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ABSTRACT

Low-dimensional Material: StructugropertyRelationship and Applications in Energy and
Environmental Engineering
Hang Xiao

In the past several decadesyidimensional material®D materials, 1D materials and 2D
materials)have attracted much interest framoththe experimentaindtheoreticalpoints of view
Because ofthe quantum confinement effect, lalimensional materials have exhibited a
kaleidoscope of fascinating phenomena and unusual physical and chemical pragpertidsg
light onmany novel application®espite the enormous succesas been achieved in the research
of low-dimensional materials, there arbrde fundamental challenged researchin low-
dimensional materials:

1) Develop new computational tools to accurately describe the properties of low
dimensional materials with losomputational cost.

2) Predict and synthesize new lalimensional materials with novel properties.

3) Reveal new phenomenon induced by the interaction betweedifoensional materials
and the surrounding environment.

In this thesis, atomistic modellirigolshave been applied to address these challelges.
first developed ReaxFF parameters for phosphorus and hydrogen togigeusatedescription
of the chemical and mechanical properties of pristine and defected black phospReeeféfor
P/H is transferable to a wide range of phosphorus and hydrogen containing systems including bulk
black phosphorus, blue phosphorene, duggrogenated phosphorene, phosphorus clusters and
phosphorus hydride molecules. The potential parameters wexmeaxbtby conducting global

optimization with respect to a set of reference data generated by exi@nsnreo calculations.



We extende®ReaxFFoy adding a 60%correction term which significantly improved the description
of phosphorus clusters. Emphasias placed on the mechanical response of black phosphorene
with different types of defects. Compared to the nonreactive SW potaiadsphorendreaxFF
for P/H systems provides a significant improvement in describing the mechanical properties of the
pristine and defected black phosphorene, as well as the thermal stability of phosphorene nanotubes.
A counterintuitive phenomenamasobserved that single vacancies weaken the black phosphorene
more than double vacancies with higher formation energy. Ouitseslso showed that the
mechanical response of black phosphorene is more sensitive to defects in the zigzag direction than
that in the armchair direction. SincReaxFF allows straightforward extensions to the
heterogeneous systems, such as oxides, estriie proposed ReaxFF paranseter P/H systems
also underpinnethe reactive force field description of heterogeneous P systems, including P
containing 2D van der Waals heterostructures, oxides, etc.

Based on the evolutionary algorithm driven struglisearchwe propose a new stable
trisulfur dinitride (SN2) 2D crystal that is a covalent network composed solelyNf S0 bond s .
SN2 crystal is dynamically, thermally and chemically stable as confirmed by the computed
phonon spectrum and ab initio moular dynamics simulations. GW calculations shdthatthe
2D SN2 crystal is a wide, direct barghp (3.92 eV) semiconductor withsmall hole effective
mass The anisotropic optical response of 2iN5crystalwasrevealed by GWBSE calculations.
Our result not only markethe prediction of the first 2D crystal composed of nitrogad sulfur,
but also underpinngabtential innovations in 2D electronics, optoelectronics, etc.

Inspired by the discovery &N22D crystal,we proposd anew 2D crystal, diphosphorus
trisulfide (PSs), based orthe extensive evolutionary algorithm driven structural seaftie 2D

P-Ss crystalwasconfirmed to be dynamically, thermally and chemically stable by the computed



phonon spectrum arab initio molecular dynamics simulations. This 2D crystalline phase:8f P
corresponds to the global minimum in the B@ppenheimer surface of the phosphorus sulfide
monolayers with 2:3 stoichiometry. It is a wide band gap5(4\¥) semiconductor with+8 (i
bonds. Theelectronic properties of2Bs structure can be tuned by stacking into multilay£3s P
structures, forming £ nanoribbons or rolling into &8s nanotubes, expanding its potential
applications for the emerging field of 2D electronics.

Thenwe shovedthat te hydrolysis reaction is strongly affected by relative humidity. The
hydrolysis of C@* with n = 1-8 water molecules/asinvestigated byab initio method. Fon = 1-
5 water molecules, all the reactants follow a stepwise pathway to the transition@tate. 6-8
water molecules, all the reactants undergo a direct proton transfer to the transition state with overall
lower activation free energy. The activation free energy of the reastanamatically reduced
from 10.4 to 2.4 kcal/mol as the numbemaiter molecules increases from 1 to 6. Meanwhile, the
degree of the hydrolysis of G®is significantly increased compared to the bulk water solution
scenario. The incomplete hydration shells facilitate the hydrolysis of @@h few water
molecules to be not only thermodynamically favorable but also kinetically favovéblshowed
that the chemical kinetics is not likely to constrain the speed efd@apturedriven by the
humidity-swing. Instead, the powffusion of ions is expected to be the tirhmiting step in the
humidity driven CQ air capture. The effect of humidity on the speed ot @D capture was
studied by conducting GGabsorption experiment using IER with a high ratio ofs:€@® Hz0
molecules. Our resuils able to provide valuable insights to designing efficient @®capture
sorbents.

Lastly, the selfassembly mechanism of oceadopen carbon nanotubes (CNTS)

suspended in an agueous solution was studied by molecular dynamics simulations. It was shown



that two oneendopen CNTs with different diameters can coaxially -ssi$emble into a
nanocapsule. The nanocapsules formed were stable in aqueous swidéambient conditions,

and the pressure inside the nanocapsule was much higher than the arebgnemue to the van
der Waals interactions between two parts of the nanocapsule. The effibet normalized radius
difference, normalized intdube distancandaspect ratio of the CNT pairs were systematically
explored. The electric field responsé nanocapsules was studied walb initio molecular
dynamics simulations, which showdthat nanocapsules can be opened by applying an external
electric field, due to the polarization of carbon asorhhis discovery not only shdight on a
simple yet robst nanocapsule sedissemil mechanism, but also underpinngubtential

innovations in drug delivery, nasreactors, etc.
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Chapter 1  Introduction and Motivation

1.1 Why study low-dimensional materials?

In the past several decadeswidimensional materialfiave attracted much interest
from boththe experimentabndtheoretical viewpointsThey refer to those materials in which at
least one of the three physical dimensions constrained to the nanometer scale. Owing to the
guantum confinement effect, ledimensional materialdave exhibited a kaleidoscpe of
fascinating phenomerand unusual physical and chemipabpertiesunderpinning many novel
applicationsTypical examples of lovdimensional materialseeFigurel.1) are zeredimensional
(OD) fullerenes, onglimensional (1D) nanotubes, and tdinensional (2D) nanosheets, which

will be briefly introduced in the following sections.

OD Fullerene 1D Carbon nanotube 2D Graphene

Figure 1.1 Schematic illustration of the Ofdllerene, 1D carbon nanotube and 2D graphene.

1.1.1 Zero-dimensional materials

The discovery oD fullerené (Ceo) in 1985started the era of carbon nanomaterials

is a closed carbon cage formed by 20 hexagons and 12 pentagons, resembling a tiny soccer ball.



FullereneCeso has had a profound impact throughout scieiae example, the fabrication of a
singlemolecule transistor made from€andthe discovery of superconductivity in a single
transistor However,Csohas not enjoyed a greagal of success in practical applications, partly
due to the high cost. Thdiscovery of OD fullerenalirectly led to the research in 1D carbon

nanotubes.

1.1.2 One-dimensional materials

1D carbon nanotubes (CNTa)erediscovered in 199khy Sumio lijima* Theyarehollow
cylindrical forms offullerenes, with either closed or open tiperfect CNTs composed of carbon
atoms bonded in a hexagonal lattice except at their tips. The exceptional mechanical, electrical and
thermal propertie®f CNTs makethem ideal candidatefor many different applications. For
example, semiconducting CNTsveebeen used in fieldffect transistorbased chemical sensgdrs,
metallic CNTshave been used as electrodes for electrocatiysikCNTs have found their way
into bulk composite materialsvith improved mechanical performanteNanaapsules self
assembled by CNTs can be ideal vehicles for drug delivery, since @NTnoimmunogenié
and can be functionalizetf? In Chapter 6, weshow that ae-end-open carbon nanotubes with
proper radius differencean coaxially setassemble into &table nanocapsule, underpinning

potential applications in naneactors, druglelivery, etc.

1.1.3 Two-dimensional materials

In 2004, the isolation of gphené? a single layer of graphitepened the field of two
dimensional materials. Graphene is composed of a single layer of carbon atoms densely packed in
a 2D honeycomb latticélectrons travelling inside graphene behave like massless relativistic

particles, ¢ading topeculiar properties such athe anomalous quantum Hall efféttand the



absence of localizatiosffects'® Many remarkable properties of graphene, such as high electron
mobility at ambient temperature (200,000 %6vhs)61” exceptional medimnical properties
i ncluding Youn g%andsogedouthetmal canductitity (BORAW/E))° have
been reportedOwing toits remarkable propertiethe potential applications of graphene include
high-speed electronic®,optical devicesg! chemical sensor€energy harvesting and stordt& 2+
andcompositestructural material&, etc. The success of graphehas inspired the exploration of
a whole family of 2D materialsncluding the 2D insulator boron nitride (BK§?® 2D
semiconductor molybdenum disulfid®0S)?¢2°3% and recently, phosphorusonolayer i.e.
phosphorenét*20wing toits tunable band gap and high carrier mobility, phosphdrelusgreat
potential in electroniand optoelectroniapplications’:33 36

Althoughab initio methodscan accuratelgescribahe electronic structure phosphorene
they are limited to small systems (several hundreds of atoms) with short time scales (picoseconds).
On the other handmnolecular dynamics simulations poweredrmnreactiveforce fields are able
to reach much Iger scale with much longer time, hbeyare not suitable to describe states far
from equilibriumandunable to model chemical reactiods computational tool that can bridge
this gap igherefore highly desirablén Chapter 2, we devel@parameter sef ReaxFHor P/H,
which provides an aagate description of the chemical and mechanical properties of pristine and
defected black phosphorene

Despitetremendous success has been achieved stuldgof 2D materialstheir practical
applications are still very limitedraphene, with an exdeht carrier mobility, has zero band gap,
which limits its further electronic and optoelectronic applicatidhe. MoS has sizeable band gap,
but lower carrier mobility. Recently isolated phosphorene combines a sizeable and tunable band

gap with high carrer mobility, but it degrades upon exposure to air. New-tbmensional



materials with novel properties are still highly desirable. In this thesipropose two new stable
2D crystals, N2 and BSs, underpinning potential applications in 2D electronisd

optoelectronics.

1.1.4 Applications of low-dimensional materiak in energy and environmental

engineering

Although the production ajraphenavith few defectdy mechanical exfoliation has led
to the rapid developmemtf graphene researcthis method is not applicable tioe majority of
applications which require larger quantitiegcdpheneMeanwhile, the issues of poor dispersion,
sheet defects, restacking and multilayer thickhesderthe fullrealizatioro f gr aphene 6 s
including electronic and high surface area propettiegcently, graphene aerogel, a 3D porous
material formed by the assembly of 2D graphene flakes haen extensively studie@raphene
aerogels exhilts high conductivity and reliable long range order as well as high surface area and
accessible poreolume at extremely low density. As a result, graphene aerbglkelpromise for
manyapplications in catalysi§ 4° gas adsorptidh and energy storadé*3

To fight the climate change in theS2dentury, carbon neutrality is far from being enough.
The develoment of carbon negative technoleg e.g. direct air capture of GQs urgent** The
major challenge of developing an efficietisorbentor air capture of C®is not how to absorb
CO, but how to release it with very low energy cost. This essentially requires a reversible chemical
reaction that can be triggered by a simple environmental variable. Lackné? @isabvered that
an anionic exchange resin (IER) washed by carbonate sotaioefficientlyabsorbCOz from

ambient air when it is dry, while release £fhen it is wet, as shown Figurel.2.
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Figure 1.2 Humidity swing sorbent for C&capture directly from ambient #ft.

Graphene aerogel, with extremely high specific surfaceaar@accessible pore volume at
extremely low densitycan be an ideal sorbent for €@ir capture driven by humidity swing.
Designing efficient sorbent for CQair capture requires a detailed understanding of both
thermodynamic and kinetic characteristics of the hydrolysis of>G@® nanosale hydrated

clusters, which is introduced in Chapter 5.

1.2 Fundamental challenges of research in low-dimensional
materials

Three fundamental challengekresearchn low-dimensionamateriat are:
1) Develop newcomputationatools toaccuratelydescribethe properties abw-
dimensional materials with low computational cost

2) Predict and synthesize new laimensionalmaterials with novel properties.



3) Reval new phenomenon induced by the interaction beti@&rdimensional
materials andhe surrounding environment
In this thesis, atomistic modelling methdusve been appliet addresshese challenges
(schematically illustrated iRigure1.3).

Low-dimensional materials and their interactions with the surrounding environment

| | .
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Figure 1.3 A schemat illustration of the motives and progresses of this thesis.

A number of discoveries and advanbase beeproduced:

1) The parameterizatioand validatiorof areactive force field foP/H systems
which providesan accurate description of the chemical and mechanical
properties of pristine and defected black phosphorene

2) The discovery of the first 2D crystal composed of N and S atoshi, f6r
optoelectronic admations.

