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"Not explaining science seems to me perverse. When
you're in love, you want to tell the world"
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Abstract

In the context of the climate crisis due to human activities and the rapid increase of
greenhouse gas emissions, renewable energy sources, such as solar and wind power
systems, are promising solutions. Therefore, efficient technologies for storing elec-
tricity produced from these sources are essential. Among the various energy-storage
devices, the lithium-ion battery (LIB) has been a leading option since entering the
market in 1991. Nevertheless, it is crucial to develop rechargeable batteries beyond
LIBs to meet the world’s increasing demand for renewable energies. In this sense,
two-dimensional (2D) materials have emerged as excellent candidates for applica-
tions in batteries. Therefore, this thesis presents an ab-initio investigation on the
physical properties of 2D diamond-like functionalized nanosheets, performed in the
framework of density functional theory. Herein, we explored the physical properties
of diamond-like graphene nanosheets functionalized with nitrogen and boron atoms.
Moreover, we investigated the diamond-like silicene nanosheets surface-doped with
boron, nitrogen, aluminum, and phosphorus atoms. We predicted nanosheets with
interesting physical properties that could possibly be applied in alkali metal ion
batteries (AMIBs), van der Waals heterostructures, and ultraviolet light or ther-
moelectric devices. In particular, we studied and demonstrated the aluminum-
functionalized silicene nanosheet is a promising candidate for AMIBs anodes, mainly
for sodium and potassium ion batteries. This material remains stable up to about
600K and presents properties, such as surface diffusion barriers and specific capacity,

similar to commercial anode graphite.

Keywords: DFT; 2D materials; 2D diamond-like materials; Functionalization; Bat-

tery.






Resumo

No contexto da crise climéatica devido as atividades humanas e ao rapido aumento
das emissoes de gases de efeito estufa, as fontes de energia renovaveis, como os
sistemas de energia solar e edlica, sao solugoes promissoras. Portanto, tecnologias
eficientes para armazenamento da eletricidade produzida a partir dessas fontes sao
essenciais. Entre os varios dispositivos de armazenamento de energia, a bateria de
fons de litio (LIB) tem sido uma opgao lider, desde que entrou no mercado em 1991.
No entanto, é crucial desenvolver baterias recarregaveis além das LIBs para aten-
der a crescente demanda mundial por energias renovaveis. Nesse sentido, materiais
bidimensionais (2D) surgiram como excelentes candidatos para aplicagbes em ba-
terias. Portanto, esta tese apresenta uma investigacao ab-initio das propriedades
fisicas de nanofolhas do tipo diamante 2D funcionalizadas, realizada no ambito da
teoria do funcional da densidade. Aqui, exploramos as propriedades de nanofolhas
de grafeno do tipo diamante funcionalizadas com atomos de nitrogénio e boro. Além
disso, investigamos as nanofolhas de siliceno do tipo diamante dopadas com atomos
de boro, nitrogénio, aluminio e fésforo. Notavelmente, previmos nanofolhas com
propriedades fisicas interessantes e possiveis aplica¢oes em baterias de fons de metal
alcalino (AMIBs), heteroestruturas de van der Waals e dispositivos de luz UV ou ter-
moelétricos. Em particular, estudamos e demonstramos que a nanofolha de siliceno
funcionalizada com aluminio é uma promissora candidata para dnodos de AMIBs,
principalmente para baterias de ions de sédio e potassio. Este material mantém-se
estavel até cerca de 600K e apresenta propriedades, tais como barreiras de difusao

superficial e capacidade especifica, semelhantes ao grafite anddico comercial.

Palavras-chave: DFT; Materiais 2D; Materiais do tipo diamante 2D; Funcional-

izacao; Bateria.
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1. Introduction

I am among those who think that science
has great beauty.

Marie Curie

The scientific consensus is that human activities, such as deforestation, fossil fuel
use, agriculture, and industry, are the primary cause of climate change [1-3]|. Those
activities increase the concentration of greenhouse gases in the atmosphere, notably
CO, and CHy, causing adverse effects on Earth, including global temperature in-
creases, sea level rise, loss of sea ice, and melting glaciers [4]. Although there is
no simple solution to tackle climate change, one possibility is to invest in energy
transition toward renewable sources, such as solar and wind power systems. Nev-
ertheless, we must search for efficient technologies for energy storage, considering
those energies collected in the electrical form. In this regard, the most used energy
storage device is the lithium-ion battery (LIB) [5].

The LIBs have been integrated into portable electronic devices since they entered
the market in 1991 [6]. For the development of LIBs, John B. Goodenough, M.
Stanley Whittingham and Akira Yoshino were awarded the Nobel Prize in Chemistry
in 2019. In figure 1.1, we present the working principle of a commercial LIB in the
charged state, composed of two electrodes (anode and cathode), each connected to
an electric circuit and separated by an electrolyte, which transports Li-ions between
the electrodes [5]. In the charging process, the electrons move from the cathode to
the anode through the electric circuit. As a result, the Li-ions are transported from

the cathode to the anode through the electrolyte. Upon cycling, the electrodes’
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Chapter 1: Introduction

e (O] I —
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Figure 1.1: Lithium-ion battery schematic representation, composed by a graphite
negative electrode (anode) with a copper current collector, a layered transition metal
oxide positive electrode (cathode) with an aluminum current collector, and an or-
ganic liquid solvent with a lithium conducting salt, that is used as an electrolyte to
transport Li-ions between the electrodes. During the charging process, as shown in
the illustration, the Li-ions flow from the cathode to the anode, while the reversed
process is the discharging. Reproduced from reference [5].

volume changes (expand and contract), and the capacity and lifetime of batteries
decrease due to the reversible intercalation of ions [5,7].

Regardless, it is essential to investigate alternative materials for batteries in
order to meet the world’s increasing demand for renewable energies since lithium
is not an abundant chemical element on Earth and LIB presents slow charging and
degradation after only a few hundred cycles when applied to large-scale systems [7,8].
In this sense, sodium-ion (SIBs) and potassium-ion (KIBs) batteries, which present
working principles similar to LIBs, are potential alternatives since the sodium (Na)
and potassium (K) chemical elements are more abundant and less expensive than

Li [9,10]. The major challenge for the SIBs and KIBs, using graphite as anode

20



Chapter 1: Introduction

material, arises from the larger Na and K ions, as compared to Li, leading to higher
diffusion barriers, higher lattice strain, and irreversible structural degradation [5].
Additionally, graphite can rarely be used as an anode material in SIBs due to a
thermodynamic instability in intercalating Na-ions, and in KIBs the K-ion capacity
value of 279 mAh/g by forming KCyg is lower than the Li one of 372 mAh/g (LiCs) in
LIBs [8,10-12]. To improve the performance of alkali metal ion batteries (AMIBs),
two-dimensional (2D) materials have emerged as potential electrode candidates due
to their singular properties, such as high surface activity, large surface-to-volume
ratio, and elasticity [13-15].

2D materials have been widely investigated, for most diverse purposes, since the
identification and manipulation of exfoliated graphene [16]. Graphene, a single layer
of graphite, is the most popular two-dimensional material, which is a zero bandgap
semimetal with a honeycomb carbon structure and sp? hybridization. It exhibits re-
markable physical properties, such as high electrical conductivity, tensile strength,
and optical transparency. In particular, several other nanomaterials can be built
from graphene, such as fullerenes, nanotubes, graphite, and single-layer diamond
(2D diamond) [16-18]. Furthermore, the 2D materials can be functionalized with
several atoms and/or combined, serving as building blocks to produce 2D /3D sys-
tems [19-22]. Those systems are promising applications in several fields, including
quantum computing, tunneling transistors, light-emitting diodes, and energy storage
devices [7,23,24]. Considering developments in the synthesis and characterization
of 2D materials over the last few years, showing their exciting physical phenomena
and possible applications, it is of great interest to investigate and understand the
properties of functionalized 2D structures.

Regarding 2D materials for application in AMIBs, silicene has emerged as a
promising candidate. Silicene is a 2D hexagonal silicon monolayer similar to graphene,
with a honeycomb structure and Dirac cone at the high-symmetry K-point in the first
Brillouin zone [25-28]. The silicon atom is one of the most abundant on Earth, envi-
ronmentally friendly, and compatible with current microelectronics devices [29,30].

Moreover, single-layer silicene was theoretically investigated as an anode for LIBs
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and SIBs, presenting a capacity of 954 mAh/g, which is much larger than that of
graphite anode [31,32]. Nonetheless, the application of single-layer silicene is chal-
lenging since its synthesis requires a metal substrate. On the other hand, the free-
standing few-layer silicene nanosheets presented storage capacities of 721 mAh/g
and 180 mAh/g for LIBs and KIBs, respectively [33,34]. Additionally, to improve
the performance of AMIB electrodes, several strategies have been investigated, such
as chemical doping [35, 36].

Within the introduced context, in this work we present first-principles investi-
gations, performed within the density functional theory (DFT) framework, of the
physical properties of 2D diamond-like functionalized nanosheets and one poten-
tial application in alkali metal (Li, Na, K) ion batteries. The DFT is a successful
method to describe the properties of a system composed of many electrons and nu-
clei. Moreover, it can be used to investigate battery materials and estimate some
properties, such as open-circuit voltage and theoretical capacity. The theory and
methods employed in this study are presented in Chapter 2.

Chapter 3 is dedicated to reporting the analyses of the results of the physical
properties of 2D diamond-like graphene nanosheets doped with N and/or B atoms.
In section 3.1, we present results reported in Paper I [21], exploring the function-
alized systems made of single-layer and two-layers of graphene and discussing their
potential use as nanoscale two-dimensional building blocks for the self-assembly of
macroscopic structures. In section 3.2, we describe the study of systems consist-
ing of three graphene sheets, with one non-doped graphene layer between two 50%
doped ones, providing the structural, thermodynamic, mechanical, and electronic
properties. At the present moment, we are investigating the potential application
of those systems and the preliminary results are being reported in a writing stage
manuscript (Paper II), to be published soon.

In Chapter 4, we describe the physical properties of diamond-like silicene nano-
sheets functionalized with boron, nitrogen, aluminum, and phosphorus atoms, ex-
plored by us in the published Paper III [28]. We explore their dynamic stability,

enthalpy of formation and elastic constants, discussing possible applications. In
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Chapter 1: Introduction

section 4.2, in which the results published in Paper IV [30] are reported, we carry
out a theoretical investigation of aluminum functionalized silicene nanosheet and its
potential application in AMIBs. Accordingly, we study the thermodynamic stability
of this system as a function of temperature and calculate the average adsorption en-
ergies of Li, Na, and K atoms in several sites of the aluminum functionalized silicene
nanosheet, as well as their diffusion barriers along several high-symmetry pathways.
Moreover, we estimate the average open-circuit voltage and the specific theoretical

capacity of the system as a possible anode material for AMIBs.
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2. Theory and methods

We should be on our guard not to
overestimate science and scientific methods
when it is a question of human problems.

Albert Einstein

The materials are composed of many electrons and nuclei, and the number of in-
teracting particles in a solid can be huge (> 10**). Accordingly, to determine the
properties of a system, it is essential to know the energy of the atoms and how it
changes as they move around. However, due to the interaction of multiple electrons
with multiple nuclei, solving the equation that describes the systems’ electronic
structure could be impossible [37]. One alternative is to use the density functional
theory (DFT), one of the most successful methods to solve a many-body problem.
Therefore, this chapter includes an overview of the DFT and the fundamental tools

used in this thesis.

2.1 The many-body problem

In quantum systems, the description of atomic nuclei and electrons can be made by

the non-relativistic and time-independent Schrodinger equation
HY = EV, (2.1)

in which E' is the ground-state energy of the system, ¥ is it wavefunction, and the
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Chapter 2: Theory and methods

Hamiltonian H is represented as

H= - szz _ZQMIV2

7

ZIZJ Z]
47T60 Zm_ral Z|RI—RJ| ;;m  (22)

where, respectively, m; and r; denote the mass and spatial coordinates of the ith

electron, while M; and R; denote the mass and spatial coordinates of the Ith
nucleus. The first two terms in equation (2.2) are the kinetic energies of the electrons
and ions, the third and the fourth terms represent the electron-electron and ion-ion
interactions, and the last one is the Coulomb interaction between electrons and ions.

The Schrodinger equation (2.1) is a many-body problem of multiple electrons
and several nuclei interacting to each other, where the complete solution is unknown
even for single systems. Accordingly, we should make a first approximation, which
is based on the well-known fact that atomic nuclei are much heavier than electrons
and, consequently, their movements are much slower than electrons. Furthermore,
considering that the ions are static and contribute by generating an external po-
tential to the electrons, the problem of solving Schrédinger equation can be divided
in a solution representing the movement of the electrons in the field of fixed nu-
clei and a solution representing the movement of nuclei in the potential generated
by the presence of the electrons. This approach is called Born-Oppenheimer

approximation [38] and the simplified electronic Hamiltonian is given by

Hio= = YWt 4 oYt

Bo = : sz : 47T€02j7£i |I'Z'—I'j|
2 Z A4
D Z = (23
4d7eq = Ir; — Ry| 47r60 \RI - Ryl

which does not contain the kinetic energy term of atomic nuclei, when compared
to equation (2.2), and the last term is a constant for a given static position of the

nuclei. Therefore, we can write this electronic Hamiltonian in atomic units (energy
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in Hartree) as

1 2
He__§gv Z|r—r\ ZZ|I'—RI\ (2.4)

JF

Although the Born-Oppenheimer approximation simplifies the Hamiltonian H,
the many-body problem remains with the electronic wavefunction containing 3N
variables, N being the number of electrons in the system. There are approximate
wavefunction-based methods for solving the electronic many-body Schrodinger equa-
tion, such as Hartree, Hartree-Fock, and post-Hartree-Fock approachs [37]. However,
these methods use the wavefunction to calculate the observables, which makes their
application to more complex systems difficult, mainly due to the enormous com-
putational effort required. Therefore, we utilize the widely used density functional

theory, described in the next section of this thesis.

2.2 Density functional theory (DFT)

The DFT, formally established in the mid-1960s, is based on two theorems formu-
lated by Hohenberg and Kohn (HK) [39], as well as a set of equations developed by
Kohn and Sham (KS) [40]. The DFT is a charge density-based method, i.e., the
key variable is the electron density n(r), at a particular position in space. The n(r),
unlike the traditional description based on wavefunctions with 3N independent vari-
ables, is a function of only three spatial coordinates and contains a great amount of

information. The two HK theorems are:

1. The ground-state energy from Schrodinger’s equation is uniquely determined

by the electron density.

