ¡;/∞R« parameters set to twice their original values (E). (F) Bar chart depicting the average
values of the mean-squared total lateral force acting on all the water molecules over the bulk
hBN basal plane, in the absence of solid-liquid electrostatic interactions, with the hBN-water LJ
parameters as utilized in the main chapter (LJ), and with the hBN-water LJ ¡;/∞R« parameters
set to twice their original values (LJ (2¡;/∞R« )).
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Chapter 8
Conclusions and Outlook
8.1 Thesis Summary
In this thesis, I have focused on advancing our fundamental understanding of various kinetic and
thermodynamic phenomena, such as, chemical vapor deposition (CVD), creation of nanopores,
wetting, and fluid flow, occurring at the interfaces of two-dimensional (2D) materials, such as,
graphene, molybdenum disulfide (MoS2), and hexagonal boron nitride (hBN). For this purpose, I
have utilized a variety of modeling and simulation tools, including electronic-structure density
functional theory, molecular dynamics (MD) simulations of both the classical and ab initio
varieties, and kinetic Monte Carlo (KMC) simulations. These simulations have shed light on
several important phenomena, including (i) the CVD-based growth of monolayers of transition
metal dichalcogenides (e.g., MoS2) into regular shapes, such as, triangles, hexagons, and
truncated triangles (see Ref. 1 and Chapter 2), (ii) the creation, including the ability to predict the
shapes, of the most-probable isomers of nanopores in graphene and hBN (see Ref. 2 and Chapter
3), (iii) the assignment of defect shapes in hBN to specific emission wavelengths observed
experimentally (see Ref. 3 and Chapter 4), and (iv) understanding the roles of dispersion
interactions, electrostatics, and entropy in modulating the wetting and frictional behaviors of
MoS2 (see Ref. 4 and Chapter 5) and hBN (see Ref. 5 and Chapter 7). In fact, my efforts have
also led to the development and validation of new classical force fields for MoS2 (see Ref. 6 and
Chapter 5) and hBN (see Ref. 7 and Chapter 6), which are able to reproduce not only the
mechanical rigidity of the 2D material layers, but also the contact angles of water on the basal
planes of MoS2 and hBN with good accuracy, when compared with the experimental data. It is
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hoped that these new force fields represent valuable contributions to the scientific literature, and
will enable, in the future, accurate in silico exploration of these 2D materials, including aiding
the discovery of novel media for the liquid-phase exfoliation and dispersion of these novel
materials.8 In the next section, I summarize the key scientific advances reported in this thesis, as
well as discuss various interesting future research directions.

8.2 Key Scientific Advances Made and Future Research Directions
8.2.1 Development of Mechanistic Models for the Chemical Vapor Deposition
of 2D Materials (Chapter 2)
When I began my doctoral research, there was a general lack of mechanistic models to describe
the chemical vapor deposition (CVD) growth of 2D materials. Notably, CVD methods, while
powerful, are notoriously difficult to extend across different reactor types and conditions, with
subtle variations often confounding reproducibility, particularly for the growth of 2D transition
metal dichalcogenides (TMDs). In Chapter 2,1 I formulated the first generalized TMD synthetic
theory by constructing a thermodynamic and kinetic growth mechanism linked to CVD reactor
parameters that is predictive of specific geometric shape, size, and aspect ratio from triangular to
hexagonal growth, depending on the specific CVD reactor conditions. I validated my model
using experimental data from Wang et al.9 that demonstrated the systematic evolution of MoS2
morphology down the length of a flow CVD reactor, where variations in gas phase
concentrations could be accurately estimated using a chemical engineering transport model that I
developed (}√V)WV( = 9 to 965 µmol/m3; }¬J«É = 15 to 16 mmol/m3) under otherwise isothermal
conditions (700 oC). A stochastic kinetic Monte Carlo (KMC)10 simulation which utilized a sitedependent activation energy barrier based on the intrinsic TMD bond energies and a series of
Evans-Polanyi relations11 led to remarkable, quantitative agreement with the evolution in both
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the shape and the size of MoS2 flakes along the CVD reactor. The model was shown to extend to
the growth of WS2 at 800 oC and of MoS2 under varied process conditions. Finally, a simplified
theory was developed to translate the model into a “kinetic phase diagram” of the growth
process. The predictive capability of this model and its extension to other TMD systems
promises to significantly increase the controlled synthesis of such materials.
Numerous improvements can be made to the modeling framework presented in Chapter 2.
The chemical engineering transport model that I developed was based on analytical expressions
derived using (i) simple one-dimensional (1D) mass balances on reactants based on the
convection-diffusion equation,12 (ii) analytical equations for mass transport for a fluid flowing
over a flat plate, and (iii) Bernoulli’s equation with head loss terms to account for pressure drops
inside the CVD reactor.13 Certainly, more complex transport models, based on the solution of the
complete, three-dimensional (3D) convection-diffusion equation, using software packages, such
as, COMSOL, could be pursued to improve the description of the spatial concentration profiles
of the reactants inside the CVD reactor. Moreover, instead of considering an isothermal system,
the transport model could account for the existence of temperature gradients in the system.
Further, my KMC simulations did not consider the potential diffusion of the reactant species on
the growth substrate. The incorporation of surface diffusion effects for single adatoms, as well as
for clusters of adatoms, would allow the prediction of exotic growth morphologies, such as,
dendrites,14,15 in addition to the growth of regular shapes, including triangles, hexagons, and
truncated triangles, which are currently predicted by my model. Finally, it may also be possible
to incorporate ab initio calculations into the modeling framework, see e.g., Refs. 16 and 17, such
that reaction enthalpies and activation barriers for various processes may be estimated from firstprinciples, thereby eliminating the use of fitting parameters which rely on experimental data.
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These improvements would make the modeling framework more robust, and will allow for its
extension to other 2D material systems.