3) The discovery of the first 2D crystal composed of P and S atos8s fdét

electronic applications.



4) Revealinghe catalytic effect of water in basic hydrolysis of £ hydrated
clusters, providingvaluable insights to designing efficient €@ir-capture
sorbents

5) Oneendopen carbon nanotubedgth proper radius difference can coaxially
selfassemble into a nanocapsuligh very highinternal pressuréon the order
of 1 GPa) underpinningpotential applications in nan@actors, druglelivery,

etc

1.3 Atomistic modelling

Owing to he phenomenal increase in computational power of compliters well as the
development of efficient algorithms for theoretical predictiooemputer simulation with
atomistic detail is now a vegrominenttool in material sciences, chemistry, physics biatbgy.

In these fields, @mistic simulations hawdeldedunprecedented insigheeded to predict material
properties, can be used to @gsnew materials and drugar to interpret experimental data

Theworld we live inis composed of microscopatoms in continual vibrational motion.
Different atoms and their electronic interactions bring about everything in the materdl wor
Therefore, the computational investigation of material properties and chemical reactions requires
the description of atoms and the interactions between tinencomputational point of view, the
electronic interactions between atoms can be treatedr agtkplicitly or implicitly. Ab initio
methodsprovide accurate predictions over a wide range of systémdreating electronic
interactions explicitly. Nonethelegbey are limited to small systerfseveral hundreds of atoms)
with short time scale@icoseconds)since they are fairly computational intensiier force field

methods electronic interactions are treated impligitiyrading precision for computational



efficiency.In this sectionab initio methods, force field methods and molecular dynamitt$e

reviewed in brief.

1.3.1 Ab initio methods

According to the BorrOppenheimer approximatidhthe movements of the electrons and
the much heavier nuclei can be separated. Therefbrmmitio methods are based on solving the
Schrddinger equation for the electrons of a systéhe timedependenSchrdinger equation has
theform

3¢ O (1.1)
whereq is the electronic Hamiltonial, is the many electron wave function d@@ds the total
electron energy of the system.

The censity functional theory (DFT) is one of the most succesgiuhitio methods for
calculations of the electronic structure of atoms, molecules, and the condensedTptea 43T
is based on two theorems introducedHiyhenberg and Kohim 196478 and later extended by
Kohn and Sham in 196%8.

First, the groundstate energ{ of an atomic system is shown to be a unique functional of

the electron density »,
0¢ O »E P> Ot (1.2
where0u » is the external potential, afi@¢ is thefunctional containing the interactions of the
electrons and the kinetic energfccording to theHohenberg and Kohtheory,"O¢ can be
separated into two terms
E P»E D>

"0t " " os» 0% (1.3
S



Thefirst term on the right is the electr@hectron Coulomb contributicemd the second teri@®¢
is a functional of the electron density. According to the Kohn and &teony, "O¢  has the form

"O¢ Ye O ¢ (1.4
where"Y¢ s the kinetic energy of a nanteracting electron gas with density», andO is the
exchangecorrelation energy. Its exact form is only known for the simplest case, i.e. the uniform
electron gas. Suitable approximations have to be found founiéorm electron deng#s. The

simplest approximation & is the local density approximation (LDA),
o ¢ EP- > D> (1.5
where- is the exchange and correlation energy per particle of the uniform electrdingamext

step in approximatin@® is to include the dependency of the gradient of the electron densjty at

leading to the generalized gradient approximation (GGA),

o ¢ E»- & pMmE > O (1.6)

1.3.2 Force field methods

Compared taab initio methods, the force field methodssdaster by several orders of
magnitude, allowing the treatment of larger systems with longer time séaléstce field
approaches, electrons are treataglicitly. The electronic interactions between atomstaken
into account by a force field, which includes energy terms to describe the interactions between
atoms.Force fields can be broadly classified into two categories, namelyeaative force fields
and reactive force fields.

The potential functions ohonreactive force fields are relatively simple and are
computationally inexpensive as compared to reactive force fidldsmple example of aon

reactiveforce fieldinvolves the use of harmonic potentials to reprelsentls, angles, and torsions

9



and@ulomd s | aw f or el e describedbly pointicltarges artd BeanardJorne n s
(L-J) potentiafor van der Waals interactionA.typical nonreactiveforce fieldaccording to this

schemehas the form,
Y b Ko) i1 ko) —_ —
¥ X T N0
Q p Al O% | (L.7)

L i

Owing to the simple form of potential functions, n@active force fields are easy to
parameterize. They are ablergpresenthe equilibrium structures of the atomistic systems with
good accuracy, but thegre not suitable to describe states far fromildggium. In addition, they
are unable to modehemical reactionglue tathe requirement of breaking and forming bands

Unlike nonreactive force fields,eactiveforce fieldsinclude connectiomependent terms
and hence are able ttescribebreakingand forming bondsSome of the widelysed reactive
potentials are ReaxFE AIREBO®! and Tersoff? In our research weill be using the ReaxF®
studythe chemical and mechanical properties of phosphorene

ReaxFFadoptsa bond orderformulism to ensure smooth transition of bond dissociation

and bond formationThebond ordeb U  between a pair of atoms candieealy calculated from
the interatomic distance as given in Eq.1.8 and shown illustratively for a phosphorus

phosphorus bond iRigurel1.4.

60 600 60 o0V
i i (1.8
Aog — Aog — Aon —
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wherei ,i ,i arebond radifor single, double and triple bonds between particles i,and j,
n ,n ,n ,n ,n are bond order parameterBhe effecs of overcoordination and
undercoordinationare incorporated inReaxFFby a bond order correction leme, enabling

ReaxFRo correctly adapts to the instantaneous configurations in the system.

3.0
—— Total bond order
25 | —— Sigma bond
—— Pibond
—— Double pi bond
2.0
9]
j=
© 15 -
o
c
o
faa)
1.0
0.5
0.0 ; . ; :
1.0 15 2.0 25 3.0 3.5

P-P distance (&)

Figure 1.4 Interatomic distance dependency of the phosphphasphorus bond order.

For a typicalReaxFF the bond energies™ ) are corrected with overoordination
penalty energiesY ) and undecoordination penalty energie®( ). Energy contributions
from valence angle’Y ) and torsion angle’Y ) areincorporated Disperson interactions are
representedby the van der Waals termY( ). Energy contribution from Coulomb interactions
Y ) are taken into account between all atom pairs, where the atomic charges are calculated
based oninstantaneous configuratis using the Electron Equilibration Method (EERA)AI
enepgy terms except the lasto are boneorder dependent and a detailed description of them can

be found in Refs%°4%° The total energy is thmumof these energierms shown by
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The time and length scalescessible tReaxFFis schematially represented bifigure
1.5. ReaxFForidges the gap betweai initio treatments of atomic systems and the-reactive
force field traditionally used in atomistic simulations. Owing to the complicated potential
functions, RegFF is around 130 times slower than nemeactive force fieldsNevertheless,
ReaxFFis still much faster thaab initio methods, enabling the simulation of reactive systems

larger than 1Datoms at nanosecond time scales.

Atoms
Molecular
years conformations

Design

Electrons
Bond formation

FEA

Time

MESO Grids

NRFF

Grains

ReaxFF l Non-reactive
force fields

y ab initio | reactive
10- force field

Angstrom Kilometres
Distance

Figure 1.5 Hierarchy of computational methods on a time vs length scale.

1.3.3 Molecular dynamics

Molecular dynamics (MD) is a computer simulation approach for studying the time

evolution of a sy'em of interacting particles. The first M@mulation was performebly Alder

12



and Wainwright in the late 1950 study the interactions of hard sphe¥aslD simulations are

widely applied today in chemical physics, molecular biology and material science.

I n MD simul ations, the trajectories of part
second law,
Q» -
a — ny » 1.1
B (1.10

whered is themass of a particl@and™Y » is the potential energy functioiVith molecula
dynamics simulationgoththermodynamic properties atiche dependent (kinetic) phenomenon
can be studied

In classicaimolecular dynamigghe potential energy function is represented by the force
field (nonreactive or reactive)Ab initio molecular dynamics (AIMD) uses forces obtained from
ab initio calculations, allowing chemical processes to be studieghimaccurate and unbiased
manner. However, AIMD is limited to smaller systems and shorter time scales, due to high

computational cosDetailsof MD simulations can be fourglsewhere! >

1.4 Outline of dissertation

This PhD thesis contains 7 chapters, including Chapter 1 as an introduction of motivation
and computatioal methods used throughout tthesis.In Chapter 2, the pameterizatiorand
validationof aReaxFFor P and H is introduced. In Chapter 3, the discovery of a nély ZD
material for optoelectronic applications is reportedpired by the discovery oiS2, Chapter 4
presentghe discovery of a new28: 2D material for electronic applications Chapter 5, the
catalyticeffect of waterin thehydrolysis of CGQ?% in hydratedclustersis explored.Chapter 6

reports the molecular mechanism study of treelfassemblyof oneendopen CNTs into

13



nanocapsulesiiwater In Chapter 7concluding remarks and the introduction of future work are

provided.
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Chapter 2  Development of a Transferable Reactive Force
Field of P/H Systems: Application to the Chemical and

Mechanical Properties of Phosphorene

2.1 Introduction

In recent years, twdimensional (2D) materials have attracted much interest because of
their fascinating electronf®;**mechanicat® optoelectronié?®and chemicaf-®>properties. The
epic discoveryof grapheneopened up the possibility of isolating and studying the intriguing
properties of a whole family of 2D materials including the 2D insulator boron nitride {8R)),
2D semiconductor molybdenum disulff@é°3%and recently, 2D phosphorus, i.e. phosphofére.

Single layer black phosphorus, i.e. phosphorene, was obtained in experiments A Bédause
of its tunable band gap aradsmall hole effective masphosphorendolds great potential in
electronicand optoelectmic applications.

Over the past decade, tremendous success has been achieved in the synthesis of 2D
materials. However, the cycles of synthesis, characterization and test for 2D materials are slow
and costly, which inspired the development of computatimads to design new 2D materidfé
%8 and to provide guidance for the falaiion of 2D device&¥ 2 Althoughab initio methods (such
as density functional theory, DFT) providecurate descriptioof the electronic structure of 2D
crystals, they are limited to small systems (several hundreds of atoms) with short time scales
(picoseconds). To the contrary, molecular dynamics simulations powered by force fields are able
to reach much larger scale twimuch longer time. To date, several force fields have been

developed for black phosphorus.
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A valence force field (VFF) for black phosphorus was first proposed in 1982 and used to
study the elastic properties in black phosphdtuslore recently,Jiang et al.”* developed a
Stillinger-Weber (SW) potential for phosphordvesed on the VFF model by fittipgrameters to
experimental phonon spectruin the SW potential, the energy parameters were taken from the
VFF model, and geometrical parameters were ddranalytically from the equilibrium state of
individual potential terms. While both VFF model and SW potential have been used to describe
phonons and elastic deformations, they are not suitable to describe states far from eqdilibrium.
Moreovert he SW potenti al strongly underesti mated
in the zigzag directioff Due to its nonreactive nature, SW potential alasdifficulty describing
phosphorene with defects. An improved force field which balances agcamdccomputational
efficiency is therefore highly desirable. In 2001, van Detial. developed a reactive force field
(ReaxFF) for hydrocarbor®8 ReaxFFis a bond ordr interaction model, capable of handling bond
breaking and forming with associated changes in atomic hybridiz&iooe its development,
ReaxFFmodel has been applied to a wide range of systépas’! To the best of our knowledge,
a ReaxFF model for phosphorene system is still lacking.