2. The exact ground state electron density is the one that minimizes the total

enerqy functional.

According to the theorems, there is a one-to-one correspondence between the

ground-state wavefunction and the ground-state electron density. In other words,
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Chapter 2: Theory and methods

the external potential V' (r) and other properties of a system of interacting electrons
is determined by the ground state electron density n(r). Moreover, the total energy
of the electronic system can be written as a functional of the exact ground state

electron density, whereas the energy functional can be written

Eln(r)] = Fin(r)] + /n(r)V(r) dr, (2.5)

where the universal functional F[n(r)] includes the electronic kinetic energy and
electron-electron repulsion terms, and it is independent of the external potential
acting on the electrons.

The minimization of the E[n(r)] depends on knowing the universal functional
Fln(r)] and the correct n(r), restricted to the condition that the integral of n(r)
equals the total number of electrons. Although HK prove that a functional of the
electron density exists and that the fundamental properties can be obtained, the
form of the universal functional F[n(r)] is unknown. KS solved this difficulty in

1965, which we describe in the next subsection.

2.2.1 The Kohn-Sham equations

KS proposed to map the problem of a system of interacting electrons onto an equiv-
alent non-interacting problem [40]. Accordingly, the universal functional F'[n] has
the form

2 v — 1|

where T[ng] is the ground-state kinetic energy functional of a system of non-in-

Fln] = T[ng| + ! /Mdrdr' + Exc[n], (2.6)

teracting electrons, the second term describes the Coulomb interactions between
pairs of electrons, and Ex¢ [n] is the exchange-correlation energy functional, which
incorporates all the quantum mechanical effects that are not included in the other
two terms of equation (2.6).

The minimization of the total energy functional with respect to the density,

for this auxiliary non-interacting electrons system, leads to the one-electron KS
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equations

(‘ S+ V() + Virle) + VXC(I“)) (1) = eatin(). (2.7

where 1, (r) are electronic single-electron wavefunctions that depend on only three
spatial variables, V (r) is the external potential, V(r) is the Hartree potential, and
Vxc is the exchange-correlation potential. The Hartree potential is the classical

electrostatic interaction (Coulomb repulsion) from the electron charge-density dis-

VH(I’):/|:(_I‘/I.)/|CZI‘,, (2.8)

while V¢ is the functional derivative of the exchange-correlation energy

tribution and is defined by

dExc
Sn(r)’

Vxe(r) = (2.9)

and the ground-state charge-density distribution is given by

n(r) =Y (). (2.10)

The KS equations (2.7) can be solved in a self-consistent way in the following
algorithm: 1. Define an initial electron density n(r); 2. Solve the KS equations and
find the single-particle wavefunctions ¢, (r); 3. Calculate the new electron density
nks(r); 4. Compare nkg(r) with the initial n(r). If ngg(r) = n(r), within a pre-
established criterion, this is the ground-state electron density. If ngg(r) # n(r),
within the same pre-established criterion, then the initial electron density must be

updated and the process must start again from step 2.

2.2.2 Exchange-correlation functionals

We aim to find the ground-state total energy of the Schrodinger equation, which
can be achieved by finding a self-consistent solution to a set of single-particle equa-

tions. However, the accuracy of the ground-state properties depends on the choice
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of the exchange-correlation functional, where the explicit form is unknown, and
hence we must make approximations. There are several approaches to the exchange-
correlation functional, such as the Local Density Approximation (LDA) [40], the
Generalized Gradient Approximation (GGA) [41], the van der Waals approximation
(vdW) [42,43], and the hybrid Heyd-Scuseria-Ernzerhorf (HSE) functional [44].

Local density approximations (LDA)

In general, LDA is written as the exchange-correlation contribution of an infinitesi-
mal volume depending only on the local density n(r) of that volume. In other words,
the n(r) can be locally treated as the electronic density of a homogeneous electron

gas
ELDA n(r)] = / n(r)eom (n(r))dr (2.11)

hom(p(r)) is a local function and is the exchange-correlation energy per par-

where €

ticle of a uniform electron gas with density n.
The LDA has been widely used in the physics of condensed matter field and
provides good results for many systems. However, the LDA approach presents low

accuracy for several systems where the density homogeneity is unfavorable.

Generalized gradient approximation (GGA)

To improve the agreement with experimental results and to better describe cor-
related systems, we also must consider the density in neighboring volumes, i.e.,
consider the dependence of the exchange-correlation potential on the density gradi-
ent. This approach is called the Generalized Gradient Approximation (GGA), such
as the one suggested by Perdew, Burke, and Ernzerhof (PBE) [41].

The PBE considers that the exchange-correlation contribution of an infinitesimal
volume depends on the local density of that volume and includes the dependence on
the gradient of the density Vn(r) [41]. Therefore, the exchange-correlation energy

combines a local function dependent on the electron density and on the intensity of
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its gradient

ESGA [n(r)] = / 7 (r) €ne(n(r), Vr(r))dr. (2.12)
Although the LDA and GGA exchange-correlation functionals provide good results,
they poorly describe non-local effects, such as the van der Waals (vdW) interactions

[45]. Since we are working with 2D materials, vertical heterostructures, and the

adsorption of atoms, we must consider the vdW interactions in our calculations.

van der Waals approximation (vdW)

In this thesis, we used the van der Waals approximation with the Dion et al. scheme
[42] optimized by Klimes et al. (optB88-vdW) [43]. To include the vdW forces, the

exchange-correlation energy is rewritten as
Exc = E$C4 + EEPA + B (2.13)

The first two terms are semi-local, where the exchange energy E$¢ uses the BeckeS88
functional [46] that was optimized by Klimes et al. [43], and the correlation energy
EEPA uses the LDA [45,47]. The non-local term EY is given by

B = %//n(r)@(nr’)n(r’)drdr’, (2.14)

where ®(r,r’) depends on the electron density n, its derivative Vn, and the inter-

electronic distance |r — 1’| [43,45,47].

Hybrid Heyd-Scuseria-Ernzerhorf (HSE) functional

Due to a strong delocalization of electrons, the DFT generally underestimates gap
values with respect to the experiment. Accordingly, the hybrid Heyd-Scuseria-
Ernzerhorf (HSE) functional can be used to accurately predict the energy band
gaps [44,48].

The HSE functional is a range-separated hybrid functional as it uses the Coulomb
potential screened by an error function to define short-range (SR) and long-range

(LR) interactions:
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%:SR_FLR:1—erf(w7“)+e7“f(wr). (2.15)

T r

The exchange-correlation energy is calculated as

EISE — o EEESR(0) 4+ (1 — o) EYPESR(w) + EYPEER () + EEPE. (2.16)

HF,SR . PBE,SR
Ey Ey

is the SR Hartree-Fock exchange energy, E;B E.LR

where and

respectively, the SR and LR PBE exchange terms, and E5B¥ is the PBE correlation

are,

energy. The Hartree-Fock mixing constant parameter « is 0.25 and the screening

parameter w is &~ 0.106 for Hartree-Fock term and ~ 0.189 for the PBE part [44,48].

2.2.3 Projector augmented wave (PAW) method

In 1994, Peter E. Blochl developed the Projector Augmented Wave (PAW) method
[49], which is a generalization of the pseudopotential [50] and Linearized Augmented
Plane Wave (LAPW) [51] approach. In this thesis, the DFT calculations are per-
formed based on the PAW method implemented by Kresse and Joubert [52].

The PAW is an all-electron method that divides the total electronic wavefunction
in terms of a localized contribution, that varies rapidly in the ionic region (core) and
a smooth wavefunction in the remaining crystalline region. Accordingly, the PAW
turns the total wavefunction |¥) into a smooth and computationally suitable one:

the auxiliary wavefunction |¥), that is recovered through a linear transformation 7
W) = 7|¥), (2.17)
in which the transformation 7 is given by

T=1+) & (2.18)
R

where R is the atomic site and 75 is a local linear transformation operator, acting
only within some augmented region (core) around an atom, i.e., 7g is always zero

outside that region. Therefore, we can treat core wavefunctions separately as they do
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not spread to neighboring atoms. Each pseudo-wavefunction |\i/> will be expanded

into partial wavefunctions |¢;)
W) = Zci|¢i>a (2.19)
i€R
where the index ¢ refers to the atomic site R and c¢; are expansion coefficients.
Accordingly, considering that the region of oscillations is delimited by spheres of

radius r. centered on each atom, and that the auxiliary partial wavefunctions ]&Z)

are linear transformations of smooth partial waves |¢;) given by
|¢s) = (1+75)|¢y) for i€ R, (2.20)

it follows that the 7 vanishes for |[r — R| > r, i.e.,

¢i(r) = ¢i(r) if i€ R and |[r—R|>r, (2.21)

while for [r — R| < 7.

Z |6:(x)) (i ¥ (x)), (2.22)

where the projected wavefunctions |p;) satisfies the completeness and the orthonor-

mality relations

S le) (il =1 and  (pilé;) = 0. (2.23)
The total valence electron wavefunction |U) is obtained by using

+Z|¢z |6i)) (i ). (2.24)

In summary, the PAW method writes the total valence wavefunction ¥ in terms

of three components
0) = [0) + [@h) — 1), (2.25)

where \\il> is smooth throughout the crystalline region, being accurate outside the
augmented region (|r — R| > r.); |¥!) is accurate in the augmented region (Jr —

R| < r.), incorporating the entire nodal structure of the exact wavefunction, and
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is a smooth function, tending to zero in the region outside the augmented region
(interstitial region); and |¥') is smooth throughout the region, being identical to
|¥) in the augmented region and to |¥') in the interstitial region.

Figure 2.1 presents the bonding p-o orbital of the Cly molecule obtained by the
PAW method [53], illustrating the behavior of each of the three wavefunctions that

make up the all-electron (AE) total valence wavefunction.

|¥) ¥ %)

_ L
NJ v A

Figure 2.1: Representation of the three valence wavefunctions that make up the AE
wavefunction in the PAW method, where |¥U) = |U) + [U!) — |1} | Figure adapted
from reference [53].

The core states |W)¢ are also decomposed in terms of three components
D)° = D)+ [¢)° — [9)°, (2.26)

where |W)¢ is a core pseudo-wavefunction, identical to the true states outside the
augmented region, with a smooth continuation inside; |¢)¢ is a partial AE wave
function identical to the core states, expressed as radial functions multiplied by

spherical harmonics; and a partial core pseudo-wave identical to the pseudo-state
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|q50>, which is also represented as radial functions multiplied by spherical harmonics.

2.3 Density functional perturbation theory

Several physical properties, such as structural stability, superconductivity, and ther-
mal and electrical conductivity, depend on the quantum mechanical description of
lattice vibrations. Herein, the vibrational-normal modes (phonons) of the systems
were computed by the phonon dispersion dynamic matrix by using the density func-
tional perturbation theory (DFPT) that is presented in this section and described
in detail in the following references: [54-56].

To determine the lattice-dynamical properties of a system, we first use the Born-
Oppenheimer approximation (section 2.1), which allows decoupling the vibrational
from the electronic degrees of freedom in a solid. Accordingly, the Schrédinger

equation that describes the nuclei motion is given by

( -2 > Lo E<R>> 4(R) = £6(R), (2.27)

where £ are the eigenvalues and ¢ are the eigenfunctions. R; and M; are the
spatial coordinates and the mass of the Ith nucleus, respectively. E(R) is the
Born-Oppenheimer energy surface, i.e., the ground-state energy of a system, whose
interacting electrons are moving in the field of fixed nuclei.

The equilibrium geometry of a system occurs when the forces acting on an indi-

vidual nucleus vanish (F; = 0),

_ _OER) _
Fi=-——p— =0 (2.28)

and the phonon frequencies w are obtained solving the following eigenvalue problem

L rEm)
VM M; ORIR;

d = 0. (2.29)

The equilibrium geometry and the phonon frequencies depend on the first and
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second derivatives of the Born-Oppenheimer energy surface (E(R)), respectively.

We can compute both using the Hellmann-Feynman theorem

F,=— /nR(r) 818/?{(11“) dr — 8%;{(?), and (2.30)

82E(R) o 0F1 . GnR(r) 8VR(r)dr—|—/nR( )aZVR(I') dr—|—82EN(R)

_ _OFr _ 2.31
R, R, oR, R, OR, Yor,0R, " OR,0R, (2.31)

where VR(r) is the electron-nucleus interaction, En(R) is the electrostatic interac-

tion between different nuclei, and ng(r) is the ground-state electron charge density.

2.3.1 Linear response

To solve equations (2.29) and (2.30), we can calculate the ngr(r) and its linear
response to a distortion of the nuclear geometry (dng(r)/0R;) within DFT and
DFPT. The wavefunctions and the ground state electronic energy of a crystal are

determined by solving the following set of KS one-electron equations

Hicsthlr) = (— i va<r>)¢n<r> = catlr) 2.32)
r)="V(r nlr). r’ 0Bxc
Vis(r) =V/( )+/rr/d + Sn()’ (2.33)

n(r) = 3 [ () (2.34)

For phonon calculations, we need to linearize these three mentioned equations.
Accordingly, we consider a perturbation on external potential V' — AV/(r) and use
first-order perturbation theory to obtain the variation of the KS orbitals 1, (r) —

A, (r) and the electron charge-density response n(r) — An(r). Therefore, we write
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the self-consistent set of linear equations as

(HKS . en> |Ap,) = — (AVKS . Aen> | ), (2.35)

AViks(r) = AV(r) + / ﬁ”_( r,)‘d + An(r) % (ifgij ) : (2.36)
n=n(r)

=2 Re2¢ YA, (r (2.37)

n=1

where Ae,, = <¢n|AVKSWn> is the first-order variation of the KS eigenvalue e,,.

2.3.2 Monochromatic perturbations

To make equation (2.35) non-singular, we can introduce the projector onto the
empty-state manifold P, and a multiple of the projector onto the occupied-state

manifold P,
(Hics +aP. — e ) [Avn) = =P AVics 1) (2.38)
Moreover, the responses to perturbations of different wavelengths are decoupled,

which allows the calculation of phonon frequencies at arbitrary wave vectors q and

avoid the use of supercells. Therefore, we can rewrite the last equation using trans-

lational invariance PXt4P, = Pk*4 and Pktap, = pkta e

(Hics + aPta — ) [apta) — —PXH AV

V), (2.39)

where k is the wavevector, ¥ X is the unperturbed wavefunction, and ]Aw5+q> =
Pk+q]@bf>. Taking into account that the Fourier components of any real function
with wavevectors q and -q are complex conjugates of each other, we can write a set

of self-consistent linear response to a perturbation of a wavevector q:

(554 32 o - ) ) =
1= St bl kel
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a(y/ ) ,
Avl(r) = Avi(r) + / AnUE) ciaex) gyt 4

r—r'|
(2.41)
d 5EXC
A q -

+An%(r) dn(dn(r)) ’

n=n(r)
And(r) =2 Zuf*(r)Aungq(r), (2.42)

kv

where uX are the periodic parts of the unperturbed wavefunction, Au¥t® are the

Fourier component of the first-order correction, and v’ runs over the occupied states

at k+q.