8.2.2 Modeling the Creation of Nanopores in 2D Materials (Chapters 3 and 4)
As discussed in Chapter 3, extended defects or nanopores in 2D materials, such as, graphene and
hexagonal boron nitride (hBN), can be used to tailor their electronic, magnetic, and barrier
membrane properties. However, the existence of a large number of possible lattice isomers of
nanopores makes their quantitative study a seemingly intractable problem, while confounding the
interpretation of experimental and simulated data. With this in mind, in Chapter 3,2 I formulated
a solution to this Isomer Cataloging Problem (ICP), which combined extensive electronicstructure calculations, kinetic Monte Carlo (KMC) simulations, and chemical graph theory,
consistent with the underlying symmetries of 2D materials, to generate a catalog of unique, mostprobable isomers of 2D lattice nanopores. The calculated first-principles data set provided
precise, experimentally consistent rates for transitions between nanopore shapes in the lattice, as
shown for graphene. The results demonstrated remarkable agreement of my model with precise
nanopore shapes observed in experimental microscopy data for graphene, and showed that the
thermodynamic stability of a nanopore is distinct from its kinetic stability. The methodology also
predicted the experimentally-observed prevalence of triangular nanopores in hBN, supporting the
assertion that it could solve a wide range of ICPs for other 2D materials and lattices, thereby
providing a much-needed connection between molecular design and fabrication. The
methodology developed in Chapter 3 is expected to accelerate the application of nanoporous 2D
materials for optoelectronics, magnetism, gas separations, desalination, and biological
applications, by establishing specific links between experiment and theory/simulations through
the solutions of ICPs.
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In spite of the successes described above, one can contemplate several improvements to
my modeling framework. Firstly, I considered non-terminated edges for the nanopores in
graphene and hBN. It is likely that nanopores in various 2D materials are terminated by
hydrogen (–H) or hydroxyl (–OH) functional groups, due to the presence of hydrogen and / or
oxygen in the system. The energetics of (i) the formation of such functional groups at the edges,
(ii) the etching of atoms from the 2D material in the presence of different functional groups, and
(iii) the edge diffusion of functionalized edge atoms, all need to be calculated using ab initio
simulations, before such processes can be incorporated into the KMC framework. Further, in my
model, I only considered edge diffusion mechanisms involving the hopping of a single atom. It is
possible that there are concerted mechanisms,18 wherein multiple atoms hop together as a group,
leading to lower activation barriers for the associated edge diffusion processes. This potential
scenario would have to be investigated using nudged elastic band19,20-based ab initio calculations
of the activation barriers. Finally, one could also extend the current framework to understand the
formation of nanopores in other 2D material systems, such as, transition metal dichalcogenides
(e.g., MoS2) and phosphorene. This particular direction may prove to be particularly fruitful, as
these 2D materials gain increasing prominence in the future.
As discussed in Chapter 4, hexagonal boron nitride (hBN)21 is a wide bandgap22 2D
material, and has recently received considerable attention as an insulating substrate for
optoelectronic devices. Any real material, including hBN, inevitably has defects in it. In this
regard, experimentalists have studied photoluminescent emission from the intrinsic point defects
in hBN, demonstrating light emission in the visible and near-infrared wavelength regimes.23–26
However, researchers have not been able to formulate structure-property relationships for defects
in hBN, with several research groups hypothesizing that several different vacancy structures are
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responsible for the emission of light from the hBN samples.23–27 With this in mind, in Chapter 4,3
I combined experimental results obtained by my colleague Dr. Daichi Kozawa, in terms of an
extensive photoluminescent mapping of hBN using a spatially-resolved laser, with (i) my
solution to cataloging the shapes of defects in real 2D materials, as presented in Chapter 3, and
(ii) extensive electronic-structure calculations of various most-probable defect shapes using
hybrid density functional theory (DFT).28 The experimental results included hundreds of
emission spectra, demonstrating, for the first time, quantized light emission from hBN samples at
5 different wavelengths. By correlating the simulated electronic bandgaps obtained using DFT
calculations with the experimentally-observed emission energies, for the first time, I was able to
map each emission wavelength to one or more defect shapes in hBN. My results thereby
demonstrate structure-property relationships for defects in hBN, and promise to enable spatial
control of emission wavelengths through atomistic design of defect shapes.
In Chapter 4, hybrid functionals28 were utilized for the DFT29,30 calculations, because they
incorporate a fraction of exact exchange interactions (i.e., Pauli’s exclusion principle), and are
therefore able to predict bandgaps and defect-induced electronic levels with higher accuracy,31 as
compared to commonly-utilized semi-local DFT functionals, such as, the local density
approximation (LDA)32 and the generalized gradient approximation (GGA)33-based functionals.
However, post-DFT methods, such as the GW method,34 which is based on a Green’s function
approach towards many-body perturbation theory,35 may be able to predict defect-induced
electronic levels with even greater accuracy, albeit using significantly greater computational
resources. In fact, optical phenomena in insulators and semiconductors often involve the
formation of an exciton (see, e.g., Ref. 36 for a discussion of excitonic optical transitions in
hBN), which is a quasiparticle consisting of an electron and a hole bound to each other due to
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electrostatic attraction. The inclusion of excitonic effects requires the solution of the BetheSalpeter equation,37 which describes the bound states of a two-body system, and is
computationally very demanding. As computing power increases, one may envision accurately
solving for the emission properties of various defects in hBN using the GW method and the
Bethe-Salpeter equation. This would allow one to carry out a more accurate mapping between
experimental and simulation results for defect-induced electronic levels in hBN, as well as in
other semiconducting and insulating nanomaterials.