In this chaptey we develop &eaxFFparameter set for P andtbl describethe chemical
and mechanical properties tife pristine and defected black phosphoreReaxFFfor P/H is
transferable to a wide range of phosphorus and hydrogen containing systems including bulk black
phosphorus, blue phosphorehgdrogenated prlsphorenephosphorus clusters and phosphorus
hydride moleculesTheReaxFFparametersor P/Hwerefitted to a set of reference data generated
by extensiveab initio calculations.The proposedReaxFF for P/H provides adistinctive
improvement in describinghe thermanechanical properties the pristine and defected black

phosphoreneas well as that of the phosphorene nanotubes (PNTs) over the SW poidatial
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ReaxFFpar amet er s for P/ H presented here provide

forceyel d description for the heterogeneous P sy

2.2 Methodology
2.2.1 DFT calculations

The fitting data used for P/H systems was obtained from DFT calculations performed with
the Cambridge series of totahergy package (CASTEPA® For these calculations, ultrasoft
pseudopotentials were used to desciioe core electrons and the electron exchaogelation
effects were described by he PerdeWwBurke Ernzerhof (PBEY generalized gradient
approximation. In this work, the empirical dispersion correctioneme pposed by Grimme
(D2)®was used in combination withe PBE functionalln computing the energies of phosphorus
clusters, phosphorus hydride molecules and phosphorene with defects a@ochsadspin
polarization was used toceount for the energy contributions from magnetization. Periodic
boundary conditions were used for all the calculations, with monolayer structures represented by
a periodic array of slabs separated by a 15 A thick vaaegion. A large % 7 supercell of black
phosphorene was adopted to study the effect of defects and adatoms. A plane wave cutoff of 520
eV was used to determine the sabhsistent charge density. For condensed phtseRrillouin
zone integrations werperformed with Monkhorgeack® mesh wih 0.02A* k-point spacing. For
cluster calculations, a cubic supercell of RQ(to ensure the interactions between clusters in
adjacent cells is negligible) was used with the clusters or molecules placed at the center of the cell
with theBrillouin zones ampl ed at the G point. All geometr.

the conjugate gradient method (C@ith convergence tolerances of a total energy within 5.0 x

108 eV atom?!, maximum HellmaniFeynman force within 0.01 eV 'A maximum ionic
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displacemat within 5.0 x10° A, and maximum stress within 0.01 GF&r black phosphorene,
the stresstrain responses in the armchair and zigzag directions were calculated usindhthee met
described in the referenéé8with CASTEP. The CASTEP calculations showed good agreement
with previous theoretical values for a variety of phosphorene properties: lattice ntsftsta
YoungosamadRBoi s sndhe@rsmchairandizigzagrdctionss® formation energies

of defect& andbinding energies aidatoms And the calculated lattice constants of bulk black

phosphorus agreed well with experirtavalues’

2.2.2 ReaxFF

The ReaxFF mod&>*’’is abond ordeiinteraction model. For ReaxFF, the interatomic
potential describes chemical reactions throudporad orderframework, in which the bond order
is directly calculated from interatomic distances. Within the bond order framework, the electronic
interactions (i.e. the driving force of the chemical bonding) are treated implicitly, allowing the
method to simulate chacal reactions without expensive quantum chemical calculations. Typical
emprical force field (EFF) potentials adopt empirical equations to describe the bond stretching,
bond bending, and bond torsion events, with additional expressions to handle te Véamals
(vdW) and Coulomb interactions. These EFF potentials require -@pseified connectivity table,
while ReaxFF is able to calculate the atom connectivity on the fly, which distinguishes ReaxFF
from conventional EFF potentials since the breakimdjfarming of bonds can be captured during
MD simulations.

For a ReaxFF description of P/H systems, the bond enefyies | are corrected with
over-coordination penalty energie¥( ). Energy contributions from valence angh¥ () and
torsion angle™ ) are included. Dispersion interactions are described by the combination of the
original van der Waals termY{ ) and lowgradientvdW correction term™{y ).>The enemgy
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contribution from Coulomb interaction3Y( ) is taken into account between all atom pairs,
where the atomic charges are calculated based on connectivity and geometry using the Electron
Equilibration Method (EEM§2 All energy terms except the last three homd ordedependent
and a detailed desctipn of them (excepty ) can be found in Ref8%%4%% The total energy
is the summation of these energy pieces, shown by

Y Y Y YooY % % Y Y (2.1)

The stability of R cluster and the instability of larger phosphorus clusters has been an
ongoing puzzle for several decad@®hosphorus is often expected to favor valence angles near
101°.%4 If this is true, the shin energy of bonds insRluster (with 60 valence angles) should
make it unstable. In QM calculations, this problem was resolved by including the effect of d

orbitals® In order to address the stability of thedfuster (and other phosphorus clusters with

valence angles near $Qwe added a 60angle correction term to Eg.1."

Y n JQ60 JQ60 ARA@bn 2z 0 O (2.2a)
Q60 p A@bn DO (2.2b)
Q60 p A@bny B (2.2¢)

In section 3.2.2, it is demonstrated that the accuracy of cluster formation energies was significantly

improved by the addition of the 6@ngle correction term.

" Note that, for the simulation of P/H systems with the &@tgle correction, one needs to use the force field file with

60° anglecorrection and recompile the LAMMPS package with our modified sourcedd®c valence_angles.cpp

We verified that the 60angle correction term would only affect the propertieP/f systems with valence angles

near 60. Therefore, for the simulation of condensed phases (either pristine or defected) and phosphorus hydride
molecules, the original software of LAMMPS package can be used with the force field file witf@ungk0
comection. Because the lgvdWtermismmc |l uded i n t he ReaxFF, the fApair_style

should bepair_style reax/c NULL Igvdw yes.
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TheLAMMPS codé®was used to perform MD calculations for the tensile behavior for the
black phophorene of dimension 27:625.8 A at 1.0 K and 300.0 K. Periodic boundary conditions
were employed in both the zigzag and armchair directions. The equation of motion was solved
with a velocity Verlet algorithmusing a time step of 1.0 fs, which led to stable dynamics
trajectories. The system was thermalized to steady state with the NPT (constant number of particles,
constant pressure, and constant temperature) ensemble for 50 ps by thelober
thermostaf’ -8 Subsequently, the black phosphorene was stretched in zigzag or armchair direction
at a strain rate of 2&?, and the stress in the lateral direction was fully relaxed. In computing the
stress, the intdlayer spacing 06.24 A was used as the thickness of the black phosphorene.
Youngo6s amodd uR auiss sveracdlcsilatad dram tlee stressrain curve in the strain
range [0, 0.01]Following the same proceduoé calculating the stresstrain curve for the defect
free black phosphorenthe MD calculations for defected phosphorene under tensile strain were
conducted for the black phosphorene of dimension 27.5 x®%i81.0 K with one defect (in the
form of single vacancy, double vacancy or Stuvigles defect). Fahe stability analysis of PNTSs,
each PNT with the length of 10 supercells is equilibrated to a thermally stable state under NPT

ensemble at a given temperature (froi®00 K).

2.3 DFT training of forcefield

The ReaxFF parameters for P/H systems were optimized using a modified version of the
evolutionary algorithms (EA) software suite OGOLE¥Mwhich is albe to globally optimize
ReaxFF parameter sets with high parallel efficieri@gsed on DFT calculations foulk black
phosphorus, pristine and defected black phosphorene, blue phospharesghorus hydride

molecules and phosphorus clusters, ReaxFF paeasneere generated forAP and PH bond

20



energies, AP-P, HP-P and HP-H valence angle energies and foiPHP-P and HP-P-H torsion

energies.

(i)

(ii)

(iii)

The parametrization of ReaxFF for P/H systems consisted of following steps:

The taining set of DFT data pointgas built for crystals, clusters and phosphorus
hydride molecules. For crystal phases, the enealyme relationship of the black
phosphorus crystal and the eneayga relationship of both black and blue phosphorene
were deduced. The bond dissociationfies of RP bonds in thé”Hs and BH2
molecules, and of Pl bonds in the PHmolecules were included. Energy profiles for
angle distortion of HP-P in the BHs molecule, oH-P-P in theP-H4 molecule, and of
H-P-H in the PH moleculewere added. In these energy profiles, only the lowest
energy states (singlet, triplet or quintet depending on geometry) were included. The
Mulliken charges for the phosphorus hydride molecules were added to the training set.
A minimum number of terms in Eq21 were selected (starting with

Y AY RAY AY hY ). The parameters were fitted to the training set
usingOGOLEBM. %9100

The torsion angle termiY ), low gradient correction termiy( ), and60° angle

correction tern("Y ) were added to the total energy function to obtain a refined fit
to the training set. Energy profiles for torsion distortion oP4R-H in the BHa4
molecule and of HP-P-P in the BH2 molecule were included. Energies and geometries
of phosphorene with different types of defects were added to the training set.

The global optimized parameters were validated by the comparison of properties

calculated byReaxFRo experimentatiataand DFT data.
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2.4 Parameterization andvalidation of ReaxFF

Our final fitted, global optimized ReaxFF for P/H systems is given in T&ie&7. The
potential form is given in EQ.1 (a detailed description afl terms can be found in Ref8:>4°9,
Unless otherwise stated, dReaxFFresults in the following discussion refer to our global

optimized ReaxFF parameter set

Table 2.1

Atom parameters for P and H

Bond radii Coulomb parameters Bond order correction Valence Angle
Ng @

A B e «(A) —-(eVv) .ev) 1 (B A n g n n

P 2.1199 1.9507 1.8354 -2.0858 8.5658 6.3467 0.406015.578311.855€ 2.8491 4.8954 1.6350
H 0.7853 -15.7683 7.4366 5.3200 1.0206 3.3517 1.9771 0.7571 2.1488 2.8793

For H, parameters fromRéflwer e used. Deynitions of the
this table and Tablgs2-2.6 can be found in Ref&54%5

Table 2.2

VdW parameters and legradientvdW correction parameters for P and H

van der Waals parameters IgvdwW
oo T | e et Teosiy o e
A (kcal/mol) A) (B  (kcalmol)  LE' (@A) aQ

P 2.3355 0.0887 9.5120 7.6148 2.6552 0.0743 15,5028 2.1233 5066.578¢
H 15904 0.0419 9.3557 5.0518 2.0000 0.0000 1.0000 1.9593 101.0453

For H, parameters from Reéf!were used.

Table 2.3

Van der Waals and bond radius parameters for-tHeoBnd

[ 1) Qo T M0 Qo

A) A (kcalimol) (A
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P-H 1.4319 1.5940 0.1064 10.3773

Table2.4

Bond energy andond ordeparameters for the-P, RH and HH bonds

q 0 0
(kcal/mol)(kcal/mol)(kcal/mol)
P-P 52.2711 23.4911 20.0346 0.4917 1.4218 0.7412-0.2457 7.5884 -0.222€13.670£-0.239517.819(
P-H 124.0512 -0.3732 5.9712 0.5862-0.100Z 5.6515

Gp "ok oe NGp Nog Nos NGe Nds Nog

H-H 156.0973 -0.1377 2.9907 0.8240-0.059% 4.8358

For the HH bond, parameters from Réf*were used.

Table 2.5

Valence angle parameters.

Valence  gpr Q) &

angle  (degree) (kcal/mol) oTO AR Nop Nog

P-P-P 81.1291 81.4496 0.5055  0.1993 1.0534
H-P-P 87.7897 48.0234 1.1576 2.4234  1.6028
H-P-H 91.5071 16.1001 2.6120 0.5531 1.0740

Table 2.6

60 Angl e cmarmramdt oms.

60° ) f
angle dom f
_ (degree) (kcal/mol) pTO AR
correction
P-P-P 60 16.6700 150.0000 1.0534

The parameters @0° angle correctiorfior P-P-P are designed to improve the description of

phosphorus clusters witReaxFF, explained in sectior22

Table 2.7
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Torsion angle parameters

General
parameters Torsion X X
angle “ %
No éci 9-6260

oY) No épi

No éoi 9-7452 H-P-P-P  -0.0137 46.5023
No éri 4.1021 H-P-P-H -0.1595  49.6094

0.7269 -3.2753
0.5875 -2.0714

2.4.1 Relative stabilities of bulk black phosphorus, black and blue

phosphorene

For ReaxFFto accurately describe phosphorus in the condensed phase, descriptions for

different crystalline phases should be included in the DFT training set. Relative stabilities of the

black phosphorus crystal as a function of unit cell volumes and relativetssiof the both black

and blue phosphorene as a function of unit ceplane areas were calculated. In general, the

ReaxFF modejives a good description of lattice paramgtdrall three crystal phases (sEable

2.8) and shows a good consistency of the crystal structures of these crystal phdsgsi(s24).
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Figure 2.1 Crystal structures of bulk black phosphorus, black phosphorene and blue phosphorene
calculated by DFT an&eaxFF

Table 2.8

DFT results and ReaxFF results (& Pof bulk black phosphorus, black phosphorene and blue

phosphorene compared to experimental obtained data.

Lattice DFT ReaxFF  Experiment?
Structure
parameter (A) A A
) 3.30 3.46 3.31
Bulk black .
w 4.40 4.29 4.38
phosphorus _
W 10.43 10.43 10.48
Black ) 3.28 3.46
phosphorene &) 4.56 4.31
Blue @ 3.26 3.43
phosphorene ) 5.65 5.96

In particular, the DFT and ReaxFF results of cohesive energies are compared to SW results

and experimental data ifable2.9. The equilibrium cohesive energy of bulk phosphorus used in
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the fitting pro@dure was the experimental ddtaf -3.26 eV rather than the value computed from
DFT (-3.43 eV).ReaxFFpredicts a black phosphorus cohesive energ® 8fl eV.The cohesive
energy of black phosphorene calculated by ReaxFE84 eV, which slightly underestimates the
DFT result of-3.35 eV. Still, ReaxFFprovides a much better prediction of cohesive energy of
phosphorene than that of SW potential, which undieneges the cohesive energy of phosphorene
by an order of magnitud®eaxFFare able to correctly reproduce the relative order of stability of
three crystal phases (shownTable 2.9). In Figure 2.2(a) andFigure 2.2(b), the results from
ReaxFFcorrectly describe the relative stabilities of bulk black phosphorus for a broad range of
cell volume, as well as that of black phosphorene for a broad range of cell area. In the training set,
not all the data can be &l equally well. For blue phosphorerfriegire2.2(c)), ReaxFFslightly
overestimates the 4plane area of the unit cell, leading to a small offset of the energy profile of
the relative stability. Given that no existing force field can dbecthe properties of blue

phosphorene, the presdteaxFFmay represent a major step forward.