2.3.3 Phonons in crystalline solids

In crystalline solids, phonon frequencies w(q) are solutions of the secular equation

1 ~ap 9 B
\/ﬁcgs (@) —wi(q)| =0, (2.43)

where C‘gf (q) is the second derivative of the Born-Oppenheimer energy surface:

det

. 1 0’FE
C%(q) = — . 2.44
o (@) N, dur (@0 () (2.44)

Herein, the index I appearing in equation (2.29) is now defined by the positions of
the atom within the unit cell, a(/3) represents Cartesian components, s(s’) indicates
the sth(s'th) atom of the unit cell, IV, is the number of unit cells in the crystal, and
the vector us(q) is given by the distortion

R;[us(q)] = R+ 7 + u,(q)e"d™, (2.45)

where R is the position of a given unit cell in the Bravais lattice and 7, is the

equilibrium position of the atom in the unit cell. Therefore, the dynamical matrix
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related to the interatomic force constants via Fourier transform is

82
> 5 e (R-R) (2.46)
u*a

Doéﬁ
@)= ey (R)ou, (R)

\/7

and the phonon frequencies are
Z u’(q) D (q (2.47)

In this thesis, we used the phonon theory to study the dynamical stability of
the structures. The system is dynamically stable if all phonon modes have positive

frequencies for all wavevectors in the first Brillouin zone.

2.4 Strain-energy method

In the previous section, we presented the phonon theory that allows for studying the
dynamical stability of the systems in the DFT framework. To improve the results
regarding crystalline structure stability, we also investigated the elastic stability of
the structures with the method presented in this section. Herein, we computed the
elastic properties of the systems using the strain-energy method, described in detail
in the following references: [57,58].

For small deformations (€) near the equilibrium positions, the elastic energy
equation of a 2D crystal has the following form

E(e) = E(O)+;E e 1O, (2.48)

where E(e) and E(0) are the total energies of strained and unstrained configurations,
respectively, and the expansion coefficient E®) allows to obtain the elastic constants
after fitting a second-order polynomial to the data.

We should apply in-plane deformations to obtain all the relevant elastic constants
for a 2D material. For isotropic structures, we employ only two in-plane strains: the
axial deformation along the zigzag direction and the hydrostatic planar deformation.

Consequently, E®) = C; is the elastic constant for a zigzag axial deformation and
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E® = 2(Ch1 + Ca) is the expression for a biaxial planar deformation. On the other
hand, for anisotropic systems, we should apply, besides the ones already described,
two more in-plane strains: the axial deformation along the armchair direction and
the shear deformation. Accordingly, we obtain the four independent elastic constants
by fitting a second-order polynomial to the data. Therefore, E?) = () is, again,
the elastic constant for a zigzag axial deformation, E®? = Cy; + Chy + 2C, is the
expression for a biaxial planar deformation, E® = Cy, is for an armchair axial
deformation, and E® = 4Cy, is for shear deformation.

Using the calculated elastic constants, we can investigate the elastic stability of
the 2D anisotropic systems by obtaining the Young modulus (Y2P) and the Poisson
ratio (v). Moreover, according to the Born criteria, a mechanically stable 2D systems
must satisfy C};Cy — C% > 0 and Cyy > 0.

The Young modulus Y?P, which is the ratio between the applied traction and

the longitudinal extension, is obtained as

C1iCy = Ch

C(116122 - 02

y?2P =
12 2 12

—2C 0 0
044 12) COS S1n

. (2.49)
011 sin4 0 + 022 COS4 0 + (

where 6 is the angle between the zigzag direction and an arbitrary direction giving
by n = costle, +sinte,, e, and e, being the unit vectors along the zigzag and the
armchair directions, respectively.

The Poisson ratio v, which is the ratio between the lateral contraction and the

longitudinal extension, is obtained as

2
(Cn + Cyy — %) cos? 0 sin? @ — Cpp(cos® § 4 sin 0)
44

y—— . (2.50)

2
Chy sin? 0 + Cys cos® 0 + (% — 2012> cos? fsin? 0
44

40



Chapter 2: Theory and methods

For isotropic 2D systems the mechanical stability is given by Ci; > C}s, since
the linear elastic constants obey the relations Cj; = Cs and 2Cy = Ci; — Chs.
Consequently, the Young modulus is reduced to Y?P = (C? — C%,) /C1; and the

Poisson ratio to v = C15/CY;.

2.5 Enthalpy of formation

To investigate the thermal stability of the structures, we can use the enthalpy of
formation [59-61]. The standard enthalpy of formation, AHY, of a certain compound
is given by

AH) =B =) ni&, (2.51)

where E; is the total energy of the compound, &; is the total energy of element ¢ in
its standard state, and n; is the number of elements .

Within this definition, a negative AH]Q indicates the amount of energy for break-
ing bonds of an element 7 is smaller than the amount of energy released when making
the compound bonds (exothermic reaction). Accordingly, AH? < 0 is a necessary
but not sufficient condition for thermodynamic stability, meaning that the system
is stable or metastable. Nevertheless, we find some 2D synthesized materials with
AHJQ > (0 (endothermic reaction) due to uncertainty on the DET energies, substrate

interactions, and other external effects.

2.6 Molecular dynamics

In this section, we present the basic idea of molecular dynamics (MD) that is a
method to investigate the trajectories of moving atoms [37,62,63]. In this thesis, we
performed ab-initio molecular dynamics (AIMD) simulations with a Nose-Hoover
thermostat (NVT ensemble) to evaluate the thermal stability of some structures,

as implemented in the Vienna ab-initio simulation package (VASP) [64].
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2.6.1 Classical molecular dynamics

In the classical MD, we consider that N atoms in a volume V' are described by the

total kinetic energy (K) and the total potential energy (U), which are given by

3N

1 2
K = §;mivi; (2.52)
3N

vo= Y U@, (2.53)

i=1
where v;, m;, and r; are the velocity, the mass, and the position of the ith atom.
Herein, the atoms are moving within the framework of classical mechanics and the

equations of motion can be defined in terms of the Lagrangian (L) of the system:

d (0L 0L
dt <8v,~) “on (254)

where L is given in terms of the kinetic and potential energies

1 3N 3N
_ 2 )
L= ; M’ ; U(r;). (2.55)

2.6.2  Ab-initio molecular dynamics (AIMD)

The primary difference between classical molecular dynamics and ab-initio molecular
dynamics is how we obtain the potential energy U(ry,...,73n). In this thesis, we
used Born-Oppenheimer molecular dynamics (BOMD) based on DFT, where the

Lagrangian is given by
13N
L:K—U:§ZmiUZ~Q—E[SO(T1,...,7“3N)}, (256)

where ¢ (71, ..., r3x) is the Kohn-Sham wavefunctions, as discussed in section 2.2. In
this BOMD approach, the nuclei move classically on the BO potential-energy surface

(see section 2.1 for details) and, hence, we used the Hellman-Feynman theorem to
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compute the force in each atom of the system

F; = —<900

where ¢ is the ground-state wavefunction and H, is the electronic Hamiltonian as

O0H.,
87’1‘

¢o> (2.57)

defined in section 2.1. Accordingly, the equations of motions are

dr? 0H,

Bt S ¢ : 2.
my; dt2 <()00 87"2‘ ()00>a ( 58)
Eopo = Hegpo. (2.59)

Herein, using an interactive method, the electronic information from a previous MD
step is used to update the momenta and atomic positions and then compute the

energy and forces for a new time step.

2.6.3 Nose-Hoover thermostat

The canonical ensemble is defined by a constant number of particles, volume, and
temperature (NVT ensemble). In this situation, the velocities follow the Maxwell-

Boltzmann distribution and the average kinetic energy is

F:;N@ﬂ (2.60)

where kg is the Boltzmann constant. In order to simulate the NV ensemble, we
used the method developed by Nosé and Hoover [62,65-67], in which the Lagrangian

has a fictitious coordinate s for the heat bath:
1 2,2 Q (ds 2
L= 5 Zmis vy — z_: Ul(ri) + 5 (%) — gkgT In(s) (2.61)

where the third and fourth terms are the kinetic and potential energies, respectively,
of the fictitious coordinate s, ) being an effective "mass" of s and g the number of

degrees of freedom of the system.
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2.7 Equilibrium voltage

We can use DFT to obtain some battery properties, such as voltage and theoretical
capacity, which is described in the following references: [68,69]. The equilibrium
voltage of an alkali-metal M (M = Li, Na, K) ion battery is proportional to the

difference in the chemical potential values of the metal M when incorporated to the

anode, pi1°% or to the cathode, u$3™d°, which is given by the following Nernst
equation
cathode __ , ,anode
y = _HM P (2.62)

ze

where e is the electron’s charge and z is the M oxidation state (z = 1 for Li, Na
and K). The average voltage V during the ion intercalation process can be written

in terms of the Gibbs free energy G

— A
V=-— Gf, (2.63)

ne

where the change in Gibbs free energy during the adsorption process is defined as
AGf = AEf + PAVf — TASf (264)

Since PAV; = 107 €V and TAS; ~ 26 meV at room temperature, the PAV} and
TAS¢ terms can be neglected and, under these circumstances, AG is approximately

equal to the adsorption energy AE; involved in the process, i.e.,
AG; ~ AE;(M) = [Et (HM,,) — E,(H) — nEt(M)} /n (2.65)

where FE, (HMn) is the total DFT energy of the host with nM alkali-metal adatoms,
Ey(H) is the total DFT energy of the host material, and FE;(M) is the total DFT
energy, per atom, of the alkali-metal M in its standard ground state.

The theoretical capacity C', which is the maximum amount of ions that can be
stored in the host, can be obtained using the formula

 Mnae X 2 X F < 10°

C i ,

(2.66)
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where F = 26.810 Ah/mol is the Faraday constant, 7,,,, is the maximum number

of M alkali adatoms that the host can store, and Ay is the atomic mass of the host.

2.8 Nudged elastic band (NEB) method

Diffusion event is a relevant problem in condensed matter physics and theoretical
chemistry. This kind of problem needs to identify how the position of a group of
atoms changes between two stable configurations. In this thesis, to investigate the
intercalation process of the ions in electrode materials, we used the Nudged Elastic
Band (NEB) method [37] to find the minimum energy pathway (MEP) between
an initial and a final configuration. This method was developed by H. Jénsson et
al. [70,71], and implemented in Quantum Espresso [72,73].

The NEB method defines a set of N — 1 intermediate images, that are geometric
configurations of the system, at Ry, - , Ry positions, assuming each image con-
nected through spring, where Ry and Ry are the initial and the final states of the
MEP, respectively. Accordingly, we fixed the initial and the final images and op-
timize the positions of the remaining ones, in which the quasi-Newton Broyden’s
second method was the optimization algorithm applied in Quantum Espresso to re-
lax the images down towards the MEP. In the NEB method, the force acting on
cach image, FY*P | contains two components: the one that is the parallel component

of the spring force, FOl and the one that is the perpendicular component of the

[

true force, F;- = —VE (R;)

the following equation

Figure 2.2 illustrates the FN*B | which is given by

IE

e = Yl _vER)| (2.67)
1
where the projections are expressed by
VE(R;) L= VE(R;) = VE (Ry) - 77 (2.69)

VE (R;) is the gradient of the system’s energy as a function of atomic coordinates
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at image ¢, 7; is the normalized local tangent vector at image i, and k is the spring
constant. The NEB is an iterative minimization method, the program performs a
DFT calculation to compute the force acting on the system for each image, where

each image is simultaneously optimized to find the MEP.

Figure 2.2: Representation of FN*B: the spring force FfH, along the tangent 7;, and
the perpendicular force due to the potential F* = —VE (R;) | - Figure adapted
from reference [71].

2.9 Bader charge analysis

In Bader’s theory, the atomic regions are divided based on zero flux surfaces, i.
e., the normal component of the charge density gradient is zero for any point on
that surface (Vp(r) - n = 0), as shown in figure 2.3 (a). In this thesis, we used an
algorithm for partitioning the charge density grid into Bader volume, which is a good
approximation of the total electronic charge of an atom. Therefore, it is an effective
method for charge analysis, described in detail in the following references: [74-77].

Figure 2.3 (b) presents the near-grid method, where space is divided so that
each grid point and volume is allocated to a Bader volume for density integration.
However, this grid-based partition would bring numerical integration errors due to
finite grid sizes. Accordingly, M. Yu and D. R. Trinkle [77] introduced a weight

function to improve the integration accuracy, where the weight represented the vol-
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ume fractions of the cell. Figure 2.3 (c) illustrated the grid-based weight, where the
grid points begin with a weight of 1 (red color) closer to atom A, decreasing to the

weight of 0 (white color) as grid points became far away from atom A.

(b)

Figure 2.3: (a) Zero flux surface dividing volumes A (red) and B (white), where
arrows denote charge density gradients (Vp(r)-n = 0 for any point on the surface);
(b) grid-based partition from the near-grid algorithm; (c) weighted integration with
fractional atomic contribution. Figure reproduced from reference [77].

2.10 Computational Details

We performed first-principles calculations, based on the Density Functional The-
ory (section 2.2), using the plane-wave basis set and projector augmented-wave
(PAW) method (section 2.2.3), as implemented in the Quantum ESPRESSO com-
putational package [72,73]. The valence electronic configurations of the atoms
were described by: Li[1s?2s'], B[2s?2p'], C[2s?2p?], N [2s%2p?®], Na[2s? 2p° 3s'],
Al[3s? 3p'], Si[3s%3p?], P [3s? 3p?], and K [3s? 3p° 4s!]. For the exchange-correlation
functional (section 2.2.2), we utilized the generalized gradient approximation of
Perdew-Burke-Ernzerhof (GGA-PBE) and the Dion et al. scheme optimized by
Klimes et al. (optB88-vdW) to adequately describe the effects of the dispersive van
der Waals (vdW) interaction. For an accurate description of the energy band gap
values, we employed the hybrid Heyd-Scuseria-Ernzerhorf (HSE) functional at the
relaxed structures obtained from the optB88-vdW approximation. We calculated

the phonon dispersion curves through the Density Functional Perturbation Theory
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(section 2.3) with an 8 x 8 x 1 g-point mesh. The ab-initio molecular dynamics sim-
ulations (section 2.6) were carried out using the Vienna ab initio simulation package
(VASP) [64].