8.2.3 Development of Force Fields for Modeling 2D Materials in Mechanical
and Interfacial Applications (Chapters 5 and 6)
As discussed in Chapter 5, the large-scale synthesis of molybdenum disulfide (MoS2) using
liquid-phase exfoliation, as well as several of its intended applications, including desalination
membranes and biosensors, involve liquids coming into intimate contact with MoS2 surfaces.
Molecular

dynamics (MD)

simulations offer

a robust

methodology to investigate

nanomaterial/liquid interactions involving weak van der Waals forces. However, MD force fields
for MoS2 previously available in the literature incorrectly described, not only the cohesive
interactions between layers of MoS2, but also the adhesive interactions of MoS2 with liquids,
such as, water. With this in mind, in Chapter 5, I validated a set of force-field parameters for
MoS2, that were developed in Ref. 6 by the Blankschtein group, by carrying out contact angle
simulations, and subsequently comparing the resulting simulated contact angles with the
respective experimentally-measured values for two liquids – water (a polar solvent) and
diiodomethane (a nonpolar solvent). Because the force field for MoS2 was developed with
special attention to the distinction between the covalent, intralayer terms and the noncovalent,
interlayer Coulombic and van der Waals interactions, I showed that it yields excellent agreement
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with the experimental contact angles of water and diiodomethane, unlike several other force
fields reported in the literature.
Moreover, as discussed in Chapter 6, hexagonal boron nitride (hBN) is an up-and-coming
2D material, with applications in electronic devices, tribology, and separation membranes.
However, when I started working on my doctoral thesis, there was a lack of classical MD force
fields reported in the literature, which adequately accounted for the Coulombic and interlayer
interactions in hBN, while providing nonbonded (dispersion) interactions which could be readily
combined with force field models for other materials, such as, liquids, gases, and other 2D
materials. With this in mind, in Chapter 6,38 I utilized density-functional-theory-based ab initio
molecular dynamics (MD) simulations and lattice dynamics calculations to develop a classical
force field for modeling hBN. I found that the force field predicts the crystal structure, elastic
constants, and phonon dispersion relation of hBN with good accuracy, and exhibits remarkable
agreement with the interlayer binding energy predicted by random-phase approximation
calculations. I demonstrated the importance of including Coulombic interactions, while
excluding 1–4 intrasheet interactions, to obtain the correct phonon dispersion relation. I found
that improper dihedrals do not modify the bulk mechanical properties and the extent of thermal
vibrations in hBN, although they impact its flexural rigidity. Combining the force field with the
accurate TIP4P/Ice water model yielded excellent agreement with interaction energies predicted
by quantum Monte Carlo calculations. The force field proposed in Chapter 6 should enable an
accurate description of hBN interfaces in classical MD simulations.
In spite of the successes described above, the development of force fields for 2D materials
could be improved in several ways. Firstly, in Chapters 5 and 6, I outlined the development of
non-polarizable, non-reactive force-field parameters for the pristine basal planes of MoS2 and
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hBN, respectively. Firstly, these force fields could be improved by allowing for the effects of
dielectric polarization of the constituent atoms in the 2D material, i.e., the Mo and S atoms in
MoS2, and the B and N atoms in hBN, using the classical Drude oscillator model,39,40 as
implemented in the open-source MD simulation package LAMMPS.41 Indeed, electrostatic
interactions between induced atomic dipoles could be important in describing the interactions of
2D materials, such as, MoS2 and hBN, with polar solvents, such as, water, as demonstrated
recently by the Blankschtein group, for the case of graphene.42 To this end, symmetry-adapted
perturbation theory (SAPT)43 or density functional theory (DFT)29,30 calculations could be used
to determine the polarizabilities of the Mo/S and B/N atoms in MoS2 and hBN, respectively.
Secondly, the force fields could also be improved by allowing for chemical reactions between
MoS2/hBN, and various media with which such materials may come in contact, e.g., water and
organic liquids. It is noteworthy that the parameterization of reactive force fields44,45 is a
challenging endeavor and needs to be undertaken very carefully. Finally, the existing force fields
could be improved by developing separate force-field parameters for edge atoms in 2D materials
and for functional groups that may exist at the edges. This direction would likely require the use
of ab initio calculations because experimental data, such as aggregation times of colloidal 2D
materials, are not sufficient to parameterize the plethora of force-field parameters which need to
be determined, e.g., the Lennard-Jones parameters, the partial charges, and the bond, angle, and
dihedral constants for the edge atoms and for the atoms in the functional groups, such as, O and
H. Some of these research directions are currently being pursued by my colleagues Rahul P.
Misra and Dr. Satish K. Iyemperumal in the Blankschtein group.
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8.2.4 Understanding the Wetting and Frictional Properties of 2D Materials