Table 2.9

DFT results versus ReaxFF results of cohesive energies compared to SW results and
experimental data

Strudure Property DFT ReaxFF SW'* Experiment??
Bulk black phosphorus (6] (bulk)/eV -3.43 -2.91 -3.26
(0] (black)/eV -3.3t -2.84 -0.54
Black phosphorene 0 (black)- 0 (bulk) Loa 158
/(kcal/mol) ' '
O (blue)-O (bulk)
Blue phosphorene I(kcal/mol) 3.00 2.15
0O (buDk) ,(bl ac®) &amd ue) are the cohesive ene

phosphorus, black phosphorene and bl ue phosph
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Figure 2.2 Relative stabilities of (a) bulk black phosphorus for a broad range of unit cell volume,
(b) black phosphorene for a broad range gdlane unit cell area, (c) blue phosphorene for a broad

range of inplane unit cell area.

2.4.2 Relative stabilities of phosphorus clusters

For ReaxFFo provide accurate description of phosphorus in clusters, the geometries and
formation energies of P clusters of sizes 4,5,6 and 8 atoms are included in the training set. The

formation energies peran of clustersO , defined by

O ©OF © (bulk) (2.3)
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whereO is the energy of the relaxed phosphorus cluster wigtoms,O (bulk) is the
cohesive energy of the bulk black phosphoAsscan be seen frofigure2.3, ReaxFF is capable

of providing a very good description of theometries of P cluster$able2.10 shows that the
cluster formation energies per atom calculated by ReaxFF with 60°correction agree well with the
DFT results. Itis intriguing that a simple 60°angle correction term is able to provideasumtable

improvement in terms of cluster formation energies.

Ps Ps Ps Pg Pg°
I SPep e e e
4 hqe?" W -

wd o o
K- JEeJrey e x-e

Figure 2.3 Structures of phosphorus clusters from DFT RedxFF with the 60correction

Table 2.10

Formation energy per atom of phosphorus clusters calculated by ReaxFF (with or without 60°
correction) compared to DFT results.

Formation energy per atom

(kcal/mol)
Cluster
ReaxFF(60°
DFT ReaxFF )
correction)
O 7.6 56.9 7.6
0y 14.3 30.7 13.1
0(p 11.3 25.1 9.7
oqﬁ) 8.2 18.5 6.2
04,60 12.7 11.1 11.8
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2.4.3 Potential energy curves for phosphorus hydride molecules

Data for selected phosphorus hydride molecules was also included in the training set to
train the PH interactions and to enhance the transferability ofRBaxFFor P/H systems. To
include DFT data for M, P-H bonds, dissociation profiles were determined from DFT
calculations for phosphine,2®. and P.H4 molecules. The bond dissociation profiles were
generated from the equilibrium geometries of these molecylehdnging the bond length from
the equilibrium value while allowing other structural parameters to relax, which are shown in
Figure2.4(a-c). Only tre lowestenergy states (singlet, triplet or quintet depending on geometry)
were included in bond dissociation profiles. The DFT ReeéxFFcurves are shown iRigure

24(a-c).
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Figure 2.4 DFT and ReaxFFpotential energy curves for: (a) dissociation of -& Bond in
phosphine, (b) dissociation of afPbond in thd®2H4 molecule, (c) dissociation of afPbond in
theP2H2 molecule, (d) angle distortion of-A-H in phosphine, (e) angle distortion oFP in the
PsHs molecule, (f) angle distortion of-R-P in the BH2 molecule, (g) torsion distortion of-R-P-
H in the BH4 molecule and of HP-P-P in the RH2 molecule.

To include DFT data for #-P, H-P-P and HP-H valence angles, sAs, P-H2 and
phosphine molecules were used, respectively. Following the same procedure of constructing the
bond dissociation profiles3Rs, P.H2 and phosphine molecules were geometry optimized to create
reference states. Afterwards the valence angles were modified while other structural parameters

were optimized. The resulting angle distortion curves are showigime2.4(d-f).
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Energy profiles for torsion distortion of-A-P-H in the BH4 molecule and of HP-P-P in
the RH2 moleculewere also included in the training set. The torsion distortion curves were
generated from the equilibrium geometries of these molecules by changing the relevant torsion
angle from the equilibrium value while allowing other structural parameters to vétech are
shown inFigure2.4(g-h).

In Figure 2.4(a, d, f, g, h), it is visible that the interactions between phosphorus and
hydrogen atoms in phosphorus hydride molecules are well reproducedReattF For the
interactions between phosphorus atoms in phosphorus hydride moleculeig/(se2.4(b, c, e)),
agreement between tliReaxFFand DFT resultss not perfect, because the crystal phases of
phosphorus were prioritized over the phosphorusitigdnolecules in ReaxFF. The depth of the
ReaxFFpotential well inFigure2.4(b) is shallow, in order to offset the errors in cohesive energy
for bulk black phosphorus (cT.able2.9) and the ultimate strength of black phosphorene in zigzag

direction (cf.Figure2.7).

2.4.4 Defects for black phosphorene

Properties and applications of 2D materials are strongly affected by dé€fagksch are
generally induced by irradiations of ion or electt&hDefect engineering has emerged as an
important approach to modulate the properties of 2D materials. Thus the accurate description of
behavior of different types of defects in phosphorene is criticdRéaxFF of P/H system3he
structures and formation enérg of single vacancy (SV), double vacancy (DV) and Sttiaées
(SW) defects are included in the training set. The defect formation ei@rgylefined by

0O ©O © Al ARE (2.4
whereO is the energy of the defected phosphorene (geometry optimized)nvatiosphorus

atoms,0 (black) is the energy per atom of the black phosphoreigere 2.5 shows that
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ReaxFFperforms very well in predicting defects geometries of all three types with respect to DFT
calculations, whereas SW potential fails to predict the structure of all threeftgefects. From
Table2.11, ReaxFF provides a good description of the defect formation energy of single vacancy
and double vacancy in phosphorene, as well as tagveestability between single vacancy and
double vacancy. The formation energy of Stivales defect is overestimated by 36% by ReaxFF.
By comparison, for SW potential, the formation energies of single and double vacancy are
seriously underestimated (séable2.11) andthe StonéWNales defect is unstable (degure2.5),

leading to an erroneous 0 eV formation energy. Compared to SW potBe@adi-Fprovides a

significant improvement in describing different types of defects in phosphorene.

Single vacancy Double vacancy Stone-Wales

DFT

ReaxFF

SW

VA (VAR WA

(VaVaValpVale¥elh

Figure 2.5 Structures of defected black phosphorene calculated with BE&xFF and SW

potential
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Table 2.11

DFT results versus ReaxFF results of formation energies of SV, DV and SW defects in black
phosphorene comparea $W results.

Defect formation energy (eV)

Defect
DFT ReaxFF SW4
SV 1.66 1.80 0.54
DV 1.95 2.29 0.73
sSwW 1.42 1.94 0.00

2.4.5 Adatoms for black phosphorene: a transferability test

Due to its 2D nature, the large surface area to volume ratio of a black phosphorene
nanosheet leads to a high chemical activity to foreign atoms. Thus the accurate description of
surface adatoms in phosphorene is an important objective for ReaxFF. $8widrformation
energies of phosphorus and hydrogen adatoms for black phosphorene were withheld from the
training set, to serve as the validation data. The adsorption energy of adatoms on phosphorene,
O , defined by

O O O 0O (2.5)
whereO O is the total energy of phosphorene with/without adatomsCand is the
energy of the isolated atomigure2.6 shows thaReaxFFagrees very well with DFT calculations
for predicting the adsorption structures of P and H adatoms. By contrast, the SW potential
overestimates the bond length between Romdand upper P atoms in black phosphorene. Without
P-H interactions, SW potential is not capable to describe the H adatoms for black phosphorene. In
Table2.12, it can be seen th&eaxFF provides a good description of the binding energy of P
adatom and slightly overestimates the binding energy of H adatom. However, the SW potential
underestimates the binding energy of P adabyrman order of magnitudeverall, ReaxF
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provides a good description of P and H adatoms on black phosphorene. Since the structures and
formation energies of P and H adatoms for black phosphorene were not included in the training

set, these results indicate a good transferability of the Reaxf#H systems.

DFT ReaxFF SW

.,/“ > .{)‘ L.;/M\b » /\‘ o’ ,‘M\ P \ 'S
E/ VM 0 ‘?‘/x : / -4‘ -4V : ,i‘/\j 1 : a\/«.
2 zf‘m!‘;ﬁﬂt (X /’vlwﬁ\; ( ‘ "*w ‘\u”\; o 3
'81 Jq L /.‘,J ‘L,J £ i ‘J Sl g/\
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Figure 2.6 Adsorption structures of P and H adatoms on black phosphorene calculated with DFT

andReaxFF compared to SW resionly for P adatom).

Table 2.12

DFT results versus ReaxFF results of binding energies of phosphorus and hydrogen adatoms in

black phosphorene compared to SW result (only for P).

Adatom binding energy (eV)

Atom
DFT ReaxFF SwW4
P -1.67 -1.60 -0.28
H -1.34 -1.54

2.4.6 Mechanical property of black phosphorene pedicted by ReaxFF

In Table2.13, theYoung 6 samad dRd i s dibladk phogpleoitene ansarmchair

and zigzag directions calculated BeaxFFand SW potential are compared to DFT results.
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ReaxFFperforms fairly welli n  r epr oduci ngidrme Foiusnsgpibmoksmordautl i
phosphorene in both directiandowever,SW pot ent i al under esitof mat es
bladk phosphorene in both direco ns, and t h ealciated Isy SW pabestial ara &ni 0 s
orde of magnitude smaller than DFT resuRggure2.7(a) shows the stresdrain curves of black
phosphorene in zigzag and armchair directions calculsithdDFT, ReaxFF and SW potential.

For zigzag direction, ReaxFF is able to capture the modulus change as the strain increases,
providing a reasonable agreement in ultimate strength and failure strain. However, the SW
potential severely underestimates thgmate strength and failure strain in the zigzag direction.

For armchair direction, ReaxFF overpredicts the failure strain while SW potential underpredicts it.
The ultimate strength of black phosphorene in the armchair direction is slightly overestmated
ReaxFF, while it is severely underestimated by SW potential. ReaxFF yields a smaller failure strain

at 300 K than 1.0 K for both the zigzag and armchair directionsHigeee 2.7(b)). Generally,

ReaxFF gives a much better representation of the mechanical response of pristine black

phosphorene over the SW potential.

Table 2.13

DFT results versus ReaxFFe s ul t s o f NaodlPaoigsan satiosh blatkiphasghorene
in armchair and zigzag directions compared to SW results.

DFT ReaxFF SW*

Ear 0 GF 37.8 384 335
E:zig GP 1604 1459 1055

Ezilggar 4.24 381 3.15

’ 0.18 0.20 0.013

’ 0.61 0.55 0.075
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Figure 2.7 (a) Stressstrain responses of black phosphorene along the armchair direction and
zigzag direction calculated geaxFFand SW potential at 1 K compared to DFT results. (b)
Stressstrain responses of black phosphorene along the armchair direction argl dirgzaion
calculated by ReaxFF at 1K and 300 K.

2.4.7 Effect of defects on themechanicalresponse oblack phosphorene

Stressstrain curves of defected black phosphorene in the armchair and zigzag directions
calculated with ReaxFF at 1 K are showrFigure 2.8(a) andFigure 2.8(b), respectively. For
armchair directionhlack phosphorene with single vacancies shows a larger reduction in the failure
strain than black phosphorene with double vacancies (keeping defect density the same), even
though the double vacancy has a highemfttion energy than the single vacancy. The reduction
in the failure strain induced by Steli¢ales defect is in between that of single and double vacancy.
The Youngbés modulus in the armchair direction
defecs. For zigzag direction, all three types of defects reduce the failure strain by about 50%. Only

mi nor reduction in the Youngds modulus in the
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defects. Thus, the mechanical response of black phosphorehe mgzag direction is more

sensitive to defects than that for the armchair direction.
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Figure 2.8 Stressstrain responses of defected and defiext black phosphorene along the

armchair direction (a) artthe zigzag direction (b) calculated by ReaxFF at 1K.

To understand these phenomenon, the structural deformation and stress distribution of
defected bl ack pho sp.1Bpimteeraenchaif(gue?.9(atc)pand digpag ( U
(Figure 2.9(d-f)) directions were analyzed. For armchair dirett{igure 2.9(a-c)), stress at the
single vacancy is more concentrated than that of double vacancy and/\&itasedefect, due to
the unsymmetricalefect geometry of single vacancy (double vacancy and -Stahes defect has
central symmetry). Thus, the black phosphorene with single vacancies shows a larger reduction in
the failure strain along the armchair direction than black phosphorene with dachlecies and
StoneWales defects. Intriguingly, the structure of black phosphorene with singkeneya
undergoes an unsymmetti@-antisymmetrictransition induced by tension in the zigzag direction
(Figure 2.9(d)). Consequently, three types of defects have similar influence on the mechanical

response of black phosphorene under tension alone the zigzag direction.
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Figure 2.9 Structure deformation and stress distribution of black phosphorene with single vacancy

(a), double vacancy (b) and St | e s d e fagairt 0.13.cStructaré defdrmation and

stress distribution of black phosphorene vaihgle vacancy (d), double vacancy (e) and Stone

Wal es d e tigags 0.13(Coldrs shdw th8 stress distribution.