The 2D structures were simulated with a hexagonal cell, considering periodic
boundary conditions. The lattice parameter in the direction perpendicular to the
sheets (z-axis) was set at 25 A, to prevent interactions among cell images, and in
the zy-plane the cells contained 2, 4, and 6 atoms for the monolayers, bilayers,
and trilayers, respectively. We used a plane-wave energy cutoff of 1100 eV with a
convergence threshold of 0.1 meV/atom for the total energy. Moreover, we used
a 16 x 16 x 1 k-point mesh to describe the irreducible Brillouin zone [78] of the
cell. During structural optimization, relaxations and distortions were considered
in all ions, the cell parameters in the xy-plane were obtained using a variable-cell
optimization with BFGS quasi-newton algorithm, and the forces on atoms were

converged down to 1 meV/A.
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3. 2D diamond-like functionalized
graphene nanosheets

,

E sempre nessa violacao do que é
considerado certo que nasce o novo e ha a
criagdo. (It is always in this violation of
what is considered right that the new is
born and there is the creation).

Mario Schenberg

The discovery of graphene has created a new field in Science, the 2D materials,
leading to many 2D structures with considerably different physical properties to
be predicted and synthesized. The 2D diamonds, for instance, can be built out of
bilayer graphene (BLG) or few-layer graphene (FLG) through different techniques,
and it is often required to functionalize its surface with functional groups to sta-
bilize the 2D diamond [24,79]. Those 2D systems are potential candidates for ap-
plications in many areas, and hence it is of great interest to investigate and un-
derstand their properties. In this chapter, we explore the physical properties of 2D
diamond-like graphene nanosheets functionalized with nitrogen and/or boron atoms.
Accordingly, this chapter includes a summary of Paper I: Carbon-Related Bilayers:
Nanoscale Building Blocks for Self-Assembly Nanomanufacturing [21] and Paper 11
(Manuscript): Physical properties of functionalized 2D diamond. The computational

details are in section 2.10 of chapter 2.
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3.1 Carbon-related bilayers

Herein, we discuss the properties of graphene-like functionalized monolayers/bilayers
and the possibility of their use as two-dimensional building blocks. It is necessary
to point out here that we called graphene-like bilayers the vertical covalent bonding
of two monolayers in our paper. However, these structures are minimal building
blocks, in other words, monolayers with two atomic layers (2D diamond-like). The
readers are encouraged to read the original paper for more details of the methods

and discussions [21].

3.1.1 Stability of monolayers and bilayers

We first investigated a graphene sheet 50% doped with substitutional nitrogen (h-
CN) or boron (h-CB) atoms, as shown in figure 3.1 (a). However, they were dy-
namically unstable, presenting phonon spectra with imaginary frequencies in some
branches, in accordance with results from other theoretical investigations [80, 81].
Therefore, to overcome the dynamic instability of these monolayers and still obtain
an ordered and stable 50% N- or B-doped graphene-like systems, we explored the
stability and properties of graphene-like bilayers, with both the AA-stacking and
AB-stacking configurations, doped with substitutional N and B atoms. A schematic
representation of these structures are displayed in figures 3.1 (b) and (c), along with
the labels given for the interatomic distances and bond angles.

To check the structural stability, we have obtained the phonon dispersion curves
of these bilayers, which results are shown in figure 3.2 for the dynamically stable
ones. The primitive cell structure contains 4 atoms and, hence 12 phonon branches
presenting only positive frequencies, indicating structural stability. The in-plane
acoustic modes, labeled as transverse (TA) and longitudinal (LA), exhibited linear
variation at ¢ for ¢ — 0 in the I' point, while the out-of-plane transverse acoustic
mode (ZA) mode showed a quadratic dispersion at ¢ close to the I' point, which was
similar to the theoretical and experimental results for graphene and graphite [82,83].

It is worth mentioning that we have also explored the bilayers formed by stacking
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()

Figure 3.1: Schematic representation of (a) the top view of the monolayers 50%
doped graphene with B or N atoms; (b) the top view of a bilayer in the AA-stacking
(left) and AB-stacking (middle), and the side view of a bilayer (right); (c¢) the NCCN
(left), the NCNC (middle) and the NCCB (right) bilayers investigated here. The
black, pink, and blue spheres represent carbon, boron, and nitrogen atoms, respec-
tively. The red dashed lines represent the limits of the unit cells in all structures.
The right side of the panel (b) shows the labels given for the inter-layer distance
h, the interatomic distances d, and d’ between atoms in each layer of the system.
a, 3,7, and 6 are the bond angles. Reproduced from Paper I [21].

two h-CB monolayers with 50% B-doped graphene-like bilayers (BCCB) in both
stacking configurations and found no dinamically stable structure.

According to a previous investigation, the two-dimensional hexagonal lattice of
carbon nitride structures should be unstable with an N concentration exceeding
37.5% [80]. However, we found stable systems formed by stacking two h-CN mono-
layers with 1:1 stoichiometry, i.e., a 50% N-doped graphene-like bilayer. The sta-
ble 50% N-doped graphene-like bilayers named AA-NCCN, AB-NCCN, AA-NCNC,
and AB-NCNC are presented in figure 3.1. The AA-NCCB and AB-NCCB systems
formed by stacking an h-CN layer with an h-CB one, with 25% N- and 25% B-doped

graphene-like bilayers, are also dynamically stable according to the phonon spectra.
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Figure 3.2: Phonon dispersion of (a) AB-NCCN, (b) AA-NCCN, (¢) AB-NCNC, (d)
AA-NCNC, (e) AB-NCCB, and (f) AA-NCCB in the main high-symmetry directions
of the BZ for the hexagonal lattice. Reproduced from Paper I [21].
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3.1.2 Formation energy

The formation energy £, described in chapter 2, section 2.5, of any bilayer, was

computed by
E; = Et(CoN,B,) —2E(C) — zE(N) — yE(B), (3.1)

where Ei(CoN,B,) is the total energy of the bilayer, per formula unit, with two
carbon, z nitrogen, and y boron atoms. The F(C), F(N), and E(B) are the total
energies, per atom, of respectively carbon, nitrogen, and boron, in their standard
reference states, which are graphite, the Ny isolated diatomic molecule and the -
boron trigonal crystalline structure.

Table 3.1 presents the properties of the NCCN, NCNC, and NCCB dynamically
stable bilayers in the AA- and AB-stacking configurations. Among those structures,
the AB-NCCN bilayer was the energetically most favorable one, and then we chose
its formation energy as the reference value. Energetically, this configuration was
followed by the AA-NCCN one, whose formation energy was only 35 meV higher than
that with the AB-stacking. Although, the NCNC bilayers were also dynamically
stable in both stackings, they presented energies of formation much higher than the
AB-NCCN reference system. The AA-NCNC bilayer is energetically more stable
than the AB-NCNC one by only 13 meV, with slightly different structural properties.
The formation energy of the AA-NCCB and AB-NCCB systems were, respectively,
0.687 eV and 0.486 eV higher than the reference value (AB-NCCN).

3.1.3 Structural properties

Table 3.1 presents the properties of NCCN, NCNC, and NCCB bilayers in AA- and
AB-stacking configurations. In the energetically most favorable AB-NCCN bilayer,
the C-N interatomic distances, d and d’, the distance h between layers, and the bond
angles «, (3, v, and ¢ indicated that the interlayer bonding was primarily covalent
with sp® character. This hybridization differs substantially from a graphite-like sp?

bonding found in fullerenes, nanotubes, and graphene. All results were in good
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Table 3.1: Properties of NCCN, NCNC, and NCCB bilayers in AA- and AB-
stackings: lattice parameter (a), inter-layer distances (h) and interatomic distances
within the layers (d and d’), and bond angles («, 8,7, and ¢), as defined in figure 3.1.
E, is the bilayer band-gap and AEY is the relative formation energy, with respect to
the AB-NCCN system. Distances, angles, and energies are given in A, degrees, and
eV, respectively. Results of another theoretical investigation [84], given in parenthe-
sis, were obtained for a graphite-like bulk system by using the PBE-GGA functional
to describe the exchange-correlation term within the DF'T, without considering the
dispersive vdW interaction. Reproduced from Paper T [21].

stacking AA AB

struture  NCCN NCNC NCCB NCCN NCNC NCCB
a 2.379 2375  2.557 2.392(2.395) 2.394(2.394) 2.557
h 1.635 1.914 1.672 1.576 1.599 1.659
d 1.465 1.436 1.564 1.471(1.475) 1.461(1.455) 1.559
d 1.465  1.462  1.495 1.471(1.475) 1.507(1.508)  1.494
Q 108.6 111.5 109.6 108.8 110.0 110.2
15} 110.3 107.3 109.3 110.2(110.3) 108.9(108.2)  108.7
v 110.3 110.3 99.0 110.2(110.3) 113.3(113.5) 98.8
) 108.6  108.6  117.6 108.8 113.6 117.7
E, 3.910 1.114 1.771 4.637(3.638) 2.299(1.948)  1.641
ALy 0.035  2.218  0.687 0.000 2.346 0.486

agreement with the ones obtained by another investigation for the graphite-like
NCCN crystal [84], as indicated in table 3.1. In the NCNC structures, the C-N
interatomic distances (d and d’), the bond angles, and the distance between layers
(h) were strongly affected when we compared to the values of the NCCN structures.

Replacing N atoms with B ones on one side of an NCCN bilayer, an NCCB
bilayer is formed. Although boron and nitrogen atoms have similar atomic sizes,
the incorporation of the boron atoms led to important changes in the properties
of the resulting structures. The C-N interatomic distances are 1.564 A and 1.559
A for AA- and AB-stacking, respectively, which are larger than in the NCCN and
NCNC structures. The inter-layer distance h (C-C interatomic distance) for both
stackings, 1.672 A (AA-NCCB) and 1.659 A (AB-NCCB), are larger than the one in

the diamond crystal. However, both of them still have a strong covalent inter-layer
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bond.

Regarding interatomic distance h, we minimized the system’s total energy by
relaxing the positions of each atom. For example, the calculation of the relative
total energies as a function of the interplanar carbon-carbon distance h¢_¢ for the
AB-NCCN bilayer led to minimum energy with hc_c = 1.576 A, as presented in
figure 3.3. We applied the same procedure to the other stable bilayers presented in

this section to find the equilibrium interplanar distance between two monolayers.
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Figure 3.3: Relative total energy (AFEy) as a function of the interplanar carbon-
carbon distance h¢_¢ for the AB-NCCN bilayer.

3.1.4 Electronic properties

Figure 3.4 (a) shows the AB-NCCN system electronic band structure and the total
(DOS) and projected (PDOS) density of states on the C and N atomic orbitals. It
presented an indirect electronic gap of 4.637 eV, with the highest occupied state
(Ey) at the I'-point and the lowest unoccupied state (E.) at the M-point. This gap
value is larger than that of the crystalline diamond of 4.356 €V, computed using the
same methodology. The valence band top has a prevailing p-N character with some
contributions from the s-N, p-C, and s-C states. The conduction band bottom has
contributions mainly from the p-C related states and some from the p-N states. In

figure 3.4 (b), the AA-NCCN bilayer, which has a formation energy 35 meV higher
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Figure 3.4: Electronic band structures of (a) AB-NCCN, (b) AA-NCCN, (c) AB-
NCNC, (d) AA-NCNC, (e) AB-NCCB, and (f) AA-NCCB configurations, in the
high-symmetry directions of the BZ. The figure also shows the total (black) and
projected density of states on the s orbitals of C (purple) and N (blue) atoms, and
on the p orbitals of C (red), N (green), and B (pink) atoms, in units of the number
of states/eV. E, represents the valence band top. Reproduced from Paper I [21].
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than the AB-NCCN one, has a smaller gap value of 3.910 eV with similar physical
properties, as can be noticed in table 3.1 and figure 3.4.

Figures 3.4 (c¢) and 3.4 (d) show respectively the AB-NCNC and AA-NCNC
electronic band structure, DOS and PDOS on the C and N atomic orbitals. Ad-
ditionally, the indirect electronic gap was 2.299 eV for the AB stacking and 1.114
eV for the AA, with the AA stacking having the smallest gap among the stable
structures studied in this section. According to figure 3.4 (c), the valence band top
has a prevailing p-C character with some contribution from the p-N and s-C states,
while the conduction band bottom has mainly contributions from the p-C states and
some from the p-N states. Moreover, the atomic orbitals of the valence band top
and conduction band bottom of the AA-NCNC have a similar composition to the
AB-NCNC one. The results for AB-NCCN and AB-NCNC structures are in good
agreement with values obtained by another investigation in the literature for the
graphite-like NCCN and NCNC bulk [84] (see parenthesis in table 3.1).

The replacement of nitrogen (in NCCN) with boron to build the NCCB struc-
tures reduced the energy gap from 4.637 eV to 1.641 eV for the AB-stacking and
from 3.910 eV to 1.771 eV for the AA-stacking. Figures 3.4 (e) and (f) show, respec-
tively, the AB- and AA-NCCB electronic band structure, the DOS, and the PDOS
on the C, B, and N atomic orbitals. Near the valence band top, atomic orbitals
have mainly contributions from the p-C and p-B states and some of the p-N one.
However, those near the conduction band bottom have primarily contributions from
the p-B state and some from the p-C and p-N ones. All those theoretical gap val-
ues presented in this section are lower limits for the real ones since the DFT/vdW
generally underestimates gap values.

Figure 3.5 displays the density distributions probability on the region around E,
and E.. For AA- and AB-NCCN, the states near E, are associated with the C-C
interatomic bonds plus the N-lone pairs (non-bonding), while the states around E.
are associated with the C-C plus the C-N bonds, as shown in figures 3.5 (a)-(d).
Regarding NCCB bilayers exhibited in figures 3.5 (e)-(h), the density around E, is

related mainly to the C-C and C-B interatomic bonds. However, around E. it is due
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to the C-N bonds with an antibonding character, distributed in the backbond of the
N atoms. These density distributions probability provided complementary informa-

tion for weight contributions analysis of each s and p orbitals on band structures,

DOS, and PDOS shown in figure 3.4.

Figure 3.5: Electronic charge density distributions of the bilayers in the region
around E; for (a) AB- and (c) AA-NCCN, and for (e) AB- and (g) AA-NCCB. It is
also shown the distributions in the region around E. for (b) AB- and (d) AA-NCCN,
and for (f) AB- and (h) AA-NCCB. Reproduced from Paper I [21].