(Chapters 5 and 7)
The existence of partially ionic bonds in molybdenum disulfide (MoS2), contrary to the covalent
bonds found in graphene, suggests that polar (electrostatic) interactions should influence the
interfacial behavior of two-dimensional MoS2 surfaces. In Chapter 5, using molecular dynamics
simulations, I showed that electrostatic interactions play a negligible role in determining not only
the equilibrium contact angle on the MoS2 basal plane, which depends solely on the total
interaction energy between the surface and the liquid, but also the friction coefficient and the slip
length, which depend on the spatial variations in the interaction energy. While the former was
found to result from the exponential decay of the electrostatic potential above the MoS2 surface,
the latter resulted from the tri-layered sandwich structure of the MoS2 monolayer, which caused
the spatial variations in the dispersion interactions along the lateral direction to dominate over
those in the electrostatic interactions along the lateral direction. Further, I showed that the nonpolarity of MoS2 is specific to the two-dimensional basal plane of MoS2, and that other planes
(e.g., the zigzag plane) in MoS2 are polar with respect to interactions with water, thereby
illustrating the role of edge effects, which could be important in systems involving vacancies or
nanopores in MoS2. Finally, I simulated the temperature dependence of the water contact angle
on MoS2 to show that the inclusion of entropy, which was neglected in recent mean-field
theories, is essential to determine the wettability of MoS2. My findings revealed that the basal
planes in graphene and MoS2 are unexpectedly similar in terms of their interfacial behavior.
In a related investigation described in Chapter 7, I studied the wetting and frictional
behaviors of polar (water and ethylene glycol) and nonpolar (diiodomethane) liquids on the basal
plane of hexagonal boron nitride (hBN) using molecular dynamics (MD) simulations. My
simulation results for the contact angle of water on the hBN basal plane were found to be in
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qualitative agreement with experimental data that suggested that the hBN basal plane is mildly
hydrophilic. I found that water exhibits the lowest wettability, as quantified by the highest
contact angle, but the highest friction coefficient, on the hBN basal plane, amongst the three
liquids considered. This surprising finding was explained in terms of the competition between
dispersion and electrostatic interactions operating between the hBN basal plane and various
liquids. Notably, I found that electrostatic interactions do not affect the wetting behavior
appreciably, as quantified by the respective contact angles of the three liquids considered, on the
hBN basal plane. In terms of the frictional behavior, I found that water exhibits the highest
friction coefficient in the presence of hBN-liquid electrostatic interactions, while diiodomethane
displays a similar tendency when such interactions are excluded. Accordingly, I inferred that
electrostatic interactions affect the frictional properties of various liquids in contact with hBN to
different extents, a finding which the corrugations in the free energy and potential energy
landscapes of the liquid were unable to explain. Instead, I proposed that the mean-squared total
lateral force exerted on the liquid molecules by the solid surface is a better indicator of the
frictional properties of the surface. My results revealed that, despite the increased friction of
water on hBN, relative to that on graphene, nonpolar liquids could exhibit similar friction
coefficients on hBN and graphene.
The modeling of the wetting and frictional properties of 2D materials presents many
challenges and opportunities for future investigation. The first challenge involves the
development of efficient simulation methodologies that can allow for the calculation of the
thermodynamic properties of a solid-liquid interface, e.g., the work of adhesion, using
computationally-expensive, but accurate, ab initio molecular dynamics simulations, which
capture the nanoscale physics from first-principles. Moreover, in terms of the thermodynamic
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and transport behavior of liquids interacting with 2D material surfaces, an interesting question is
how the phase behavior, and the flow of liquids, including water, are affected by the presence of
ionic species, and by confinement effects introduced by two closely-spaced 2D material-coated
surfaces or even by nanotubes, which are essentially rolled-up sheets of 2D materials. Indeed,
experimental work carried out in Professor Strano’s laboratory has shown that water confined in
carbon nanotubes with a diameter of around 1 nm can exhibit boiling point elevations as high as
140 °C.46 Moreover, recent experiments have reported slip lengths of water inside carbon
nanotubes of up to 300 nm.47 It would be interesting to examine if such exotic effects observed
experimentally can be reproduced in in silico experiments. Some of these research directions are
being currently pursued by my colleague Rahul P. Misra in the Blankschtein group. In this
regard, the use of ab initio methods could prove to be critical in order to ascertain the validity of
classical force field-based models in describing interfacial phenomena at the nanoscale. Finally,
another promising research direction is studying the effect of extended defects and basal planefunctionalization on the wetting and frictional properties of 2D material surfaces.