Hao et al% conducted firsprinciples study of the effect of single and double vacancies
on the mechanical response of black phosphorEme effect of single and double vacancies on
the mechanical response of black phosphorene in both armchair and zigzag dipgetiosisd
by ReaxFF agrees fairly well with DFT resuit&This clearly shows th&eaxFF for P/H systems
provides a robust tool to study the effect of defects on the mechanical responsekof b

phosphorene on a much larger space and time scale compared to DFT.
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2.4.8 Thermal stability of phosphorene nanotubes

Similar to carbon nanotubes, the electrical and optical properties of thdimbersional
phosphorus nanotube (PNT) are chirality dependedtcan be tuned by strain and sffg!?
shedding light on its potential applications in transistors, strain sensors and photodétbators.
the accurate description of the properties of PNTs is important for ReaxFF. Two types of PNTs
were designed by wrapping up a pplesrene sheet along the zigzag and armchair directions, i.e.
(m, 0) zigzag PNTs and (0, n) armchair PN%s:12 Figure 2.10 shows that compared to SW
potential, ReaxFF provides a more accurate description afdhesive energies change of the
zigzag PNTs and armchair PNTs with respect to their sizes. SW potential underpredicts the
cohesive energies of PNTs by an order of magnitude, indicating that SW potential could seriously
underestimate the thermal stability of PN¥$The phase diagrams for thermal stability of the
zigzag PNTs and the armchair PNTs with varying temperatures and wrapping vectors of the
nanotube are shown Figure2.10(c) andFigure2.10(d), respectively. It is seen tHaWV potential
strongly underpredicts the thermal stability of PNTs, compared to Re@xfR. et at°® reported
highly stable faceted PNTs can be constructed by laterally joining nanoribbons of different
phosphorene phasdstriguingly enoughReaxFF for P/Hs able to predict the phase transition
of armchair and zigzag PNTs into faceted PNTs with higher thermal stability at elevated
temperature, as shown in the inset figure. This discovery sheds light on the possitéeidabr
strategy of faceted PNTk short, ReaxFks more reliable in describing thieermal stability of

phosphorene nanotubes, compared to SW potential.
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Figure 2.10 Cohesive energies of the (m, 0) zag PNT (a) and (0, n) armchair PNT (b). The
phase diagrams for thermal stability of the (m, 0) zigzag PNTs (c) and the (0, n) armchair PNTs
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2.5 Concluding remarks

We present a reactive force field (ReaxFF) for phosphorus and hydrogen, which gives an
accurate description of the chemical and mechanical properties of pristine and defected black
phosphorene. A 60°correction term is added which sigatfitly improves the description of

phosphorus clusterReaxFHor P/H is transferable to a wide range of P/H systems including bulk

40
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black phosphorus, blue phosphorene, phosphorus clusters and phosphorus hydride molecules.
Emphasis has been placed on abtgy a good description of mechanical response of black
phosphorene with different types of defects. Compared to SW pot&emmtFHor P/H systems
provides a notable improvement in describing the cohesive energy, mechanical response of pristine
and defeted black phosphorene and the thermal stability of phosphorene nanotubes. We observe
a counterintuitive phenomenon that single vacancies weaken the black phosphorene more than
relatively more unstable double vacancieswvdis shown that the mechanical pesmise of black
phosphorene is more sensitive to defects in the zigzag direction than the armchair direction.
Straightforward extensions to the heterogeneous systems, including oxides, nitrides, etc., enable
the ReaxFF parameters for P/H systems to buddlid foundation for the simulation of a wide

range of Pcontaining materials.
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Chapter 3  Prediction of a Two-dimensional SN2 Solid

for Optoelectronic Applications

3.1 Introduction

The epic discovery of graphérédias inspired the exploration of a whole family of 2D
materials, including the 2D insulator boron nitride (BRI}® graptene analogues of group IV
elements, i.e. semimetallic silicene, germanene, atahing'!¥'2° 2D transitioametal
dichalcogenide$?¥ 125 such as molybdenum disulfitfe®3°and tungsten disulfid®® and very
recently, 2D phosphorus, i.e. phosphorgnghich extend the 2D material family into the group
V. These 2D freestanding crystals exhibit unique and fascinating physical and chemical properties
that differ from those of their 3D counterparts!?® opening up possibilities for numerous
advanced applications. For example, iMo8oSe, and WS are able to achieve one order of
magnitude higher sunlight absorption than traditional photovoltaic materials such as GaAs and
Si.2° Two-dimensonal materials offer novel opportunities for fundamental studies of unique
physical and chemical phenomena in 2D systefis?

Over the past decade, tremendous progress has been made in the synthesis of 2D materials.
Nonethelessthe cycles of synthesis, characterizatiod tesing for 2D materials are slow and
costly, which inspired the development of computational tools to desigeredictnew 2D
materialssuch as the evolutionary crystal structure séédtéf*¢’and particle swarm optimization
(PSO) tebniquess®

In thischaptey based orthe evolutionary algorithm driven structural seamh proposd
a new SN2 2D crystalthatis dynamically thermallyand chemicallystable as confirmed by the

computed phonon spectrum aal initio molecular dynamics simulation&W band structure
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calculations showethat 2D SN2 crystal is a semiconductor with wide, direct band gap @2 3.
eV andalow hole effective mas#nisotropic optical response of 2DBNe crystalwasrevealed
by GW-BSE calclations. These fascinating properties coufzthve the way for potential

innovations in 2D electronics, optoelectronics, etc.

3.2 Computational methods

The ground state structure N2 wasobtainedusing the evolutionary algorithm driven
structural search cod¢SPEX13213367The SN structures werefurther geometry optimized with
density functional calculations with PerdeBurke Ernzerhof (PBEY exchangecorrelation
functional usingthe ab initio code Quantum Espres$d.Ultrasoft pseudopotentials are used to
describe electroion interactions, and @lanewave cutoff energy o#0 Ry is used, and
MonkhorstPack® mesteswith 0.02A1 k-point spacingvereused. The convergence test of cutoff
energy andk-point mesh was conducted. All structure optimizations were conducted without
imposing any symmetry constraints. The conjugate gradient method (CG) was used to optimize
the atomic position until the change in total energy was less than 5°>@0@/atom, and the
maximum displacement of atoms was less than 5 & ®Bince the band gaps may be dramatically
underestimated by the GGA level DEP;1*6the quasiparticle GW calculatibi of the band
structure was carried out using YAMBO software packdg&he Green function and Coulomb
screening were constructed from the PBEesults, and the plasmgmole model was used for
computing the screeninglhe GWo approximation was adopted in carrying out the GW
approximation, sice it gives very good results for many materials witloeiectrons:3® Optical
spectra ofSsN2 in [100] and [010] directions were calculated using Be¢he Salpeterequation

(BSE) method®*with a finer kpoint grid of 3&18x1. Only the incidenlight polarized parallel
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with the 2D crystal was considered in studying the optical spectra, due to the depolarization

effect42143

3.3 Results anddiscussion

We theoreticallysearcled for 2D materials in an unexplored territory: 2D crystals
composed ohitrogen and sulfurA new twadimensional trisulfur dinitride #l2) crystal with3
polymorphs: U-SsN2 (Figure 3.1(a)), b-SsN2 (Figure 3.1(b)) ando-SsN2 (Figure 3.1(c))) were
proposed, based dhe evolutionary algorithm driven structural seansingUSPEX13213367The
geometryoptimized SsN2 crystak are shownin Figure 3.1. These SsN2 polymorphsare 2D
covalentnetworkc o mposed solely of 0 bondsofthéetectrdni ng i s
density).For U-SsN2 (space group Pmn21), the unit cell (§égure3.1(a)) consists of ten atoms
with lattice constanta= 4.24 A, b= 889 A, S-N bonds with bond lengtith = 1.81 A, do=1.72
A, ds= 1.6 A, and bond angledi = 116.8, d= 119.3, d3= 1192} da= 106.1° andds= 108.7°
(seeFigure3.1(a)). The unit cell ofb-SsN2 (space group PB consists ofenatoms with lattice
constantsa = 5.22A, b=7.73 A SN bonds with bond lengttth = 1.68A, d2=1.70A, ds=1.82
A and bondanglesdi = 103.6 2= 123.9 dz=126.3° dz= 110.0 andds = 109.8(see Figure
3.1(b)). The unit cell ob-SsN2(space group P31m) consists of five atoms with latizestantsu
=ax=508A, SN bonds with bond lengttk = 1.80A, and bond angled. = 98.3and d>=109.3°
(seeFigure3.1(c)). The Brillouin zone with the relevant higdymmetry kpointsis depicted in the
inset figurefor eachSsN2 polymorphin Figure3.2(a-c). The cohesive energies afSsN2, b-SaN2
anda-SsNzare-3.34eV, -3.28eV and-3.09eV, respectivelyThusthe most stable polymorph is

U SsNa.

44



Figure 3.1 2D crystalline structuseof U-SsN2 (a),b-SsN2 (b) ando-SsN2 (c). Bonding is depicted

by an isosurface of the electron density.

By conducting phonon dispersion calculation of the-feading SN2 polymorphs we
verified that all phonon frequenciesthe most stable polymorpt,SsNo, are real Figure3.2(a)),
confirmingits dynamic stability However b-SsN2 ando-SsNzare not stable in tHecal minimum,
since they have imaginary phonon frequendgure3.2(b-c)). In the following discussionsve

focus onthe properties of the dynamiyastableU-SsNo.
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Figure 3.2 The phonon dispersion relationslégsNz2 (a), b-SsN2 (b) ando-SsN2 (c). The Brillouin
zone of each polymorph, with the relevant hggimmetryk-points indicated, ishownin the inset

figure.

Even though all phonon frequencies of th&N2ensure dynamic stability, the optimized
structure may correspond to a shallow local minimum and therefore may be unstable at a finite
temperature. To verify the stability 0FSsN: at finite temperatureab initio molecular dynamics
(MD) simulations (shown ifrigure3.3) were performed at the PBEGTH-DZVP*4|evel in the
NPT ensemble of the CP2R code. The simulations were run for 10yssler 1 atm pressuss
temperatures T= 800 K and 1000K, respectively. The stabilitySaN: structure was maintained
at 800 K for 10 ps. However, the crystalline structure dissatiate multiple SN chains and
clusters at 1000 KThese MD calculatias verified that the stability di*SsN2 structure holdst

leastabove the room temperature.
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The concepts of dynamic stability and thermal stybdre related andonfusing, so we
will provide a detailed introduction of the concepts of thénthe pdential energy of a crystal
always increases against any combinationssoiall atomic displacements, the crystal is
dynamically stableUnder the harmonic approximatiathjs is equivalent to the situation that all
phonon frequencies are real and positéMeanwhile, he thermal stability represents the ability of
acrystalto resist chemical change (e.g. decomposition) at a certain temperausghe dynamic
stability is the prerequisite for the thermal stability. That is, if a crystal is dynamiceitghle it
is definitelythermally unstable, even at very low temperatvdsen the atomic displacements

induced by thermal fluctuations are small)

T=800 K T=1000 K

Figure 3.3 Ab initio MD snapshots of th&-SsN2 supercell structures at temperatures (a) T = 800
K (b) T = 1000 K under ambient pressure at 10 ps.

To further testify the chemicalstability of the structurén air, ab initio MD of U-SsN2
crystalexposed taery high pressurgases (@ Nz, H20 and H) at temperatures T800OK were

conductedFigure3.4). In our MD simulations, the number density of gas molecules wasx73.6
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10%° m3. Such a high gasr@ssure were also used to study oxidation of gragffeaed
phosphorené” in MD simulations. TheJSsN2 structureremained intact under these very high
gas pressure for 10 pBigure3.4), indicating its chemical stability in aat leastabove the room

temperature.

0 ps 0 ps 0 ps 0 ps

e

e a3 oo &

10 ps 10 ps 10 ps 10 ps

(2) (b) (c) (d)

Figure 3.4 Ab initio MD snapshots of the-SsN2 supercell structures exposed to the high pressure
(a) oxygen gas, (byatervapour, (c) nitrogen gas and (d) hydrogen gas at temperatur&dd =
K.

The quasiparticle and DFBand structureand density of states of the 2BSsN2 crystal
are shown inFigure 3.5. Calculations carried out usif@W methodshowed that thé}SsNo
structure is a semiconductor with a wide, direct band ga@a&£¥. (calculatons carried out using
PBEfunctionalwould underestimate the band gap by 1.90 &kis is a welsought characteristic
since most 2D semiconductors reported thus far exhibit band gaps that are smaller than 2 eV. Both
the valence band maximum (VBM) and the conduction band minimum (CBM) are composed of

mainly the orbitals of sulfur atoms, as showirigure3.5. We also computed the effective mass
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of the electrons and holes (showrFigure3.5) for theUSsN2st ruct ur e at t he |

1-X  and 1Y Hirections. The effective electron masses were found tod be

T a AT & p8t Y , wherea is the freeelectron mass. The effective hole wes
were obtained to b@ - ™ @ Al & p8t Ta 8The effective mass of carriers along
t héX jdirection i s | i gWhdrection shdwang an tarhsattopicdransepory t h e

property. Contrary to the common scenario where the effective mass of hole is greater than electron,
the hole effective mass in the presei@N2 crystal is lighter than its electron counterphrshort,

2D U-SsN:2 crystal hasa small hole effective mass.