3.1.5 NCCB 3D crystals

As exposed previously, we found a set of stable bilayers that could be used as 2D
building blocks for nanostructure self-assembly, providing strong bonding between
different bilayers. Although the NCNC bilayers have distinct atomic edges (as-
sociated with carbon or nitrogen atoms), which could help self-assembly growth,
we discarded them as potential building blocks since their formation energies are
much larger than the other bilayers. Regarding NCCN bilayers, the ideal build-
ing block partner would be a BCCB bilayer, which was dynamically unstable and,
therefore, unsuitable to serve as a building block. Even if a BCCB bilayer were
dynamically stable, there would still be a challenge in placing an NCCN bilayer
over a BCCB one, self-assembled, due to a lattice mismatch between them. There-

fore, the NCCN bilayers do not seem appropriate to serve as a 2D building block
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for self-assembly. However, they could still find applications in other fields since
nitrogen-doped graphene has also been widely investigated and proposed as su-
percapacitors [85], semiconducting devices [86], hydrogen storage [87] and battery
anodes [88,89).

To explore the possibility of an NCCB serving as a 2D building block, we inves-
tigated the properties of 3D crystals made from stacking these building blocks. The
first crystal has optimized lattice parameters of a = 2.590 A and ¢ = 8.417 A. The
boron atoms from one AB-NCCB bilayer are located above the nitrogen atoms from
the adjacent AB-NCCB bilayer, as shown in figure 3.6 (a). The C-C intra-bilayer
distance (h) is 1.439 A, which is smaller than the one in the diamond crystal but
close to the in-plane graphite and graphene bond lengths, indicating a covalent bond
between those carbon atoms. Additionally, the B-N inter-bilayers distance of 1.645
A is similar to the B-N dative bonding found in several other structures [90,91]. The
C-C covalent bond and B-N dative one could guarantee the stability and rigidity of
the resulting crystalline structure.

Moreover, the self-assembly could be facilitated by the ionic-like driving force
between N and B atoms from neighboring building blocks since N has a donor char-
acter while B has an acceptor one. The binding energy (£, = 0.16 ¢V /atom) and the
bulk modulus of the crystal (K, = 328.9 GPa) indicate that this structure presents
characteristics of hard material with covalent bonding [92]. We obtained the K, by
fitting the third-order finite strain Birch-Murnaghan equation of state to the energy
vs. volume relation [93]. Additionally, the crystal has a small indirect electronic
gap of 0.65 eV, shown in figure 3.6 (c), where the valence band top has mainly con-
tributions from the p-C and p-N states (C-N bond), whereas the conduction band
bottom has from the p-C and p-B states (C-B bond).

The second crystal built in a graphite-like structure has optimized lattice pa-
rameters of a = 2.563 A and ¢ = 5.090 A. In this structure, the B and N atoms are
above /below the hexagonal hollow site of the adjacent bilayer, as shown in figure
3.6 (b). The C-C intra-bilayer distance is 1.587 A, close to the diamond crystal and

in the same order as in graphite and graphene, indicating a covalent bond between
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Figure 3.6: Schematic representation of (a) NCCB covalent crystal and (b) NCCB
graphite-like one, where the black, pink, and blue spheres represent carbon, boron,
and nitrogen atoms, respectively. Electronic band structures of the (c) covalent-like
and (d) graphite-like crystal configurations, in the main high-symmetry directions
of the BZ. The figure also presents the total (black) and projected density of states
on the p orbitals of C (red), N (green), and B (pink) atoms, in units of the number
of states/eV. E, represents the valence band top. Reproduced from Paper I [21].

the carbon atoms.

Additionally, the inter-bilayer distance is 2.685 A and the bulk modulus is 79.3
GPa. The value of 70 meV/atom obtained for the average binding energy was
close to that found for graphite in our calculation. These values suggest that this
crystal could be classified as a layered material since it presented strong and covalent
intra-bilayer bonds with weak (van der Waals-like) inter-bilayer bonds. Regarding
electronic properties, the crystal exhibited an indirect gap of 1.246 eV, as shown in

figure 3.6 (d), where the valence band top has contributions primarily from the p-C
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and p-B states and the conduction band bottom has from the p-B states with some

from the p-C and p-N ones.

3.1.6 Conclusion

In summary, we have investigated the properties of graphene-like carbon mono and
bilayers functionalized with nitrogen and boron atoms. All functionalized graphene
monolayers were dynamically unstable according to their phonon spectra. Accord-
ingly, we analyzed the functionalized graphene-like bilayers (NCCN, NCNC, BCCB,
and NCCB) regarding stability, structural, and electronic properties, finding some
semiconductor and insulator dynamically stable systems. Among the resulting sta-
ble structures explored, we studied three-dimensional crystals formed by stacking
NCCB bilayers and found they are energetically stable. Therefore, the NCCB bi-
layer is a potential candidate as a nanoscale two-dimensional building block for the

self-assembly of macroscopic systems.

3.2 Functionalized 2D diamond

The 2D diamond has received considerable attention in the last few years, with
promising applications in several fields, such as batteries, quantum computing,
nano-optics, and nanoelectronics [24]. Herein, we initially explored the physical
properties of pristine 2D diamond in AA’A” and ABC stacking structural config-
urations, composed of three graphene layers, in the diamond-like form, with the
C atoms between layers covalently bonded. After full atom position relaxations,
the simulations showed the nanosheets converge to trilayer graphene systems with
vdW interactions between layers (graphite-like). This behavior has also been found
in a previous theoretical investigation of 2D diamonds, starting the simulations
with two graphene layers. These results occur due to the absence of an external
pressure-induced or surface passivation to transform sp? bonds into sp* ones [94].
Accordingly, those structures represent the chosen reference systems such that we

can explore the changes in the properties of the systems with functionalization.
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3.2.1 Structural properties

We explored the properties of C4Xy (X = B or N) systems, described as three
graphene sheets where four C atoms are bonded covalently (2D diamond-like) in each
unit cell. Moreover, the two external layers are 50% doped with substitutional X
atoms, where each X atom is bonded to three C atoms. In figure 3.7, we presented the
schematic representation of the optimized and relaxed C4X5 (X = B or N) systems,
in both AA’A” and ABC stacking configurations, as well as the respective labels

given to the intraplanar bond angle (), intralayer (dc_x) and interlayer (ho_x)

Figure 3.7: Schematic illustration of the C4Xy (X = B or N) system. (a) top and
(b) side view of AA’A"-CyXs, (c) top and (d) side view of ABC-C;X;. The black
and gray spheres represent the C and X atoms, respectively. The red lines denote
the simulation unit cell limits, with the rectangle cells used only to determine the
elastic properties. The labels given to the intralayer (dc_x) and interlayer (hc_x)
distances, structures’ thickness (Ah), and the intraplanar bond angle (6) are also
displayed.
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distances, and systems’ thickness (Ah).

The optimized structural parameters of C4Xs (X = B or N) are shown in table
3.2, where the distance labels are consistent with the ones defined in figure 3.7.

We observed that all the nanosystems functionalized with N atoms kept the
lattice constants almost unchanged if we compared them to the PD ones. Moreover,
the values of C4N, intraplanar bond angles () are close to the sp® hybridization
angle (109.47°), leading to a thickness of ~ 4.7 A for both stacking structures.
Nevertheless, the C4Bs nanosheets lattice parameters are slightly greater than the
HD and FD systems, with 6 close to the value of 120°. The B atoms bonded to
three adjacent C atoms present a sp?-type hybridization, and hence we observed a

shorter thickness of ~ 4.2 A if compared to the N-functionalized structures.

Table 3.2: Structural properties of C4;Xs (X = B or N): the lattice parameters (a),
intralayer (d) and interlayer (h) distances, thickness (Ah), and the intraplanar bond
angle (0) are labeled according to figure 3.7. The distances are given in A and angle
in degrees. The table also gives the standard enthalpy of formation (AHP) at 0
GPa, in units of meV /atom. For PD, HD, and FD, X = C.

System a dc_x dc_c hc_c Ah 0 AHJQ

AA’A"-CyN, 242 149 149 1.60 4.74 108.9 348
ABC-CyN, 244 150 150 1.57 4.66 109.0 333

AA'A"-CyBy 266 155 162 1.66 4.25 1184 424
ABC-C,B, 2.67 155 163 1.65 4.18 1185 365

PDe 243  Y* 154 165 «— Y* 300
HD? 253 156 — 156 — — —
FD? 2.56  1.55 — 155 — — —
NCCN 2.39¢ 1.47¢ — 1.58¢ 2.59¢ 108.8¢ 2114

“Reference [95] - the (2110)-oriented h-diamane exibits two do_x and 6 values — Y = 1.35 A and
1.54 A with sp® and sp? hybridizations. *Reference [96]. “Reference [21]. “Reference [97].
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3.2.2 Thermodynamic stability

We now discuss the thermodynamic stability of C4X5 nanosheets. First, we com-
puted the standard enthalpy of formation AHJQ, displayed also in table 3.2, using
equation (described in section 2.5 of chapter 2)

Ey(CyXy) — 4E4(C) — 2E(X)
6 5

AHp = (3:2)

where F;(C4Xy) is the total energy of the 2D system, with 4 C atoms and 2 X atoms
(X =B or N) in the primitive cell. E;(C) and E;(X) are the total energies, per atom,
of the respective C and X standard ground states, i.e., of graphite, crystalline boron
in the trigonal structure (S-boron), and isolated Ny molecule.

We found positive values of AHJQ of 348 meV, 333 meV, 424 meV, and 365
meV for AA’A"-C4N,, ABC-C4N,, AA’A"-C,B,, and ABC-C,B,, respectively, as
displayed in table 3.2, indicating a possible thermodynamic instability. However,
there are 2D materials synthesized by endothermic process (AH{ > 0) reported in
the literature, as shown in table 3.2. Moreover, de positive values found could be
due to uncertainty on the DFT energies and likely due to the lack of interactions
between the 2D materials and substrate in the simulations.

Finally, we explored the thermodynamic stability of the systems as a function
of temperature. Accordingly, we used ab-initio molecular dynamics (AIMD) sim-
ulations, as implemented in the Vienna ab-initio simulation package (VASP) [64],
using a 216-atom (6 X 6 x 1) hexagonal supercell, in order to allow possible structural
reconstructions. A Nose-Hoover thermostat (NVT) ensemble was employed to carry
out the calculations at several temperatures (from 0 to 1000K) for 5 ps, with a sim-
ulation time step of 1 fs. The AIMD simulations exhibited a small variation of total
energy during 5 ps at 300K, as shown in figure 3.8, indicating that the structural
integrity of those systems is maintained. Although we observed the same behavior
for the C4N, systems at 1000K, the C4B, nanosheets presented some broken bonds

at that high temperature, suggesting a structural degradation.

64



Chapter 3: 2D diamond-like functionalized graphene

(d)

(c)

(b)

(a)

l 300 K
‘ K] ] IR " .
'
0 1 2 3 4 5
Time (ps)
(h)

< © © =) o =
o ] ® <] =]
© © © ~ ~ ~

(1192/A3) AbBisud |ej0l

' 300 K

0 1 2 3 4 5
Time (ps)

(9)

8 8 & 3 8 8
© © < < ¢ ¢ 6 ¢ & ¢ 6 6 ¥ G G «
(11I92/A9) AbBuaua |eiol (11I92/A9) AbBuaua |eiol

I I 300 K
"o Q ? ] ? ’ :
355 ‘
0 1 2 3 4 5
Time (ps)
(f)
1000 K
0 1 2 3 4 5
Time (ps)

Figure 3.8: Variation in total energy during 5 ps of the ab-initio molecular dynamic simulation. At 300K of (a)
AA/A”—C4N2, (b) AA/AH—C4N2, (C) AA/A”—C4B2 and (d) ABC—C4B2. At 1000K of (6) AAIA,/—C4N2, (f) AA/A”—C4N2,

&
< © «© o o < © o < © © o o < ©o © o o < m
N N q @ « «@ N NN RN RN R IR =
~ N N N NN N L O
(11I92/A9) AbBuaua |eiol (11I92/A9) AbBuaua |eiol (_')
0 0 m
N 4 <
8 8 ~~
m ~ o < =
— ~—
"3 "3 E
- -~ <
g g 2
@)
— — \I
<
o L o <
o < © @ o (3 < o o < © @ o o < © @ o o
& & 8 & @ g A R R R <
~ N N N NN N L
(1193/A3) ABisus |e10L (1193/A3) ABusus |e10L o0
S—

65



Chapter 3: 2D diamond-like functionalized graphene

3.2.3 Dynamic and mechanical stability

We next used the phonon theory to investigate dynamic stability, in which a system
is considered stable when its vibrational spectra contain only positive frequencies.
The phonon dispersion curves of C4;By and C4;Ny compounds, in both AA’A” and
ABC stacking configurations, are presented in figure 3.9. All spectra show 18 phonon
branches since the primitive cell contains 6 atoms. We can observe that these systems
are dynamically stable since there are only positive frequencies.

Furthermore, we computed the elastic constants of the systems with equation
(2.48) to verify their mechanical stability, in which the Born stability criteria C; > 0
and C1o < Cy; must be satisfied [58]. Herein, we built a rectangular cell with 12
atoms and used the strain-energy method described in section 2.4. Table 3.3 presents
the elastic constants 1y, Cag, and Cyy = (C1; — Cl2) /2, the Young modulus Y?P =
(6'121 — 6'122) /C11, and the Poisson ratio v = C15/Chy of CyXs trilayers, as well as
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Figure 3.9: Phonon dispersion branches of (a) AA’A”-C4B,, (b) ABC-C,Bs, (c)
AA’A"-CyN,, and (d) ABC-C4Ny along the main high symmetry directions of the
irreducible BZ of the hexagonal lattice.
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of several other 2D materials for comparison. Accordingly, the C4X, structures are
mechanically stable since they satisfy the Born criteria, agreeing with the phonon
dispersion spectra shown in figure 3.9. The C,Xs nanosheets present high Young
modulus values and characteristics of isotropic systems since their Poisson ratio o
values are lower than 0.5 [100,101]. Additionally, we estimated the longitudinal and

the transversal acoustic velocities, given, respectively, by

O\ M2 C 1/2
VLA = <i> and vpA = ( 4 ) , (3.3)
p2D 2pap

where pop is a formal density in kg/m?, allowing comparison between systems, in-
dependent of their thickness [24]. The velocity values, listed in table 3.3, suggest
that the stiffness of the C4X5 systems is comparable with that of diamond.