8.3 Concluding Remarks
To conclude, in this thesis, I investigated in detail, using atomistic computer simulations, the
controlled synthesis and interfacial behavior of two-dimensional (2D) materials. In Chapter 2, I
developed a mechanistic model, by combining the fundamentals of chemical engineering
transport phenomena, and kinetic Monte Carlo simulations, to understand the chemical vapor
deposition (CVD) of transition metal dichalcogenide monolayers. Next, in Chapter 3, I
developed a multi-scale simulation framework to predict the shapes of nanopores formed in 2D
materials, such as, graphene and hexagonal boron nitride (hBN). In Chapter 4, I used the
predicted shapes of nanopores in hBN, and electronic bandgap calculations using hybrid density
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functional theory, to assign specific nanopore shapes to experimentally-observed quantized
wavelengths for light emission from hBN samples. In Chapter 5, I validated a classical force
field for MoS2 in terms of its ability to model liquids interacting with MoS2 surfaces. In Chapter
6, I combined ab initio molecular dynamics with lattice dynamics to develop a classical force
field capable of modeling the mechanical and interfacial properties of hBN. Finally, in Chapters
5 and 7, I utilized the developed force fields to more deeply understand the extent to which
dispersion interactions, electrostatic interactions, and entropy affect the wetting and frictional
properties of MoS2 and hBN, respectively, including proposing new metrics to physically
rationalize qualitative differences in the frictional properties of 2D materials brought about by
solid-liquid electrostatic interactions.
I hope that the new insights garnered during the course of my PhD will enable a better
control over synthesis techniques for obtaining monolayer crystals of post-graphene 2D materials
through CVD, including opening nanopores in such materials for membrane separation
applications. Further, I hope that the classical force fields developed as part of this thesis will
provide a new valuable tool for future molecular simulations studies. Finally, I hope that the
insights gained on the wetting and frictional properties of 2D materials will allow a better design
of various applications wherein liquids come into contact with 2D materials, e.g., separation
membranes, microfluidic channels, biosensors, and osmotic power harvesters.