NN

— Total

Energy (eV)

0 5 10 15
DOS

Figure 3.5 Calculated band structure (left) obtained with the PBE functional (blue lines) and the
GW method (red dash lines) for theSsN2 solid. The DOS (right) is obtained with the PBE
functional. The effective mass ofX ednrd-trioens| a

directions are indicated by black arrows
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The optical absorptiospectra for thé}SsN- crystal for the incidet light polarized along
the [100] and [010] directiorare presented iRigure3.6. Anisotropic optical responses 3sN2
is observed. A huge excrnidinding energ¥sn= 1.19 eV clearly shows that the optical spectra of
U-SsN:2 is largely affected by the excitonic effects. The optical band gap d#8sBl> crystalis

2.73 eV.
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Figure 3.6 GoWo +BSE absorption spectra for théSsN2 crystal for the incident light polarized
along the [100] and [010] directions. The black vertical dashed line marks electronic band gap
calculated at the level @oWo.

As a 2D material with a wide, direct band gap, combined wétin@l hole effective mass
the U-SsN2 crystal may be an ideal candidate for optoelectronic applications such agalita
light-emitting diodes and semiconductor lasers. Furthermore, tliegagmnofJ-SsN2 structure can
betunedby stackirgy into multilayerJ-SsN2 crystals, cutting int@}SsN2 nanoribbon®r rolling up

to form U-SsN2 nanotubes, expanding its potential applications.
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3.4 Concluding remarks

In conclusion, we predicted a néwo-dimensional N2 crystalwith distinctive structures
and outstanding properties. Band structures calculated thei@®yV methodndicate that 2D N>
crystalis a wide, direct bardap (3.92 eV) semiconductor withsmall hole effective masshe
anisaropic optical response of 2D:l% crystalwas revealed by GVWBSE calculationsThese
fascinating properties could pave the way for its optoelectronic applications such as blue or ultra

violet light-emitting diodes (LEDs) and photodetectors.
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Chapter 4  Predicting a Two-dimensional BSs

Monolayer: A Global Minimum Structure

4.1 Introduction

Grapheng? the first twedimensional (2D) material discovered in experiments, has paved
the way for the synthesis of many other 2D materiatduding the2D insulator boron nitride
(BN),?628 graphendike group IV 2D materials i.e. ®mimetallic silicene, germanene, and
staning'*¥1202D transitionmetal dichalcogenidg€® *2°such as mlybdenum disulfid&2°*°and
tungsten disulfidé?® and recently, 2D phosphorus, i.e. phosphofémdiich holds great promise
for applications in electronics and optoelectronics

Owing to the reduced dimensionality and symmetry, 2D nadgéenave unique electronic,
optical and mechanical properties that differ fromtheir bulk counterpart$?”1?8 offering
possibilities fornumerous advanced applications. l®tance transistors madef single layer
MoS: present roortemperature current on/off ratios of®£9 Two-dimensional materialalso
providenew opportunities for fundamental studies of unique physical and chemical phenomena in
2D systems3%131More interestingly, stacking different 2D crystals ihi@erostructureqoften
referrwvantodermasWaal sd) has recent | phefomenamand i nv e s
novel properties*

Over the past decade, a number of experimental methods have beenatktelmoduce
monolayer nanosheets by exfoliating layered materials with oxidation, ion intercalation/exchange,
or surface passivatidnduced by solvent§1>°Theoretical approach is perhaps more effitte
search new twalimensional materials, including evdlutary crystal structure searéh*3*¢7and

paticle swarm optimization (PSGY For example, Liet al!®! discovered a novel 2D B&
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monolayer, with each carbon atom binding to six Be atoms to fauastplanar hexacoordate
carbonmoiety. n Chapter 3we proposeda novel lightemitting 2D crystal with a wide direct
band gap, namelysN2 monolayer, by using the evolutionary crystal structure search médthed.
amazing properties of tH&N2 2D crystal inspired us to ekge the possibility of other group-V
VI 2D crystals.

In thischapterbased on the evolutionary algorithm driven structural search, we proposed
a newP:Ss 2D crystal that is dynamically, thermally and chemically stable as confirmed by the
computed phonospectrum and ab initio molecular dynamics simulatiéqisasiparticle band
structure calculations showed ttiaé P-Ss monolayeris a semiconductor with wide band gap of
4.55eV. The electronic properties 0b® structure can be modulated by stacking into multilayer
P2Ss structures, forming #s nanoribbons or rolling into43 nanotubes, expanding its potential

applications for the emerging field of 2D electronics.

4.2 Computational methods

The ground state structuofthreePSs polymorphs(U-P2Ss (Figure4.1(a)),b-P2Ss (Figure
4.1(b)) andb-P-Ss (Figure4.1(c))) wereobtained using the evolutionary algorithm driwtuctural
search code USPEX?13367The three P.S polymorphswere further geometry optimizetly
density functional calculations with PerdeBurke Ernzerhof (PBE} exchangecorrelation
functional using the Cambridge series of taaergy package (CASTEP)®3 A planewave
cutoff energy of 700 eV wassed, andMlonkhorstPack® mesteswith 0.02 A k-point spacing
wereadopted, which me¢he convergenceriteria. To calculate the binding energy of bilayer
P.Ss, the empirical dispersion correctisthemes proposed by Grimme (B¥2yvas used in
combination with PBE functional to properly describe the van der Waals (vdW) interactions
betweerl}P.Ss layers.Since the band gaps may be dramatically underestimated GyaReDF T
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level,13>135the quasiparticle GW calculatid®’ was conducted to obtain the band structure using
YAMBO softwarepackage The Green function and Coulomb screening were constructed based
on the PBE results frorQuantum Espressd*, and the plasmepole model was employed for
computing the screeninglhe GWo approximation wasadopted in carrying out the GW
approximation, since it gives accurate results for many materials withelgctron$®. All
structure optimizations were conducted without isnmgosedsymmetry constraints. The conjugate
gradient method (CG) was used to optimize the atomic positions until the change in total energy
was less than 5 xt®eV/atom,maximum stress within 0.01 GRad the maximum displacement

of atoms was less than 36> A.
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Figure 4.1 2D crystalline structussof U-P2Ss (@), b-P2Ss (b) ando-P2Ssz (c). The Brillouin zone of
each polymorph, with the relevant higimmetryk-points indicated, is depicted in the inBgtrre.

Bonding is depicted by an isosurface of the electron density.

4.3 Results and dscussion

Figure4.1 shows he fully relaxed”.Ss polymorphs Regardhg these?.Ss polymorphs, P
and Sare covalently connected in termsiof bonds (bonding isoftidepi ct e
electron density)For U-P2Ss (space group Pmn21e unit cell §eeFigure4.1(a)) consists ofen
atoms with lattice constangs= 4.71A, b= 10.62A, P-S bonds with bond lengtits = 2.14A, d>
= 2.12A, ds= 2.15A, and bond angledi = 103.§ d2= 105.7¢ dzs= 96.2 da= 94.4°and ds =
107.£. The unit cell ob-P:Ss (space group Cmm2)nsists ofive atoms with lattice constants
a1 = a2= 5.35A, the angle between unit veciarandaz, 0 208.8° P-S bonds with bond lengths
ch=2.14A, d2=2.15 A and bondnglesth = 93.0 o= 111.4° dz= 132.4°%and dz = 94.1° (see
Figure4.1(b)). The unit cell ofo-P.Ss (space grou31n) is comprisedf five atoms with lattice
constantsu = a2= 592 A, P-S bonds with bontengthdi= 2.16 A, and bond angledi = 95.1°
anddz = 104.9°(seeFigure4.1(c)). For these polymorphshe Brillouin zons with the relevant
high-symmetry kpoints ardllustratedin the inset irFigure4.1. Thecohesive energies &fP-Ss,
b-P.Ss ando-P.Ssare-3.64 eV,-3.59 eV and3.60 eV, respectively. Thus the most energetically
favorable polymorph i§+P:Ss.

Further, we perform other calculations to assure these polymorphs are stable in the local
minimum and can remain stable above the room temperature, despite the aforementioned results
that indicate the stability of these free stand®®s polymorphs by strcture optimizations using
CG method, First, Yo conducting phonon dispersion calculation of the -fading P-Ss
polymorphs we verified that all phonon frequencies U-P-Ss are real Figure 4.2(a)), which
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confirms the dynamic stability of this structurdowever,b-P.Ss anda-P.Ss are not dynamically
stable, since they have imaginary phonon frequenEigsife4.2(b-c)). Thus, the following will
be focused on the properties of the dynamically stateSs.

6

(8} 4

Frequency (THz)
(]

Figure 4.2 The phonon dispersion relationsP.Ss (a), b-P2Ss (b) ando-P2Ss (c).

ForUP:Ss, t he ent hallbtfpmtbeelements mati on o
UP:Ss=2 P (s) + 3S(s) (4.2)
calculated by CASTEP at T=0 K4%4.2 kcal/molThe enthalpies of formation tfie mosttable
phase of P (black phosphorus) andJSlfur) are used in this calculatiohihis means}P:Ss is
an energetically favorable composition relative to phosphorus and sulfur in their solid states.
To evaluatehe stability of the structurat finite temperatureab initio molecular
dynamics KD) simulations (shown iffigure4.3) were performed at the PBESTH-DZVP#4

level in the NPT ensembigith the CP2K*° code. The simulations were run for 10 ps urider
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atmpressuravith temperaturd= 1000 K and no breaking of the bonds was foundjcating

the stability of-P2Ss structure holds at least above the room temperature

(2 ®
Jﬁ/gx/%w/ %“/K\(ka/
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Figure 4.3 Ab initio MD snapshots of th&-P.Ss supercell structures at temperature TO8A K
under ambient pressuattime t = 0 ps (a) and t = 10 ps (b).

To furtherverify thechemicalstability of the structuren air, ab initio MD simulations of
U-P.Ss crystalexposed tavery high pressurgases (@ Nz, H-O and H) at temperature T£000
K were conductedrigure4.4). In our MD simulations, the number density of gas molecules was
57.5x10% m3. Such a high gas pressure was also used to study oxidétipaphen&® and
phosphorené’with MD simulations. The pristing-P-Ss structurevas preserved under these very
high gas pressure for 10 gadure4.4), indicating its chemical stability in @t leastabove room

temperature.
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Figure 4.4 Ab initio MD snapshots of the-P.Ss supercell strucires exposed to the high pressure
oxygen gas (a), water vapour (b), hydrogen gas (c), and nitrogen gas (d) at temperatures T = 1000
K.

In Figure4.5, it shows he quasiparticle and DFband structureand density of states of
the 2DU-P>Ss crystal By using theGW method, the calculatiorshowed that the-P>Sg structure
is a semiconductawith a wide indirecband gapof 4.55eV (PBE functionalbased calculations
underestimate the band gap by 2.05 eV). Valence band maximum (VBM¥ composed of
mainly the orbitals of sulfur atomghile theconduction band minimum (CBM$ more or less

evenly contributed by the orbitals of phosphorus and sulfur afeeefigure4.5).

58



E — Total
@ P

9 S

&

5 10 15 20 25
DOS

Figure 4.5 Calculated band structure (left) obtained with the PBE functional (blue lines) and the
GW method (black dash lines) for thEP.Ss solid. The DOS (right) is obtained with the PBE

functional.

Our analysis demonstrates that not only siayer U-P.Ss, butalso bilayer and its 3D
phase constructed by the stackingP.Ss monolayers, were stable. The minimum energy
stacking for the bilayer and 3D phase are shown in inset figuFégune4.6. The binding energy
between layers was weak, 0.13 Z/mhich was predominantly vdW attraction energy. The DFT
band gaps were reduced by 0.14 eV by just stadRiBginto a bilayer. By stacking§.Ssinto 3D
P-Ss crystal, the DFT band gap was further reduced to 2.18 eV. In addition to stacking presented

here, it should be noted that the electronic properti®sSafcan be modulated by cuttingto P>Ss
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nanoribbons or rolling up to formz& nanotubespr by applyng strain field,expanding its
potential applications 2D electronics
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Figure 4.6 The electronic band structures of 1->Ss monolayer (a)l}P2Ss bilayer (b) and*
P-Ss 3D crystal, obtained with the PBE functional. Monolayer, bilayer and 3D crystal structures

of U-P.Ssare shown in inset figures.