Table 3.3: Elastic constants O}, Cia, and Cy4, Youngs modulus Y?2P, Poisson ratio
o, formal density pop, longitudinal vy, and transverse vra acoustic velocities of C4X,
(X = B or N), graphene, and other 2D diamond-like systems. Elastic constants and
Youngs modulus are given in N/m, Poisson ratio is dimensionless, formal density
and velocities are given in 1077 kg/m? and km/s, respectively.

System CH 012 C44 y?b o P2D VLA UTA

AA’A"-CyNy 816 8 366 808 0.10 248 181 121
ABC-Cy4N, 782 348 769 011 245 178 119

AA’A"-CyB, 627 88 270 615 0.14 189 182 119
ABC-C4B, 609 92 259 595 0.15 187 180 11.7

Graphene 354¢  60% 147* 340° 0.18° 7.55¢ 21.6* 13.9*

HD 474¢ 36° 219* 471* 0.08¢ 14.9¢ 17.8¢ 12.2°¢
ABC-HD 718¢ 58¢ 330 T713* 0.08° 22.2¢ 18.0¢ 12.2¢
FD 4854 49 218* 480¢ 0.10* 14.00  9.3°
NCCN 568" 66/ 243/ 560* 0.12*

Diamond 10797 1245 578/ 18.3¢ 12.4¢

“Reference [57]. "Reference [98] - experiment. “Reference [99]. 9Reference [96]. “Reference [24].
/Reference [97]. *We calculated those values using the data from the table and the equations
described in this section.
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3.2.4 Electronic properties

Following, we studied the electronic band structures and the projected density of
states (PDOS) of the C4X5 systems, displayed in figure 3.10 (a)-(d). The electronic
band structures and PDOS of AA’A”-C4;N, and ABC-C,N, nanosheets presented
in figures 3.10 (a) and (b), despite their analogous PDOS with the N p-orbitals
dominating at valence band maximum (VBM) and a mixture of N and C s- and
p-orbitals at conduction band minimum (CBM), their band structures exhibit some
differences. Although both systems exhibit the VBM around the I'-point, the CBM
is well defined at M-point for the ABC-C4N,, while in AA’A”-C4N, the bottom of
the conduction band is at K-point. On the other hand, for the AA’A”-C4B; and

ABC-C4B5 nanosheets the band structures are very similar, as shown in figures 3.10
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Figure 3.10: Electronic band structures along high-symmetry directions of the BZ
and projected density of states (PDOS), using the optB88-vdW approach for the
exchange-correlation energy: (a) AA’A”-C4Ny, (b) ABC-C4Ns, (c) AA’A”-C4B, and
(d) ABC-C4B;. The PDOS (states/eV) on the C and X s-orbitals are given in purple
and blue, respectively, and on the C and X p-orbitals are given in red and green,
respectively. E; is the valence band maximum.
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(c) and (d), with both systems presenting direct band gaps, where the VBM and
the CBM are at the I'-point, in which the B p-orbitals dominate at CBM, and in
the VBM there is a combination of B and C p-orbitals.

The 2D diamond systems present a non-zero band gap with characteristics de-
pending on several factors, such as doping with different functional groups. Herein,
we are working with B and N atoms as X-doping elements. B atom belongs to
group-I1I column of the periodic table, with valence electronic configuration 2s22p!,
and N atom to group-V, with valence electronic configuration 2s22p3. As a result of
the doping, we found a wide indirect band gap for the C4N; nanosheets and a nar-
row direct band gap for the C4By ones, when compared to the PD value. Table 3.4
presents the band gap values of C4X, nanosheets, obtained with the optB88-vdW
approach [43] (Ey™) and the hybrid HSE functional [44] (E}") for the exchange-
correlation energy, as well as the band gap of PD with three graphene layers. The
band gap of PD, using hybrid HSE functional, is 2.70 eV, while for the functionalized
AA’A"-C4N,, ABC-C4N,, AA’A"-C,B,, and ABC-C4Bs compounds the values are
5.56, 5.42, 1.64 eV, and 1.97 eV, respectively.

Table 3.4: Electronic band gap width values of C4;X5 nanosheets (X = B or N),
obtained with two different approximations for the exchange-correlation functional:
optB88-vdW [43] (Ey*Y) and HSE [44] (E}F). The PD band gap value is also
displayed.

System EYW (eV)  EJPF (eV)
AA’A”-CyN, 4.40 5.56
ABC-C,N, 4.14 5.42
AA’A"-CyBy 0.53 1.64
ABC-C4B, 0.84 1.97
PD* 2.70

“Reference [95] - the (2110)-oriented h-diamane with 3 graphene layers.
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3.2.5 Future outlook

Herein, we investigated the physical properties of 2D diamond doped with sub-
stitutional N or B atoms. The systems consisted of three graphene sheets, one
non-doped graphene layer between two 50% doped ones, and covalent C-C bonds
between neighboring layers. The C;X;5 (X = N or B) are dynamically, mechanically,
and thermodynamically stable up to 300K. In particular, both stacking of the C4N,
nanosheets are also thermodynamically stable up to 1000K. According to the elec-
tronic structure, the C4Ny nanosheets are indirect band gap, while the C4B5 systems
are direct band gap. Moreover, our results suggest that the stiffness of those systems
is comparable to that of the diamond. Nevertheless, despite these interesting initial
results, further investigations should explore the applicability of those systems, and

we are currently studying their potential applications.
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4. 2D diamond-like functionalized
silicene nanosheets

To succeed, planning alone is insufficient.
One must improvise as well.

Isaac Asimov

Silicene is a 2D material made of silicon atoms with a low-buckled hexagonal hon-
eycomb structure due to the silicon sp?-sp® hybridization. The single-layer and
the few-layer silicene nanosheets are promising candidates for applications similar
to those of graphene. Additionally, silicene’s properties could be modified by, for
instance, doping with different chemical elements and changing the stacking or-
der [28,102]. The 2D silicon-based materials have potential applications in several
fields, particularly for energy storage systems. Therefore, this chapter explored
the physical properties of 2D diamond-like silicene nanosheets functionalized with
boron, nitrogen, aluminum, and phosphorus atoms. Furthermore, we studied the po-
tential application of the aluminum functionalized few-layer silicene in alkali metal
ion batteries. Accordingly, this chapter includes a summary of Paper III: Func-
tionalized few-layer silicene nanosheets: stability, elastic, structural, and electronic
properties [28] and Paper IV (Advance Article): Aluminum functionalized few-layer
silicene as anode material for alkali metal ion batteries [30]. The computational

details are in section 2.10 of chapter 2.
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4.1 Functionalized silicene nanosheets

This section presents the results of ab-initio investigations on the properties of func-
tionalized few-layer silicene (FLS) nanosheets, defined as Sis X, bilayers and SiyXs

trilayers (X = B, N, Al, and P). Figure 4.1 shows schematic representations of those

systems.
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Figure 4.1: Schematic representations of the SisX, bilayers and SiyXs trilayers
(X = B, N, Al, P). Herein, X = Si represents pristine silicene bilayer (Siy) and
trilayer (Sig). Top view perspective of (a) AA’ and AA’A”, (b) AB, and (¢) ABC
stacking configurations; and side view perspective of (d) AA’, (e) AB, (f) ABC, and
(g) AA’A” configurations. For Sig, the AA’A” stacking is also known as AA’A. The
yellow and gray spheres represent, respectively, Si and X atoms. The red dashed
lines illustrate the hexagonal (rectangular) cells used to determine the dynamic,
structural, and electronic (elastic) properties. The labels given to the dg;_g; and
ds;_x intralayer, hg;_g; interlayer, Azg;_g; and Azg;_x buckling distances, and the ¢
intraplanar bond angle are also displayed. Reproduced from Paper III [28].
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The functionalized silicene bilayers consist of two 50% X-doped silicene nano-
sheets, and the trilayers consist of three silicene nanosheets, one non-doped silicene
layer between two 50% X-doped ones. It can be observed in figure 4.1, besides
the schematic representations of the Si;Xs bilayers, in the AA’ and AB stacking
configurations, and Siy X trilayers, in the AA’A” or AA’A and ABC configurations,
also the labels of the intralayer (d), interlayer (h), and buckling (Az) distances,
and the intraplanar bond angle (6). Table 4.1, exhibited in next page, presents
optimized structural parameters of the studied systems, as well as the respective
values obtained for pristine silicene Si; monolayer, Siy bilayers, and Sig trilayers.

The distances and angle labels are consistent with the ones defined in figure 4.1.

4.1.1 Structural properties

Regarding pristine FLS nanosheets, we found that the lattice constants for all the
systems are very close, ranging from 3.847 A (AB-Siy) to 3.870 A (Siy). Moreover,
the Si atoms prefer the sp® hybridization and, hence, the 6 values decrease towards
the tetrahedral value (109.47°) as the number of layers increases [101,103]. We also
observed that the FLS nanosheets have covalent bonds, presenting interlayer hg;_g;
distances varying between 2.423-2.538 A. Unlike the bilayer systems, the pristine
silicene Sig trilayers have two additional structural parameters: the intralayer dg;_g;
and buckling Azg;_g; distances. The FLS systems exhibit structure parameter close
to crystalline silicon, differing from the few-layer graphene and graphite that present
weak interlayer van der Waals interactions.

In the functionalized FLS nanosheets, the Al substitution stretched the lattice
parameter a and the intralayer distance dg;_ a1, while incorporating B, N, or P atoms
reduced them. Moreover, the intraplanar bond angles of the systems functionalized
with B and Al atoms are very close to the value of 120°, which is the expected value
of the sp?-type hybridization of B and Al atoms bonded to three adjacent Si atoms.

In the systems functionalized with N and P atoms, the intraplanar bond angles
are smaller than in the pristine FLS, approaching the sp3-type hybridization angle
value. Although the buckling distances are greatly affected by the substitution,
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the interlayer distances hg;_g; are slightly greater/smaller than the ones of pristine
systems, indicating that the Si-Si covalent bonds are maintained (see table 4.1). We
now move to the discussion regarding the possibility of synthesizing the Si; Xy and

Siy Xy nanosheets.

4.1.2 Enthalpy of formation

We now analyze the values of the standard enthalpy of formation AH?, per atom,
described in the methodology, section 2.5). The values are displayed in table 4.1
and they were computed by

y+2

AHp = , (4.1)

where F;(Si,X5) is the total energy of the 2D system, with ySi atoms and 2X atoms
(X = B, N, Al, P), y being 2 and 4 for bilayers and trilayers, respectively. The
E(Si) and Fy(X) are the total energies, per atom, of the respective Si and X stan-
dard states: the total energy of crystalline silicon in a diamond lattice, boron in
a trigonal crystalline structure (8-boron), aluminum in a face-centered cubic crys-
talline structure, nitrogen in an isolated Ny molecule, and phosphorus in its black
puckered orthorhombic layered structure.

We found that only the FLS nanosheets doped with substitutional N or P atoms
have negative AHY, where the exothermic reaction is likely due to the high reactivity
of the silicene surface [104]. However, there are examples of 2D materials synthesized
by endothermic processes (AH{ > 0), such as silicene (751 meV /atom) and graphene
(70 meV /atom [21]) monolayers. Additionally, it has been proposed that it is easier
to experimentally produce free-standing 2D materials when the AHJQ is under the
threshold value of 200 meV /atom [60,61, 105].

The systems doped with substitutional B or Al atoms have positive AHJQ, with
energies values ranging between the threshold (200 meV/atom) and the silicene
monolayer enthalpy of formation (751 meV /atom), which is in good agreement with

the literature [60,106]. Nevertheless, besides the enthalpy of formation showing the
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functionalized systems are energetically more favorable than the pristine silicene
monolayer, the dynamic stability of these structures should be studied to check the

possibility of synthesizing the Si; X5 and SizXs nanosheets.

4.1.3 Dynamic stability and elasticity

To study the dynamic stability of the structures we obtained the phonon dispersion
curves through the density functional perturbation theory (see section 2.3), with
the irreducible BZ sampled by an 8 x 8 x 1 ¢g-point mesh. A system is dynamically
stable when it has only positive frequencies in the phonon dispersion curves and,
hence, we found the FLS functionalized with P atoms are dynamically stable. On
the other hand, silicene structures functionalized with B, Al, or N are dynamically
stable only in some stacking configurations. Table 4.1 presents the stability of all
structures investigated here based on that criterion (DS).

Figure 4.2 exhibits the phonon dispersion curves of the systems, where some are
dynamically unstable since they present larger negative frequency values. However,
the small negative frequency around the I' valley in the ABC-SiyB, system, shown
in figure 4.2 (j), does not necessarily indicate that this sheet is unstable. This
behavior, which is found in other 2D materials, has been generally associated with
the difficulty in converging the out-of-plane ZA transverse acoustic mode [107,108].
Accordingly, we next computed the elastic constants of the stable systems to verify
their mechanical stability, in which the Born stability criteria C;; > 0 and C15 < C1y
must be satisfied [58].

We used the strain-energy method, described in section 2.4, to determine the
elastic properties of the systems. The C;; and C;5 constants were obtained fitting a
second-order polynomial to the data, equation (2.48). Here, we built a rectangular
supercell with 8 and 12 atoms for the bilayers and trilayers, respectively, and applied
two in-plane strains (€), ranging from -1.5% to 1.5% with respect to the optimized
cell parameters: (i) uniaxial deformation along the zigzag direction and (ii) biaxial
planar deformation [57]. Table 4.2 displays the elastic constants C;;, Ci2, and
Cyu = (Cq1 — Cpa) /2, as well as the Young modulus Y?P = (C?, — (C2,) /Cy;, and
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Figure 4.2: Phonon dispersion curves along the high symmetry directions of the
irreducible BZ of the hexagonal lattice: (a) AA’-SioBs, (b) AB-SiyBsy, (¢) AA'-
SiQA].Q, (d) AB-SiQAIQ, (e) AA/—SiQ, (f) AB—SiQNQ, (g) AA,‘SjQPQ, (h) AB—SiQPQ, (1)
AA’A"-SiyB,, (j) ABC-SiyBs, (k) AA’A”-SizAly, (1) ABC-SizAly, (m) AA’A”-SiyNs,
(n) ABC-SiyNy, (o) AA’A"-Si4Py, (p) ABC-SigPy. Reproduced from Paper IIT [28].

the Poisson ratio v = Cy5/Cyy.