8.4 References
(1)

Govind Rajan, A.; Warner, J. H.; Blankschtein, D.; Strano, M. S. Generalized Mechanistic
Model for the Chemical Vapor Deposition of 2D Transition Metal Dichalcogenide
Monolayers. ACS Nano 2016, 10, 4330–4344.

(2)

Govind Rajan, A.; Silmore, K.; Swett, J. L.; Robertson, A. W.; Warner, J. H.;
Blankschtein, D.; Strano, M. S. Addressing the Isomer Cataloging Problem for Nanopores
in Two-Dimensional Lattices. Nat. Mater., In Press.

422

(3)

Kozawa, D.; Govind Rajan, A.; Koman, V. B.; Zeng, Y.; Iyemperumal, S. K.; Silmore, K.;
Parviz, D.; Liu, P.; Liu, A. T.; Faucher, S.; Yuan, Z.; Xu, W.; Warner, J. H.; Blankschtein,
D.; Strano, M. S. Observation and Spectral Assignment of a Family of Hexagonal Boron
Nitride Lattice Defects. Submitted.

(4)

Govind Rajan, A.; Sresht, V.; Pádua, A. A. H.; Strano, M. S.; Blankschtein, D.
Dominance of Dispersion Interactions and Entropy over Electrostatics in Determining the
Wettability and Friction of Two-Dimensional MoS2 Surfaces. ACS Nano 2016, 10, 9145–
9155.

(5)

Govind Rajan, A.; Strano, M. S.; Blankschtein, D. Liquids with Lower Wettability can
Demonstrate Higher Friction on Hexagonal Boron Nitride: The Intriguing Role of SolidLiquid Electrostatic Interactions. Nano Lett., Under Review.

(6)

Sresht, V.; Govind Rajan, A.; Bordes, E.; Strano, M. S.; Pádua, A. A. H.; Blankschtein, D.
Quantitative Modeling of MoS2–Solvent Interfaces: Predicting Contact Angles and
Exfoliation Performance Using Molecular Dynamics. J. Phys. Chem. C 2017, 121, 9022–
9031.

(7)

Govind Rajan, A.; Strano, M. S.; Blankschtein, D. Ab Initio Molecular Dynamics and
Lattice Dynamics-Based Force Field for Modeling Hexagonal Boron Nitride in
Mechanical and Interfacial Applications. J. Phys. Chem. Lett. 2018, 9, 1584–1591.

(8)

Lin, S.; Shih, C.-J.; Sresht, V.; Govind Rajan, A.; Strano, M. S.; Blankschtein, D.
Understanding the Colloidal Dispersion Stability of 1D and 2D Materials: Perspectives
from Molecular Simulations and Theoretical Modeling. Adv. Colloid Interface Sci. 2017,
244, 36–53.

(9)

Rong, Y.; Fan, Y.; Leen Koh, A.; Robertson, A. W.; He, K.; Wang, S.; Tan, H.; Sinclair,
R.; Warner, J. H. Controlling Sulphur Precursor Addition for Large Single Crystal
Domains of WS2. Nanoscale 2014, 6, 12096–12103.