4.4 Concluding remarks

In conclusion, we predictedreveltwo-dimensional trisulfur dinitrideReSs) crystalwith
the robust staility above roontemperature and under chemical environments thraibgimitio
simulations Band structures calculated usitng GW methodindicate that 20P-Ss crystalis a
semiconductor with a wide indireband gap o#.55eV. As the first2D crystalcomposed of

phosphorus and sulfur, tiReSs solid can also form stable bilayer, 3D layered solid and nanoribbon
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structures. These structures with tunable band structures shed light on the applicatibas for

emerging field of 2D electronics.
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Chapter5 The Catalytic Effect of H>O on the Hydrolysis
of COs? in Hydrated Clustersand Its Implication to the

Humidity -driven CO2 Air Capture

5.1 Introduction

The ability of an Ainerto solvent to affec
reaction has been known for over 150 yeé&tsConsiderable efforts have been devoted to
understand the role of solvents in bulk soluti&ti$>® Recently, the solvent &fét in nanometer
sized clusters or in nanoscale confinement has attracted increasing fafeféstue to its
ubiquity and importance in varies biologicahdachemical processé¥ %4 Unlike the ion
hydration in the bulk solution, the high ratio of ions to water molecules in nanoscalescarste
cavities could render the hydration shells incomplete. The hydrolysis of ions with these incomplete
hydration shells could be significantly different from that in bulk water.

On the other hand, the development of efficient absorbents that canseasih between
absorption and desorption, has been of paramount importance for many processes. For example,
direct air capture of COrepresents a promising carbon negative technology, and the major
challenge of developing an efficient absorbent is pot to absorb Ce) but how to release it with
very low energy cost. This essentially requires a reversible chemical reaction that can be triggered
by a simple environmental variable. Lackner et aliscovered that an anionic exchange resin
(IER) washed by ahonate solution can efficiently capture £@m ambient air when it is dry,
while release C&when it is wet, as shown Figure5.1. A better understanding of the hydrolysis
of CQs* in hydrated clusters is of great importance for understanding ofssnokiel humidity

swing reaction with very low energy cost.
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Figure 5.1 Humidity driven CQ absorption/desorption on IER. Emggyesh state: dry sorbent
with only a few water molecules neighboring each carbonate ion. EHbrgtgtate: OHion and
HCOs ion are formed by the hydrolysis of G0in the dry condition. FWDry state: the full
loadedsorbent in the dry condition. Ofbrmation and chemical absorption of £&qs.5.1-5.2)
represent the absorption process. ERWit state: C@regeneration in the wet condition (Eg3),

which represents the physical desorption 0 CO

The absorptionocess (Eq$.1-5.2, dry) and desorption process (B@, wet) are:

#/ E( 1w (#1 1 ( & p(/ (5.1)
I ( #/1w (#/ (5.2)
c(#/lw #1 (1 #1 (53)

Our recent atomistic stuéi?*®®showed that the free energy of €ydrolysis (Eq5.1)
is negative when the number of participating water molecunjés smaller than about 10. That is,
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the chemical reaction shifts to thehidhand side (which is against the mass action law) when only
a few water molecules surround each carbonate ion, rendering the material ready: for CO
absorption through E&.2. With a large number of water molecules presentingbEcswings to

the lefthand side like that in a bulk environment. When the fully loaded absorbent (aftérl=qgs.

5.2) is subsequently placed in a wet environment,583jreleases C£in gas phase, completing

the absorptiordesorption cycle and direct air capture of carbonidex

While the thermodynamic characteristics of this sorbent have been investfjatéthe
kinetic counterpart still remains to be clarified for such a humgliting process. The kinetic
information of a chemicak@action (e.g. activation free energy) is particularly important, since only
chemical reactions with low activation free energy are able to proceed at a reasonable rate.
Therefore, the activation free energy of the hydrolysis 0f°G@® hydrated clustersfalifferent
sizes needs to be investigated using quantum chemical calculations.

In this chapter the reaction pathways of the hydrolysis of £@vith n = 1-8 water
molecules (Eg5.1) are investigated theoretically. We elucidate how water molecules atedul
the reaction pathways of GO hydrolysis and its underlying mechanism. It is found that the
activation free energy of the GOhydrolysis reaction varies with the number of water molecules,
which was qualitatively validated by experiments. In addjtitaneconfinement is perhaps not a
necessity for the humidity driven G@ir capturelt was shown that chemical kinetics is not a
speed limiting factor in C&air capture driven by the humidigwing. Instead, the powdffusion
of ions is expected to be the tidmiting step. The effect of humidity on the speed of -G
capture was investigated by performingZ&Dsorption experiment using IER with a highio of
COs* to H20O molecules. Our theoretical and experimental results will pave the way for designing

efficient CQ air capture sorbents.
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5.2 Computational methods

Globalminimum structural searches for stable reactants and products for the reaction in
Eq.5.1 were carried out using the Minima Hopping algorithffimplemented in CP2K® at the
PBE-D3/DZVP levelt4144.1885 hsequently, the stable reactants and products were fully optimized
at the B3LYP /6311+G(2d,2p) levé?®®wi t h D3 version of Gri mmeo6s
BeckeJohnson dampintf? using the Gaussian 09 packaffeGeometries of all transition states
and intermediates were fully optimized at the same level. To account for the effects of the aqueous
environment, the activation free energy and reaction free enebgykinvater are calculated with
8 explicit HO molecules in a water dielectric using the SMD continuum solvation niddede
reaction free energy in bulk water calculated is 4.0 kcal/mol, which agrees well with the
experimental value (5.0 kcal/mol) the ambient conditiok? Frequency calculations have been
carried out to check for the nature of the various stationary points and transition states, which were
also used for the computation of zgroint, thermal and entropy contributions tedrenergy at
298 K. The correlation between the stable structures and the transition states is further verified by

the intrinsic reaction coordinate calculations.
5.3 Resultsand discussion

5.3.1 Hydrolysis reaction with n = 1-5

Herein, the hydrolysis of C€ with different number of water molecules < 1-5 in Eq,
5.1) are comparedrhe optimized structures and the corresponding relative free energy profiles of
reaction pathways are presented-igure5.2(a) and inFigure 5.2(b), respectively. In order to

badance the charge of carbonate anion, two mobile sodium cations are introduced into the system.
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Note that only the most promising reaction pathways (with lowest activation free energy) are
presented, due to the increasing number of possible reaction pathsmaypcreases.

For the reaction with only 1 water molecule, the reaction followgoestage route to the
product: (1) the ED molecule migrates to a position where the proton transfer to the neighbor
oxygen atom is energetically favorable, forming itermediates denoted ad4. (2) followed
by the proton transfer through the transition statel T&the product A.

For the reaction with-3 H.O molecules, a threstep route to the product is likely. The
first step is the same with the reactiothwi HO molecule. However, through the transition states
(TS2, TS3, TS4 and TS5), the proton transfer reactions leads to intermediat@s, (F3b, F4b
and I5b), followed by the migration of ions and® molecules to form the final product. One
notes that the migrations of 2 molecules and ions proceed with little or no barrier, due to the

absence of chemical reaction.
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Figure 5.2 (a) Reactants, intermediates, products and transition states foattenen Eq. 5.1

(n =1-5). (b) Relative free energy profiles (in kcal/mol) for the hydration of?Gth 1-5 water
molecules. For transition states and intermediate states, the sodium ions, carbonate ions,
bicarbonate ions, hydroxyl ions and the water molecules directly involved in reaction are
visualized with the balandstick model, while the waterofecules do not directly take part in the
reaction are visualized with the tube model. For reactants and products, all species are visualized

with the baltandstick model. The same visualization protocol is adopted in Figdre

The activation free eneyglecreases asgrows from 1 to 5, as shown kgure5.3. The
reaction free energy increases by 2.5 kcal/mal giows from 1 to 2. However, the reaction free

energy remains more or less the same rases from 2 to 5.
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Figure 5.3 The activation free energy (in black) of Eq. 5.1 as a function of the numbeCof H
molecules; the reaction free energy (in red) of Eq. 5.1 as a function of the numb@rrablecules.
The activation free energy and reantivee energy in bulk water are calculated with 8 explicit

H20 molecules using the SMD continuum solvation mddel.

5.3.2 Hydrolysis reaction with n = 6-8

Here, we consider the hydrolysis of €Qwith n = 6-8 water molecules for comparison.
The optimized structures of species involved in the hydrolysis reactions and the corresponding
relative free energy profiles of reaction pathways are showigure5.4(a) and inFigure5.4(b),

respectively.
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Figure 5.4 (a) Reactants, intermediates, products and transition states for the reaction in Eq. 5.1
(n = 68). (b) Relative free energy profiles (in kcal/mol) for the hydration of?G@th 6-8 water

molecules.

For n = 1-5 water molecules, all the reactants follow a stepwise pathway to the transition
state through the intermediatesld, }2a, F3a, F4a and 15a). However, for the reactions with 6
8 H20 molecules, the reactants-@RR-7 and R8) undergo a prototransfer directly leading to
the transition state, with overall lower activation free energy, as showigure5.3.

For the reactions with= 6 andn = 7, the single proton transfer occurs, i.e. only one water
molecule is involved in the proton trdesreaction. While fon = 5 andn = 8, the water mediated
double proton transfer is observed. Counterintuitively, the single proton transferssnétanadn
= 7 have a much lower activation free energy than the wateiated proton transfers with= 5
andn = 8, since watemediated proton transfer is known to lower the energy barrier of proton

transfer reaction§317°
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5.3.3 Comparison with the hydrolysis reaction in the bulk waer (n >> 1)

Without losing generality, the activation free energy and reaction free energy in bulk water
(n >> 1) are calculated with 8 explicitzB molecules in a water dielectric using the SMD
continuum solvation modéllas shown ifFigure5.3. Meanwhile, the reaction free energy in bulk
water is deduced as 4.0 kcal/mol, a good agreement with the experimental value (5.0 kcal/mol) at
the ambient conditio®. The activation free energy in bulk water is slightly higher than the barrier

in reaction with 8 water molecules.

5.3.4 The driving force of the change in activation free energy.

To understand the driving force of the change in activation free energy with different
number of water molecules, we decompose the activation free energy ird{perndgimd entropic
components, as shownhigure5.5a). Clearly, the change of activation free energy is dominated
by the change in its enthalpic component, which is discussed in detail in the following. The binding
enthalpy of adding oneJd to reactars, transition states and products of the reactionsnwititer
molecules can be calculated byO O O ‘'O , shown inFigure5.5b). Forn = 1-

5, the binding enthalpy of an extra®ito transition states are generally lower than thegaftants.

That is, water molecules adding to the system tend to stabilize the transition state structure more
than the reactants, resulting in the drop of activation free barriar=fbi6. Forn = 7, the binding
enthalpy of an extra # to transition &te is much higher than that of reactant, which means that
the extra HO molecule tends to stabilize the reactant more than it does to the transition state. As

a result, the activation barrier increases abruptly@®ws from 7 to 8.
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Figure 5.5 (a) The enthalpic (in red) and entropic (in purple) components of the activation free
energy of Eq. 5.1 as a function of the number & kholecules. (b) Binding enthalpy of adding
one RO to reactants fi black), transition states (in red) and products (in purple) of the reactions

with n water molecules.

5.3.5 Implication to the humidity driven CO ; air capture.

The binding enthalpy of adding one®ito reactants generally increases as the cluster size
increags, as shown ikigure5.5b). That is, water molecules bind more firmly with smaller ion
clusters. As a result, for two different scenarios of the adsorptios®bH CQ? anchored on the
surface of a porous material at low humidifyigure 5.6), the uiformly adsorption case is
enthalpically favorable. Obviously, the uniformly adsorption case is entropically favored as well.
Hence the water molecules tend to be more or less uniformly clustered arogfhidi@Canchored
on the surface of a material atd humidityT although such a reaction system is nanonsizd,
it does not require narwonfinement. In these nanomesirzed hydrated clusters, the €0
hydrolysis reactions are able to spontaneously generateothat are ready to capture £0
from air at room temperature at low humidity. The employment of a nanoporous material helps to

maximize the surface area (and hence the anchored @Dsity) for higher efficiency air capture
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of COz (as long as the carbonate ions are anchored unifandyfirmly), but the confinement
from nanopores may not be a required condition for the hursdityg hydrolysis reaction,

contrary to the former propos&iand could extend practical applications.
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Figure 5.6 Two different scenarios of the adsorption afdHon CQ? anchored on the surface of

a porous material at low humidity.

Despite the strong catalytic effect of water in basic hydrolysis af @@stheoretically
uncovered, the overall small activation free energies (less than 11 kcal/mol) indicate that the
chemtal kinetics is not likely to constrain the speed of.@® capture driven by the humidity
swing at room temperature. Instead, the mbfieision should be the timkmiting step in the
humidity driven CQair capture. In practice, the diffusivity of ions in the ion exchange resin (IER)
is related to the humidity. To study the effect of humidity on the speed p&iCCapture using
IER, we performed a C&absorption experiment using IER which has a higjo af CQ:? to H.0

molecules.
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An experimental devié’E(Figure 5.7(a)with humidity control was set up to determine the
COz kinetic properties under different humidity conditions. The weight of IER was measured at
each humidity condition. The weight changf the sample accounts for the amount of water
molecules adsorbed on the surface of the sample. Then the overall rati® ¢b K€Q* was
calculated by the weight change. With the known ratio@ b CQ?, the time to absorb 10 ppm
COz was recordednder each humidity conditions (sEgure5.7(b)). The minimum absorption

time was observed when the ratio afHo CQ?% is about 3:1 to 4:1.