Our results show that the dynamically stable systems also satisfy the Born cri-
teria and, hence, are mechanically stable. We also observed that pristine FLS struc-
tures become more stable as they grow in thickness, i.e., the elastic constants and
the Y2 increase with the number of layers. Furthermore, all the systems investi-
gated have a Poisson ratio v lower than 0.5 except for the ABC-Si4Aly. Poisson ratio

v lower than 0.5 is a characteristic of isotropic systems [100] and has been observed
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Table 4.2: Elastic constants Cq1, Cq2, and Cus, Youngs modulus Y?P, and Poisson
ratio v of pristine FLS, SisXs, and SiyX, (X = B, N, Al, P) for the dynamically
stable configurations. Elastic constants and Youngs modulus are given in N/m and
the Poisson ratio is dimensionless. Reproduced from Paper IIT [28].

System Structure Stacking Cu1 Ci2 Cys y?b v
Monolayer Sia — 69 19 25 64 0.28
5 AA’ 124 36 44 113 0.29
4 AB 121 33 43 111 0.28
- AA’ 296 83 106 273 0.28
Bilayer :

Y SipNs AB 278 83 97 252 0.30
Si.p AA’ 133 24 55 129  0.18
2h2 AB 129 23 53 125  0.18
5 AA’A 157 33 62 150  0.21
6 ABC 167 43 62 156 0.25
Trilayer Si,B- ABC 198 35 82 192 0.17
SiyAly ABC 123 84 20 66 0.68
. AA’A" 182 38 72 174 0.21

SI4P2
ABC 176 36 70 168  0.21

in 2D materials [101]. However, despite ABC-Si;Aly presents v value larger than 0.5
(0.68), this is close to values found in stretched silicene monolayer of 0.62 [109] and
0.75 [110].

Finally, we present the standard enthalpy of formation for all the dynamically
stable structures in figure 4.3. The graphene is also included for comparison, where
the enthalpy of formation was computed with respect to graphite using the optB88-
vdW van der Waals density functional to describe the exchange-correlation energy
[21]. Moreover, despite having enthalpies of formation greater than 200 meV, the
pristine FLS nanosheets have been free-standing synthesized [33]. Accordingly, the
comparison shows the feasibility of experimentally synthesizing, through different

techniques, the dynamically stable systems investigated here.
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Figure 4.3: Standard enthalpy of formation, calculated using Eq. 4.1, for the dynam-
ically stable systems. The horizontal dashed line illustrates the empirical threshold
energy to experimentally synthesize free-standing 2D materials (60,61, 105]. Repro-
duced from Paper IIT [28].

4.1.4 Electronic properties

The electronic band structures and the projected density of states (PDOS) of the
dynamically stable Si;Xy and SiyXs systems (X= B, N, Al, P), pristine silicene Siy
monolayer, Siy bilayers, and Sig trilayers, are exhibit in figures 4.4 and 4.5. We can
observe that the pristine silicene monolayer has zero band gap with a Dirac cone at
the K-point in the BZ, and FLS nanosheets present metallic behavior. The results
displayed in figure 4.4(a) for Siy, figures 4.4(b) and (c) for Siy, and figures 4.5(a) and
(b) for Sig, agree well with the ones reported in literature [25,111-113]. Regarding
functionalized FLS we found indirect band gap semiconductors and metallic systems.
The indirect band gap semiconductors are the AA’-SisNo, AB-SioNy, AA’-Siy Py, and
AB-Si, P, doped bilayers, figures 4.4 (d)-(g), and the AA’A”-SiyPy and ABC-Si P,
doped trilayers, figures 4.5 (e) and (f). The metallic system are the ABC-SiyBs and
ABC-Si Al trilayers, figures 4.5 (¢) and (d).
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Figure 4.4: Electronic band structures along the high-symmetry directions of the
BZ (left panels) and projected density of states (PDOS) (right panels), obtained
with the optB88-vdW approach for the exchange-correlation energy: (a) Sig, (b)
AA/-Si4, (C) AB-Si4, (d) AA/-SiQNQ, (e) AB—SigNQ, (f) AA/—SiQPQ, and (g) AB—SiQPQ.
The PDOS (states/eV) on the Si and X s-orbitals are in purple and blue, and on
the Si and X p-orbitals are in red and green, respectively. E, is the valence band
top and Ep the Fermi energy. Reproduced from Paper 11T [28].

The B or Al (group-III) substitution keeps the metallic behavior of pristine
silicene trilayers. However, the N and P (group-V) substitution transforms the
pristine silicene bilayers and trilayers from metallic to semiconductor 2D materials.
Accordingly, the number of valence electrons of the X atoms is the prevailing factor
that determines the properties of the compounds. Moreover, the Dirac cone is not
preserved in the Siy Xy systems, differing from the metallic pristine silicene trilayers,

which is below the Fermi energy at the K-point for the AA’A stacking configuration,
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Figure 4.5: Electronic band structures along the high-symmetry directions of the
BZ (left panels) and projected density of states (PDOS) (right panels), obtained
with the optB88-vdW approach for the exchange-correlation energy: (a) AA’A-Sig,
(b) ABC—Si@, (C) ABC—Si4B2, (d) ABC-Si4A12, (e) AA/A//—Si4P2, and (f) ABC—SI4P2
The PDOS (states/eV) on the Si and X s-orbitals are in purple and blue, and on
the Si and X p-orbitals are in red and green, respectively. E, is the valence band
top and Ep the Fermi energy. Reproduced from Paper 11T [28].

figure 4.5(a), and in the K-M direction for the ABC one, figure 4.5 (b) [111].

In table 4.3 we present the electronic band gaps E, (EJ5"%) for AA’-Si)Ny,
AB-SisNy, AA’-SiyPy, AB-SisPy, AA’A”-SiyPsy, and ABC-SiyPy. The gap values
increased by about 1 eV (SiaN3), 0.6-0.7 eV (SiyP3), and 0.8 eV (SiysP3) when the
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HSEO06 approach was used. We found the electronic band gap values of Si;Ny and
Sis P, functionalized bilayers are in good agreement with theoretical results reported
in literature [114]. Table 4.3 also exhibits the high-symmetry point or direction of
the valence band maximum (VBM) and conduction band minimum (CBM), and
their atomic projected character.

Figures 4.4 (d)-(g) show that the bottom of the conduction band (M-point), and
the top of the valence band (K-I" direction) of the SioNy and SipPy semiconducting
bilayers, have contributions mainly from the hybridization of the Si and X p-states
(X = N, P), with prevailing X p-states character. Our results also agree with the
literature since the top region of the valence band is highly degenerated with a
Mexican-hat dispersion (quartic function) [114].

In figures 4.5 (e) and (f), we observe similar band structures and PDOS for
the AA’A"-SiyPy and ABC-SisP, semiconducting trilayers, with the VBM at the
I'-point and the CBM at the I'-M direction. At the VBM the Si p-orbitals dominate
and it is derived from the intermediate (non-doped) Si-Si layer and from the Si-P
layer. However, there is also a contribution of the P p-states from the Si-P layer at
the CBM. The PDOS exhibited in figures 4.5 (c¢) and (d) for the ABC-SiyBy and
ABC-SijAl; metallic systems, show that the Fermi level crosses three bands in the
[-point region. Moreover, these band have contributions from the hybridization of
the Si and X p-orbitals of the Si-X layer (X = B, Al), and from the Si s-states of
the Si-Si layer. In the ABC-SiyBs, the Fermi level crossing around the K-point is
mainly derived from the Si p-states of the Si-Si layer and from the B p-states of the
Si-B layer.

Accordingly, these results suggest that it is possible to tune and control the FLS
electronic structure by increasing the number of layers and, simultaneously, doping
them to be used in specific applications, such as optoelectronic and thermoelectric

devices.
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4.1.5 Future outlook

Considering that functionalized nanostructures could serve as building blocks for
the self-assembly of complex 3D systems [21,23,91,115,116], and van der Waals
heterostructures based on silicon SiN were proposed for water oxidation applications
and the SiP for photocatalytic water splitting [117], it is interesting to explore if
those systems investigated in this thesis could be used as building blocks and how
their properties would modify with different morphologies. Additionally, due to
the wide band gap of the SisN, and Si,P, bilayers, they have been considered for
UV-light applications [114] and as thermoelectric materials at room temperature
[118]. Therefore, we suggest futher investigation of the AA’A”-Si,P, and ABC-
SisPs trilayer nanosheets as thermoelectric materials and for UV-light applications,
despite having narrower band gaps compared to Si;P, bilayers.

Moreover, previous studies have shown that monolayer and few-layer silicene
nanosheets are promising candidates for energy storage systems, such as lithium-ion
batteries [33,119]. Doping the silicene monolayer with different elements has also
shown good performance for alkali metal ion batteries (AMIBs). In comparison to
pristine silicene, for example, B/Al doped silicene has low diffusion barriers and a
higher capacity for sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs)
[120]. Accordingly, the ABC-SiyBs and ABC-SizAl, metallic trilayer structures are
promising candidates for AMIBs applications since good electrical conductivity is

one of the requirements for advantageous electrodes [121].

4.1.6 Conclusion

We performed an ab initio investigation on the structural, energetic, dynamic, elas-
tic, and electronic properties of silicene bilayers and trilayers functionalized with
group-1II and group-V atoms in several stacking configurations. While group-III
presented a metallic behavior on FLS, group-V maintained the semiconductor char-
acteristics. Particularly, we found four new dynamically stable nanosheets. By

analyzing the enthalpies of formation values and comparing them with the ones

84



Chapter 4: 2D diamond-like functionalized silicene

of the pristine silicene and graphene, the best known 2D material, we show the
feasibility of experimentally synthesizing them. We could identify several poten-
tial applications for those structures based on our results and previous studies of
silicon-based nanosystems, such as in alkali-metal ion batteries, UV-light devices,

and thermoelectric materials.

4.2 Al-functionalized few-layer silicene as ion bat-
tery anode material

In the previous section (Paper III), we investigated the few-layer silicene with several
surface functionalizations and stacking configurations. We observed that the B and
Al substitution keeps the metallic behavior of pristine silicene trilayers, making
them good candidates to work as battery electrodes. Also, we noticed that the
lattice parameter of the aluminum-doped silicene trilayer (ABC-SijAly) is larger
than the pristine few-layer silicene and ABC-SiyBs. These properties can contribute
to storing more ions and to a small volume expansion of the electrode material
during the battery (re)charging, which are requirements for anodes with high specific

capacity and cycling performance [121]. Therefore, we chose to study the ABC-
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Figure 4.6: (a) Top view, (b) primitive cell, (c) side view of the ABC-SiyAl, and
the binding sites for Li-, Na-, and K-alkali metal atoms. The hollow, top, and
bridge sites are represented respectively by H, T, and B symbols. The dashed lines
indicate the unit cell limits. The blue and grey spheres represent respectively Si and
Al atoms, while the green spheres represent the binding sites for adsorption of the
alkali metal ions. Reproduced from Paper IV [30].
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SizAl, nanolayer and its potential application as an AMIB anode. A schematic
representation of the ABC-SijAl, structure is displayed in figure 4.6, where the
optimized primitive cell parameters are a = b = 4.143 A, with a thickness h = 6 A.

4.2.1 Thermodynamic stability

Firstly, we explore the thermodynamic stability of this system as a function of
temperature, showing that ABC-SijAl, system remains structurally stable up to
600 K. Accordingly, we used ab-initio molecular dynamics (AIMD) simulations, as
implemented in the Vienna ab-initio simulation package (VASP) [64], using a 150-
atoms supercell (5 x 5 x 1) with lattice parameters @ = b = 20.715 A, in order to
allow possible structural reconstructions. The time step of the simulations was set
to 1 fs and a Nose-Hoover thermostat (NVT) ensemble was employed to carry out
the calculations at several temperatures (from 0 to 1000K) for 5 ps. Figures 4.7
(a) and (b) show, respectively, the total energy of the system at 300K and 600K
during 5 ps. The system reaches thermal equilibrium and then the energy oscillates
around an equilibrium value after about 1 ps. The figures also display a snapshot
of the final structure, indicating that the system keeps its structural integrity with
no broken bonds or defect formation. However, the system starts to present broken
bonds at higher temperatures. Figure 4.7 (c) shows the total energy of the system at
1000K during 5 ps, as well as a snapshot of the final structure, indicating structural
degradation.

In figure 4.7 (d), it is presented the average total energy, as a function of tem-
perature, of the last 2 ps of the simulations. It can be observed that the average
total energy increases linearly with temperature below 600K and, according to the
virial theorem, the average kinetic and potential energies are very close, indicating
structural integrity. Over 600K, the average total energy increases faster with tem-
perature, showing that there are broken bonds, defects, and some atomic diffusion.

Those results demonstrate that the ABC-Si4Al, structure is considerably stable
for temperatures up to 600K, with the atoms oscillating around their crystalline

equilibrium positions, without breaking bonds, and could be used as electrodes for
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Figure 4.7: Total energy over 5 ps during AIMD simulations at (a) 300K, (b) 600K,
(c) 1000K, and the respective final structures snapshots (top and side views) at
the end of the simulation; (d) average total energy variation, relative to the value
at T'= 0K, of the last 2 ps of the simulations, as a function of temperature. The

coloring of spheres is consistent with those in figure 4.6. Reproduced from Paper
IV [30].

applications below that threshold. Nevertheless, the nanosheet suffers considerable
structural degradation at higher temperatures, and close to 1000K, they are unsuit-

able for those applications.

4.2.2 Ion adsorption properties

After showing that the ABC-SigAly compound preserves its structural stability up
to 600K, the next step is to verify whether it can adsorb and incorporate the alkali
metal ions (Li, Na, K). Therefore, a 3 x 3 x 1 supercell was built, with optimized
lattice parameters of a = b = 12.429 A, corresponding to a chemical stoichiometry
of ABC-M;SigsAligs (M = Li, Na, K). This supercell is large enough for simulating
one alkali atom adsorbed/inserted in the system while avoiding interaction among

images.
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We started studying the adsorption of alkali metals in several high-symmetry
binding sites on the trilayer surface, as shown in figure 4.6 (b), and subsequently in
two sites inside the trilayer structure, as presented in figure 4.6 (¢). We considered
the hollow site (H) at the center of a hexagon, the top site (T) directly above each
atom, and the bridge site (B) at the midpoint of a Si-Al bond. The bulk interstitial
adsorption was also considered in two sites: the layer hollow site (H;), at the center
of a hexagonal ring, and the interstitial hollow site (H,), inside the structure at the
center of a hexagon, as presented in figure 4.6 (c).