(10) Voter, A. F. Introduction to the Kinetic Monte Carlo Method. In Radiation Effects in
Solids; Springer Netherlands: Dordrecht, 2007; pp. 1–23.
(11) Evans, M. G.; Polanyi, M. Inertia and Driving Force of Chemical Reactions. Trans.
Faraday Soc. 1938, 34, 11.
(12) Deen, W. M. Analysis of Transport Phenomena; Oxford University Press, 2011.
(13) Shames, I. H. Mechanics of Fluids; Sixth Edit.; McGraw Hill, 2003.
(14) Witten, T.; Sander, L. Diffusion-Limited Aggregation, a Kinetic Critical Phenomenon.
Phys. Rev. Lett. 1981, 47, 1400–1403.
(15) Zhang, Y.; Ji, Q.; Han, G.-F.; Ju, J.; Shi, J.; Ma, D.; Sun, J.; Zhang, Y.; Li, M.; Lang, X.Y.; Zhang, Y.; Liu, Z. Dendritic, Transferable, Strictly Monolayer MoS2 Flakes
Synthesized on SrTiO3 Single Crystals for Efficient Electrocatalytic Applications. ACS
Nano 2014, 8, 8617–8624.

423

(16) Shang, S.-L.; Lindwall, G.; Wang, Y.; Redwing, J. M.; Anderson, T.; Liu, Z.-K. Lateral
Versus Vertical Growth of Two-Dimensional Layered Transition-Metal Dichalcogenides:
Thermodynamic Insight into MoS 2. Nano Lett. 2016, 16, 5742–5750.
(17) Ye, H.; Zhou, J.; Er, D.; Price, C. C.; Yu, Z.; Liu, Y.; Lowengrub, J.; Lou, J.; Liu, Z.;
Shenoy, V. B. Toward a Mechanistic Understanding of Vertical Growth of van Der Waals
Stacked 2D Materials: A Multiscale Model and Experiments. ACS Nano 2017, 11, 12780–
12788.
(18) Surface Diffusion: Atomistic and Collective Processes; Tringides, M. C., Ed.; Springer
Science & Business Media, 2013.
(19) JÓNSSON, H.; MILLS, G.; JACOBSEN, K. W. Nudged Elastic Band Method for Finding
Minimum Energy Paths of Transitions. In Classical and Quantum Dynamics in
Condensed Phase Simulations; WORLD SCIENTIFIC, 1998; pp. 385–404.
(20) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. A Climbing Image Nudged Elastic Band
Method for Finding Saddle Points and Minimum Energy Paths. J. Chem. Phys. 2000, 113,
9901.
(21) Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C. Boron
Nitride Nanotubes and Nanosheets. ACS Nano 2010, 4, 2979–2993.
(22) Cassabois, G.; Valvin, P.; Gil, B. Hexagonal Boron Nitride Is an Indirect Bandgap
Semiconductor. Nat. Photonics 2016, 10, 262–266.
(23) Tran, T. T.; Bray, K.; Ford, M. J.; Toth, M.; Aharonovich, I. Quantum Emission from
Hexagonal Boron Nitride Monolayers. Nat. Nanotechnol. 2015, 11, 37–41.
(24) Noh, G.; Choi, D.; Kim, J.-H.; Im, D.-G.; Kim, Y.-H.; Seo, H.; Lee, J. Stark Tuning of
Single-Photon Emitters in Hexagonal Boron Nitride. Nano Lett. 2018, 18, 4710–4715.
(25) Tran, T. T.; Elbadawi, C.; Totonjian, D.; Lobo, C. J.; Grosso, G.; Moon, H.; Englund, D.
R.; Ford, M. J.; Aharonovich, I.; Toth, M. Robust Multicolor Single Photon Emission
from Point Defects in Hexagonal Boron Nitride. ACS Nano 2016, 10, 7331–7338.
(26) Tran, T. T.; Zachreson, C.; Berhane, A. M.; Bray, K.; Sandstrom, R. G.; Li, L. H.;
Taniguchi, T.; Watanabe, K.; Aharonovich, I.; Toth, M. Quantum Emission from Defects
in Single-Crystalline Hexagonal Boron Nitride. Phys. Rev. Appl. 2016, 5, 034005.
(27) Abdi, M.; Chou, J.-P.; Gali, A.; Plenio, M. B. Color Centers in Hexagonal Boron Nitride
Monolayers: A Group Theory and Ab Initio Analysis. ACS Photonics 2018, 5, 1967–1976.
(28) Jensen, F. Introduction to Computational Chemistry; Wiley, 2006.
(29) Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and Correlation
Effects. Phys. Rev. 1965, 140, A1133–A1138.
(30) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–
B871.