2 3 4 5 6 7 8
Ratio of H,0/CO3"

(b)

Figure 5.7 (a) Schematic of experimentaédice (b) The timeto absorb 10 ppm C(as a
function of the ratio of kD to CQ?.

AThe total amount of carbon dioxide on the sample and in the gas volume is constant. We cha &lsérption

and desorption of carbon dioxide by measuring the carbon dioxide content of the gas. The device can control the water
vapor level in the closed gas circulation system. We can determine and characterize the process of CO
absorption/desorptioby sorbent in the test sample chamber. In the sample chamber, ion exchange resin beads were
trapped by two metallic meshes with a wigtied grid, preventing the beads in between the meshes from moving. All
beads can be considered as independent wheveairthrough. The partial pressure aflHand CQ in the device

can be continuously measured by an infrared gas analyzer (IRGZQR), L840).
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Two factors may contribute to this phenomenon. (i) &m@untof producedOH" reduces
rapidlywhen the ratio of kD to CQ? is higher than 6, which has been provedigreaction free
enegy change shown iRig. 3 ThelER takes a longer time to absorb 10 PPM ot G€cause of
the presence of less Obh the solid surface. CG@pends more timm spreadhg to the inside of
the IER to react with OHo produceHCQOs". The amount of OHs the determining factor of the
absorption timavhen the ratio of D to CQ? is relatively large(ii) When the ratio oH20 to
COs% is less than 3the diffusionratesof ion speciesfiCOs , CQs%, OH, H20,) are lower than
those ofH20 to CQ? is 3 or more than 3The reduction in the number of water molecules will
reduce the rate of ion diffusion and the lower ion diffusion rate may lead to a lowab&@ption
rate?? The IER needs a longer time to absorb 10 PPM of B&zause the diffusion rate of ions is
the determining factowvhen the ratio of kD to CQ? is relatively small.

Our result is able to provide valuahlesights to designing efficient CCair-capture
sorbents for applications in environment with different humidity (e.g. designing @a@hored
nanoporous materials that facilitate the formation of incomplete hydration shellk&6v@@in a
specific range of humidity that corresponds to, rougBt§;4:1 ratio of water molecules vs.

carbonate ion in practice).

5.4 Concluding remarks

The reaction free energy determines the equilibrium point of a chemical reaction, while the
activation fee energy determines the reaction kineticsn Axreases, the activation free energy
of COs* hydrolysis firstly monotonically decreases from 10.4 kcal/mot (1) to the minimum
value 2.4 kcal/molr{= 6 andn = 7), then increases again to 7.4 kcal/fmob> 1), as shown in
Figure5.3. The incomplete hydration shells involved in reactions withé andn = 7 render the
COs? hydrolysis kinetically favorable. Note that the reaction free energies in reactionswith
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8 water molecules are actually nége, indicating that the incomplete hydration shells also render
the CQ? hydrolysis (Eq5.1) thermodynamically favorable.

We showed that chemical kinetics is not likely to constrain the speed 0ai€Capture
driven by the humidityswing at room teiperature. Instead, the peddfusion should be the time
limiting step in the humidity driven CQair capture. C@absorption experiment using IER with a
high ratio of CG* to H20 molecules was conducted to study the effect of humidity on the speed
of CQO; air capture. Our result is able to provide valuable insights to designing efficierdil€O
capture sorbents. In addition, the catalytic effect of water molecules is not limited to the hydrolysis
of COs> with incomplete hydration shells. It is expectedttincomplete hydration shells will have
similar effects on the hydrolysis of different types of salts: as remarked in recently in the
thermodynamics study our wdfR the hydrolysis reactions of several other basic salts are also
affected by humidity, and their kinetics may also be studied using the framework proposed in this

paper to optimize the design of efficient absorbents.
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Chapter 6  Selfassembled Nanocapsules in Water: A

Molecular Mechanism Study

6.1 Introduction

Micro- and nanescale capsules are of great interest due to their potential applications in
many fields, including drug delivery, adsorbents, negaxctors, to namefaw. The polymetbased
nanocapsules has been extensively studied for drug delivery in the pharmaceutitdl*fiekhe
protective coating in these nanocapsules is usually pyrophoric and easily oxidized, to release the
therapeutic substance confined indfdeSubstances confined within nanoscale space may exhibit
unique physical and chemical properties. Giovambattista'®tsalided the nanoconfinement
induced phase transitions in liquid water. Shi éPahvestigated the unconventional reversible
chemical reaction driven by nanoconfined ion hydration. The nanoconfined space and pressure
provided by a nanocapsule enable its potential application asreactor.

Carbon nanotubes (CNTs) are cylindrical forms of graphene layers with either open or
close end$®3184Their outstanding electrical and thermal conductivity, and superior stramgth
density and stiffnest-density ratios have stimulated increasing interés$t$°® Nanacapsules
selfassembled by CNTs can be ideal vehicles for drug delivery, since CNTs ae non
immunogeni& and can be functionalizét-?

Herein, we study the selassembly of onendopen CNTs into nanocapsules in water,
showing that two onendopen CNTs with different diameters, can coaxiadlif-assemble into a
nanocapsule that is stable in water under ambient conditions. The effect of the normalized radius
difference, normalized intdube distance, aspect ratio of the CNT pairs are systematically studied.

The effect of electric field on thetructure of nanocapsules is investigated waitlinitio molecular
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dynamics (AIMD) simulations, showing that nanocapsules can be disassembled by applying an
external electric field. This discovery not only reveals a simple yet robust nanocapsule self
asserbly mechanism, but also sheds light on the potential applications in drug delivery, nano

reactors, etc.

6.2 Model and method

Molecular dynamics (MD) calculations were performed usheggLAMMPS code® for
the sdf-assembly of onendopen CNTs into nanocapsules in an orthorhombic water box under
ambient temperature (T = 300 K) and pressure (P = 1 bar). The straight perooleendopen
CNT was described by Morse bonds, harmonic valence angles, harmonic torsion angles and
LennardJones (LJ) 126 pair interactions?® The cap of the orendopen CNT was fixed rigid,
since its deformation during the sal$sembly process was negligible. Water molecules were
modeled by the TIP3Bw model®! and the long range electrostatic interactions were calculated
using the PPPM algorithi{? Following Hummer et at?3 the interactions between CNTs and
water molecules were described by-d potential between oxygen and carbon. The equation
motion was solved with a velocity Verlet algorithm, using a time step of 1.0 fs, which led to stable
dynamics trajectories.

A pair of oneendopen CNTs were initially coaxially aligned (constrained) with their
openend facing each other (s€&gure6.1). The initial constrained distance between the open
ends of two CNTs was 2 A. The systevith constrained CNTs in water was first equilibrated at
300K and 1 atmospheric pressure with the NPT (constant number of particles, constant pressure
and constantemperature) ensemble for 500 ps. Constraints on CNTs were removed after the

equilibration step such that they were free to move during thassdimbly process.
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Figure 6.1 Snapshots of the sedissembly process tifie nanocapsule from orendopen (8,8)

and (13,13) CNTs. In A, B, C, D and E, nanocapsules are sliced in half to show the water molecules
inside. The rigid caps (A, B, C, D, E) are marked in cyan, and the straggbihs described by the
Morse bond model are marked in green. While in a, b, ¢, d and-endrmpen CNTs are marked

in grey and water molecules are not displayed for clarity.

To study the effect of electric field on the structure of nanocapsalesitio molecular
dynamics simulationsc{. Figure 6.8) were performed at the PBEGTH-DZVP** level in the
NVT (congant number of particles, constant volume and constant temperature) ensemble of the
CP2K“® code.The empirical dispersion correction schemes proposed by Grimmé’{Ra)s
used in combin#on with PBE functional to account for the van der Waals interactiohs.

external electric field was applied along the axis of nanocapsule. Water solvent outside the
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nanocapsule was not consideredlninitio molecular dynamics simulations, due tonegligible

effect on the electric field response of the nanocapsule.

6.3 Results and dscussions

The selfassembly process of the nanocapsule byemtkopen (8, 8) and (13, 13) CNTs
is shown inFigure6.1. After the equilibration step mentioned in section 2, the CNTs were fully
solvated (sed-igure 6.1(A)). Once the constraints on CNTs were removed, the smaller tube
gradually found its way into the larger tube, forming a stable nanocapsule. Tasssatily
process was roughly comprised of 3 steps: (1) Two tubes came close to each other, due to inter
tube vdW attractionsHigure 6.1(ab)). (2) Excessive water molecules were discharged through
the opening formed by the rotation of tub&sgy(re 6.1(b-d)). (3) Two tubes became coaxially
aligned and the smaller tube was partially inserted into the larger count&igare6.1(d-e)). In
Figure6.2, it shows the centaf-mass (COM) distance and the vdW interaction energy between
two CNTs as a function of tien The three steps of sel§sembly process can be clearly identified
in Figure6.2: (1) the COM distance between two CNTs decreased rapidly in the first 15 ps; (2)
the COM distance between two CNTs remained more or less the same during the secoryd step; (3
the huge reduction of the COM distance between two CNTs indicates the quick insertion process.
The magnitude of intetube vdW interaction energy increased as the -totee COM distance
decreased, confirming that the vdW interaction is the driving fofcthe nanocapsule self

assembly.
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Figure 6.2 The centeiof-mass distance (in black) and the interaction energy (in red) between one
endopen (8,8) and (13,13) nanotubes as a function of time. Theayswde is formed at around
400 ps.

6.3.1 Effect of normalized radius differenceqiR/rm

The selfassembly process is expected to be strongly dependent on thielli@espacing
in the radial direction, since the driving force of the-sskembly is the intdube vdW interaction.
The intertube spacing is characterized by normalized radius difference, denat&dias where
3'Yis the difference of the radius of the two CNiTs;is the distance at which the carbcarbon
L-J potential reaches its minimuin (= 3.81 A)). The nanocapsule selésembly processes with
different3"Yfi are shown irFigure 6.3, which can be divided into three categories: (1) When
3'Yfi was close to 1XYfi = 0.89, 0.92 and 1.06), nanocapsules were successfully assembled
(2) Whenz'Yfi was relatively largexYfi = 1.24), a nanocapsule with less solvent trapped
inside was assembled. The solvent escaped from the tubes during-tssegibly process due to
large intertube spacing. (3) WhesiYfi  was fairly large(zYfi p& ¢ ortoo small§Yh
X P, the CNTSs failed to form nanocapsules. &offi p8& ¢the selfassembly failed due to
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weak intertube attraction. Fa-Yfi & psmall intertube spacing rendered the nanocapsule

sel-assembly energetidly unfavorable.
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Figure 6.3 Time evolution of the nanocapsule saffsembly by onrendopen CNT pairs with

different normalized radius differencesR/rm).
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Fora'Yii T80 @ands- Y @) onanocapsules were selésembled by zigzag and
armchair CNT pairs, respectively. Nanocapsules with similar structures werassethbled
following the aforementioned-&ep route, indicating that the effect of chirality on the assembly

process is negligle.

6.3.2 Effect of normalized inter-tube distanceD/rm

Similarly, the initial intertube distance is expected to strongly affect theasd&émbly of
nanocapsules. The normalized iAtigbe distance is defined &1 , whereOis the initial axial
distance of the opetends of CNTs. The time evolution of nanocapsuleastembly by onend
open (8, 8) and (13, 13) CNTs with differéi are shown irFigure6.4. When the intetube
distance was relatively smalDfi P& P, nanocapsules were successfully-ssembled, due
to the relatively strong inteube vdW attractionsThe selfassembly failed when the intarbe

distance is largedfi p® P, due to weak intetube vdW attraction.

82



1.83

-y
a1
~

1.31

1.05

0.79

Normalized inter-tube distance D/r,,

0.52

100 350
Time (ps)

Figure 6.4 Time evolution of the nanocapsule safsembly by onrendopen CNT pairs3R/rm

= 1.06) with varying normalized intetube distancefD/rm).

6.3.3 Effect of temperature

Figure6.5 shows the nanocapsule saisembly map as bo@¥i and3'Yfi are varied.
The cases when the nanocapsule was assembled or not at 300 K and 350 K are separated by the
solid red line and the dashed red line, respectively. The effect of temperature on the nanocapsule

self-assembly can be evaluated hg temperaturenduced shift of the parameter space boundary
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that distinguishes the successful ssd6embly and failed ones. The dividing line shifts left as
temperature rises, indicating that the nanocapsulasstfimbly was not favored at relativelgtni

temperature, due to the strong thermal fluctuations.

Figure 6.5 The nanocapsule sedssembly map as both normalized ifttdve distancely/rm)

and normalized radius difference R/rm) are variedSnapshots of systems at time t=500 ps are

shown. The cases when the nanocapsule is assembled or not at 300 K are separated by the solid
red line. The scenarios when the nanocapsule is assembled or not at 350 K are separated by the
dashed red line (the sgshs at 350 K are not shown).

6.3.4 Effect of aspect ratiol/d

The role of aspect ratio of CNT pairs is investigated by comparing thasssmbly of

nanocapsules by orendopen (8, 8) and (13, 13) CNTs with differ@i€y wheretis the total
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