The alkali atoms moved from the B to the T s; site and from the H; to the H, one
after performing structural optimization, indicating that the ions are unlikely to be
adsorbed at the B and H; sites. Accordingly, we calculated the average adsorption
energy (FE,qs), described in section 2.7, at the remaining sites with the following
equation

Baas(M) = | Bi(SuALM,) — Ey(SisAL) — nE, (M) | /n, (4.2)

where Et(Si4A12Mn) is the total energy of the host nanosheet with nM alkali ad-
atoms, Et(Si4A12) is the total energy of an isolated ABC-SizAl, trilayer, and F; (M)
is the total energy, per atom, of the M alkali metal in a body-centered cubic crys-
talline structure. Herein, a negative E,4s value indicates that the site is energetically
favorable for adsorption. The obtained F,4, are presented in table 4.4, in which the
negative values are in the same range as those in silicene-based materials, previously
reported in the literature as potential candidates for anodes in AMIBs [33,120,122].

Regarding adsorption sites with negative E, 4, the H site is the most energetically
favorable to adsorb either Li-, Na-, or K-atoms with E,4(K) (—0.681 eV) < E,45(Li)
(—0.483 €V) < E,45(Na) (—0.291 eV). Some investigations have also observed that
the H site is also the most favorable, as we found, however in pure single-layer sil-
icene, for Li- and Na-ions adsorption [31,123]. Considering the T sites, the average
adsorption energies for both Li- and Na-ions are positive, indicating that they are
not suitable for adsorption. However, we found negative E 4, for K-ion at Ts; and

Tsi, with values of —0.481 eV and —0.279 €V, respectively, showing these sites are
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Table 4.4: Adsorption properties of alkali metal atoms M (M = Li, Na, K) in ABC-
M;SiggAlig host structure. The table displays the average adsorption energy FE,gs
(in eV), the charge transfer AQ (in |e|), and the equilibrium distances dy (in A)
between the adatom and the closest surface atom in the system. Reproduced from
Paper IV [30].

Atom Site E,is AQ dm
Li H —0.483 0.859 1.177
Li Ta; 0.009 — —
Li Tg; 0.378 — —
Li H, —0.470 0.836 0.878
Na H —0.291 0.811 1.905
Na Ta 0.018 — —
Na Ts; 0.214 - —
Na H, 0.871 — —
K H —0.681 0.803 2.423
K Ta; —0.481 0.818 3.105
K Tg; —0.279 0.826 3.072
K Hs 2.200 — —

favorable positions for adsorption of K-atoms. Finally, we could observe that there
is not enough space in Hy site to host Na- or K-ions due to the alkali metal atomic
(ionic) radius, hence this site is only energetically favorable for Li-ion adsorption,
with F,qs = —0.470 eV. Among all the ABC-M;Si3sAl;g systems studied here, we
found the K-ions can be adsorbed at several sites of the ABC-Si;Al; host and pre-
sented the lowest values of E,4s, suggesting this system is the most promising to
work in ion batteries, i.e., as an anode in KIBs.

In table 4.4, we also exhibited the vertical distance (in the z-direction) between
the adatom and the closest neighboring surface atom (dy;) for the energetically
favorable adsorption sites. We found di > dn. > dy; for the adsorption sites on the
surface, showing dj; increases with the increasing atomic (ionic) radius and mass
of the adatoms. Additionally, we also computed the charge transfer (AQ) from the
ions toward the ABC-SiyAly host, using the Bader analysis presented in section 2.9.
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The valence charge of the ions is almost fully transferred to the SijAl, host, with

AQ values around +0.8 |e|, indicating the ionization of the adatoms.

4.2.3 Ion diffusion properties

The ion mobility is related to the charge/discharge rates of the AMIBs [35]. There-
fore, we next investigate the diffusion of the alkali metal atoms on ABC-SijAl,.
Herein, we built a 3 x 3 x 1 supercell and used the NEB method (section 2.8), where
the initial and final configurations are the most energetically favorable sites (two H
adjacent ones).

Figure 4.8 (a) illustrates the three different high-symmetry pathways considered
on the ABC-SijAly surface. Herein, a single alkali atom moves from an H site to
another H site, passing through a B, a Tg;, or Ty, site for Path 1, Path 2, or Path
3, respectively. However, at the end of NEB calculations, we found the ions diffuse
through the top of the aluminum/silicon sites (Path 2 and Path 3). Moreover, since
the E,q4s is negative in the H, site for the Li atom, we considered an additional path
(Path 4) for the Li atom, moving it from the H to the Hy, as shown in figure 4.8 (b).

We present in figures 4.8 (c), (d), and (e) the energy profiles along different paths
for Li, Na, and K ions, respectively. The diffusion coordination 4 corresponds to the
Tg; site on Path 2, the Ty, site on Path 3, and the H; site on Path 4. In table 4.5
a comparison can be done among the Li, Na, and K ions diffusion barriers values
in the ABC-Si4Al, host with the values found in other materials, that have been
proposed as potential candidates to work as AMIBs anodes. Regarding Path 3, we
found migration energy barriers of 0.53, 0.32, and 0.22 eV for Li, Na, and K atoms,
respectively. These values are similar to the ones in commercial anode materials
based on graphite and TiO,, as well as other silicon-based systems, showed in Table
4.5.

Furthermore, we estimated the diffusion constant (D) of an alkali metal atom
using the following Arrhenius equation [124]

E
D ~ exp (_kB_bT> : (4.3)
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Figure 4.8: (a) Top and (b) side view of the ABC-SiyAly structure, indicating the
binding sites (diffusion coordination 1, 4 and 7) and paths for Li/Na/K adatoms.
The black, red, and orange arrows in (a) and the purple one in (b), represent the
high-symmetry paths explored here (paths 1, 2, 3, and 4, respectively, as discussed
in the text). The figure also shows the energy barriers associated with the diffusion
of (¢) Li, (d) Na, and (e) K in ABC-SiyjAl,. The grey, blue, and brown spheres
represent the Al, Si, and alkali metal ions (Li, Na, K), respectively. Moreover, in
(b) the green spheres represent the Li ion. Reproduced from Paper IV [30].

where Ej, and kg are the diffusion barrier and the Boltzmann constant, respectively,
and T is the environment temperature. At room temperature, the estimate diffusion
constant of Path 3 are more than 103 times faster than that of Path 2 for Li, Na,
and K ion. Additionally, we verify that the K mobility on ABC-Si;Aly, in Path 3,
is as fast as in commercial graphite anodes, ensuring that we should expect good

high-rate performance for the ABC-SizAl; as the anode material, primarily in KIBs.
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4.2.4 Average open-circuit voltage and theoretical capacity

To estimate the maximum voltage available for a battery, i. e., open-circuit voltage
(OCV), and the theoretical capacity (C'), described in section 2.7, we explored the
average adsorption energy (F,qs) as a function of the number of Li, Na, or K atoms
adsorbed on ABC-Si Al,.

We placed the adatoms in the most favorable adsorption positions and inves-
tigated the configurations: ABC-Li,SisAly, ABC-Na,Si;Aly, and ABC-K,,SisAly,
with x =0.11,1,2,3,4 and y = 0.11,1,2. The x = 0.11 concentration corresponds
to single-side adsorption of M; alkali metal adatom in the H site of a 3x3x1 su-
percell (ABC-M;SissAlig). In figures 4.9 and 4.10 (a)-(h), we present the average
adsorption energies and the corresponding optimized structures, respectively.

In the range explored here, figure 4.9 shows the average adsorption energies of
all ions decrease in the 0 < x < 3 interval due to the repulsion force between
neighboring atoms. However, owing to the effects of the structural change, the
average adsorption increases when = > 3 for the Li ion. [133]. Moreover, the figure

presents the E,4 for Li, Na, and K remained negative, which indicates the ABC-

0

L —-—
Na —e—
K+

0.1}

021

-0.3f

0.4}

E.gs (eV)

0.5}

0.6}

-0.7

0 1 2 3 4
x in ABC-M,Si,Al,
Figure 4.9: Average adsorption energies (E,q45) as function of alkali metal atom

M concentration values (x) in ABC-M,SisAl, (M = Li, Na, K). Reproduced from
Paper IV [30].
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SisAl, is a suitable anode material for AMIBs.

The single-side surface adsorption of M; adatom on the ABC-SizAl,, with the H
site fully covered by Li, Na, or K atoms (ABC-M;Si Aly), are exhibited in figures
4.10 (a), (e), and (g). The double-sided surface adsorption with the H site fully
covered (ABC-MySigAly) are shown in figures 4.10 (b), (f), and (h). Additionally,
figures 4.10 (c¢) and (d) report the resulting configurations of ABC-LizSigAly and
ABC-LisSizAly systems, respectively. The ABC-LizSiyAly with all Hy positions fully
loaded and one surface side with all H sites fully covered by Li atoms is the most

stable configuration.

(@) Li;Si,Al (b)  Li,Si,Al ()  LisSisAl (d)  LisSisAl

(h) K,SizAl,

o O O

0Si oAl OL ONa @K

Figure 4.10: ABC-M,Si4Al, (M = Li, Na, K) optimized structures for several alkali
metal ion concentration values (x). Reproduced from Paper IV [30].
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Herein, we estimated the average OCV and the C for the full-loaded structure, i.
e., the LigSiyAly, NaySizAly, and KsSigAly systems. In Table 4.5, we compared our
calculated average OCV with other candidates for anodes, in which the low voltage
values that we found are desirable characteristics for anode electrodes [5]. We also
presented the theoretical capacity of the ABC-SijAl, in Table 4.5. The Li capacity
of 645 mAh/g for the ABC-SiyAl, system is slightly smaller than an experimental
value of 721 mAh/g for the pristine crystalline silicene as an anode for LIB [33].
Nevertheless, the K capacity of 322 mAh/g for the ABC-Si;Aly, which is the same
value for Na one, is higher than pristine crystalline silicene as an anode for KIB (180
mAh/g) [34]. Moreover, the Li/Na/K capacity values of the ABC-Si;Al, are higher
than the commercial anode materials, such as graphite and TiOs.

The crystalline silicene mentioned above appears structurally similar to the pris-
tine silicene trilayers bonded covalently investigated in section 4.1. The crystalline
silicene presents an experimental thickness of ~ 6.5 A and lattice parameter of
3.4 A [33,34]. We obtained a value of ~ 7.0 A for the thickness and 3.858 A for the
lattice parameter [28]. Herein, the larger lattice parameter (4.143 A) and the smaller
thickness (6.0 A) of the ABC-SiyAl, could be the reason for the higher capacity of
K when compared to crystalline silicene. Accordingly, the ABC-Si4Aly exhibits a

good theoretical capacity for alkali metal ion storage, primarily for KIBs.

4.2.5 Conclusion

In summary, we investigated the ABC-SiyAl, as a potential anode material for Li,
Na, and K ion batteries. In section 4.1, we found that this structure is dynamically
and mechanically stable, and herein we showed that ABC-Si;Al, is also thermody-
namically stable up to 600K. The estimated surface diffusion barriers, average OCV,
and specific capacity values are similar to the commercial anode materials, such as
graphite and TiO,. Moreover, we compared the estimated capacity with the experi-
mental values of pristine crystalline silicene and found a slightly smaller capacity for
LIBs and a higher one for KIBs. Therefore, the ABC-SijAl, provides good theoreti-

cal capacity and low average open-circuit voltage, suggesting aluminum-doped few-

95



Chapter 4: 2D diamond-like functionalized silicene

layer silicene is a potential material for anode batteries, primarily for SIBs and KIBs.
Finally, the few-layer silicon-based systems functionalized with different atomic el-

ements could be a strategy for developing novel electrodes for AMIBs.
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5. Concluding remarks

Men make their own history, but they do
not make it as they please.

Karl Marz

To conclude, we performed an ab initio investigation on the physical proper-
ties of 2D diamond-like functionalized nanosheets to find novel materials for alkali
metal ion batteries. In chapter 3, we studied carbon-based systems functionalized
with nitrogen and boron atoms, identifying six dynamically stable structures made
of two graphene layers (NCCN, NCNC, and NCCB) and four stable nanosheets
built with three graphene layers (C4No and C4Bj). According to their electronic
structures, the discovered systems are semiconductors and insulators. Therefore,
these nanosheets are not entirely suitable for applications associated with battery
electrodes. Accordingly, we explored the potential use of NCCN, NCNC, and NCCB
2D structures as nanoscale two-dimensional building blocks for the self-assembly of
3D structures, where the NCCB bilayer appears as the best choice for a building
block because of the resulting three-dimensional crystals. Moreover, the C4X5 (X
= N or B) nanosheets presented stiffness similar to the diamond, a wide indirect
band gap for the C4Ny and a narrow direct band gap for the C4,Bs when compared
with PD made of 3 graphene layers. We are currently investigating their potential
application.

In chapter 4, we studied the few-layer silicene nanosheets made of two and three
layers vertically combined, functionalized with boron, nitrogen, aluminum, or phos-

phorus atoms. Based on the results of the enthalpies of formation, phonon dis-

97



Conclusion and perspectives

persion spectra, and Born stability criteria, we found four new types of systems
that are dynamically stable and experimentally accessible, with enthalpy of forma-
tion lower than the one of pristine silicene monolayer. The predicted ABC-Si B,
and ABC-SiyAl, structures exhibited metallic behavior, while the AA’A”-Si,P, and
ABC-SiyPy were semiconducting systems. Accordingly, we suggest that further in-
vestigations could explore both SisPs systems in thermoelectric and UV-light ap-
plications. Moreover, since good electrical conductivity is one of the requirements
for advantageous electrodes and silicene is a promising candidate for energy storage
systems, the ABC-SizsB, and ABC-SijAl, metallic nanosheets are good candidates
for AMIBs applications. Therefore, we investigated the ABC-SizAl, as a potential
anode material for Li, Na, and K ion batteries.

Finally, we showed that the ABC-Si Al is also thermodynamically stable up to
600K and investigated then the adsorption and diffusion properties of alkali metal
ions (Li, Na, K) on it. The ABC-Si;Aly exhibited surface diffusion barriers, av-
erage OCV, and specific capacity similar to the commercial anode materials, such
as graphite and TiOy. Moreover, we compared the calculated theoretical capacity
values with the experimental ones of pristine crystalline silicene, which exhibits ex-
cellent performance as an anode in lithium-ion and potassium-ion batteries, finding
a slightly smaller Li capacity and a higher one for KIBs. The aluminum-doped
few-layer silicene is a potential material for anode batteries, with good high-rate
performance and theoretical capacity for alkali metal storage (Li, Na, K), primarily
for SIBs and KIBs. Furthermore, the functionalized few-layer silicon-based systems
could be a route to developing novel electrodes for AMIBs.

The physical properties of 2D diamond-like nanosheets may vary considerably
depending on the synthesis methods and functionalization, where the origin of all
those different properties is still an open issue, despite recent experimental and
theoretical investigations. Accordingly, we hope this thesis might contribute to and

encourage future studies to explore this fascinating scientific field.
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