424

(31) Garza, A. J.; Scuseria, G. E. Predicting Band Gaps with Hybrid Density Functionals. J.
Phys. Chem. Lett. 2016, 7, 4165–4170.
(32) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent Electron Liquid Correlation
Energies for Local Spin Density Calculations: A Critical Analysis. Can. J. Phys. 1980, 58,
1200–1211.
(33) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
(34) Hedin, L. New Method for Calculating the One-Particle Green’s Function with
Application to the Electron-Gas Problem. Phys. Rev. 1965, 139, A796–A823.
(35) Aulbur, W. G.; Jönsson, L.; Wilkins, J. W. Quasiparticle Calculations in Solids. In Solid
State Physics - Advances in Research and Applications; 2000; Vol. 54, pp. 1–218.
(36) Museur, L.; Brasse, G.; Pierret, A.; Maine, S.; Attal-Tretout, B.; Ducastelle, F.; Loiseau,
A.; Barjon, J.; Watanabe, K.; Taniguchi, T.; Kanaev, A. Exciton Optical Transitions in a
Hexagonal Boron Nitride Single Crystal. Phys. status solidi - Rapid Res. Lett. 2011, 5,
214–216.
(37) Salpeter, E. E.; Bethe, H. A. A Relativistic Equation for Bound-State Problems. Phys. Rev.
1951, 84, 1232–1242.
(38) Poovathingal, S.; Schwartzentruber, T. E.; Srinivasan, S. G.; van Duin, A. C. T. Large
Scale Computational Chemistry Modeling of the Oxidation of Highly Oriented Pyrolytic
Graphite. J. Phys. Chem. A 2013, 117, 2692–2703.
(39) Dequidt, A.; Devémy, J.; Pádua, A. A. H. Thermalized Drude Oscillators with the
LAMMPS Molecular Dynamics Simulator. J. Chem. Inf. Model. 2016, 56, 260–268.
(40) Thole, B. T. Molecular Polarizabilities Calculated with a Modified Dipole Interaction.
Chem. Phys. 1981, 59, 341–350.
(41) Plimpton, S. Fast Parallel Algorithms for Short – Range Molecular Dynamics. J. Comput.
Phys. 1995, 117, 1–19.
(42) Misra, R. P.; Blankschtein, D. Insights on the Role of Many-Body Polarization Effects in
the Wetting of Graphitic Surfaces by Water. J. Phys. Chem. C 2017, 121, 28166–28179.
(43) Szalewicz, K. Symmetry-Adapted Perturbation Theory of Intermolecular Forces. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 254–272.
(44) Ostadhossein, A.; Rahnamoun, A.; Wang, Y.; Zhao, P.; Zhang, S.; Crespi, V. H.; van
Duin, A. C. T. ReaxFF Reactive Force-Field Study of Molybdenum Disulfide (MoS2). J.
Phys. Chem. Lett. 2017, 8, 631–640.
(45) Liu, S.; van Duin, A. C. T.; van Duin, D. M.; Liu, B.; Edgar, J. H. Atomistic Insights into
Nucleation and Formation of Hexagonal Boron Nitride on Nickel from First-PrinciplesBased Reactive Molecular Dynamics Simulations. ACS Nano 2017, 11, 3585–3596.

425

(46) Agrawal, K. V.; Shimizu, S.; Drahushuk, L. W.; Kilcoyne, D.; Strano, M. S. Observation
of Extreme Phase Transition Temperatures of Water Confined inside Isolated Carbon
Nanotubes. Nat. Nanotechnol. 2017, 12, 267–273.
(47) Secchi, E.; Marbach, S.; Niguès, A.; Stein, D.; Siria, A.; Bocquet, L. Massive RadiusDependent Flow Slippage in Carbon Nanotubes. Nature 2016, 537, 210–213.

426

