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PREFACE K@ "

Graphene is a two-dimensional (2D) sheet structure of sp?-bonded caron atoms with
unique electronic, chemical and mechanical properties. Grap@ ducts electricity
S

better than copper. It is 200 times stronger than steel b % ghter. It is almost
perfectly transparent since it absorbs only 2% of light. It im 'x e to gases, even those

as hydrogen or helium. The list of qualities that de
one layer of carbon atoms in the honeycomb lattice )

Once this so-called 2D material (the fi i was received in 2004. It was
announced as a major breakthrough wi @ ap tions. In particular, it is expected
that it could revolutionize electronics. Unfi@rtunately, graphene has not yet fulfilled its
promises in this field. This does not prevent résearchers, who are now seeking to develop
other 2D materials (graphene cousi can enter a new era in electronics.

The silicene synthesized@ s the two-dimensional hexagonal honeycomb

r

ne (a sheet consisting of
d impressive.

structure or, simply, a single-| icon. On the one hand, the cellular structures similar
to graphene ones demonStrat8yamazing physical properties, such as the existence of the
gapless fermions of the corner of the Brillouin zone. On the other hand, this low
buckled geom&r dgs some special properties to silicene that graphene does not have.
Silicene is copsi e most likely candidate to replace silicon in transistors, but now
this i th@ontender.
e a number of other materials have been synthesized, such as germanene, made
of germanium atoms, stanene from tin, and phosphorene from phosphorus. Theoretical and
erimental studies carried out are able to predict the most suitable field of application
h newly discovered two-dimensional material. The low-dimensional structures of
als, ceramics, plastics, composites, nanomaterials (extremely small substances), and
other substances now have been identified as new materials that meet certain mechanical,
electrical and chemical requirements. These materials can be developed and tested by
computer simulation. Application of methods of the numerical experiment, such as
methods of molecular dynamics and Monte Carlo, many times shortens the time of
investigation of the physical properties of new materials and makes them much cheaper.
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These methods give an ideal atomic representation of the structure, which cannot be
achieved even with the use of scanning electron microscopy of the highest resolution.
The method of the molecular dynamics makes it possible to observe structural changes
developing in time, to intervene in the course of events occurring at the atomic level, and
to reproduce them repeatedly. The results of computer modeling are of great predictive
value, but in no case, they should completely replace the natural experiment. The last word
always remains for a physical experiment. But at any given instant, as a rule, we want to
know as much as possible about the properties of the system including its characteristics,
information on which cannot yet be obtained experimentally. Here, we again com e

rescue computer experiment.

This book is devoted to a computer study of the physical properties of s &fl ms
consisting of one or two layers of graphene or silicene. The defect-f o-layer
graphene is impermeable to all gases and liquids and shows hig thermal
stability with little toxicity. These characteristics provide gra Wit competitive
advantages over the existing barrier materials. Difficulties®f rge-area defect-
free graphene films interfere with the use of graphene as a pigtetiivesedating. For example,
graphene films grown by chemical vapor deposition any defects and grain
boundaries and do not protect copper against oxidawn the contrary, speed up its
corrosion.

The simplest potential solution to r is the use of graphene-based
multilayers. Local defects can always exi aphene and silicene at finite temperatures.
The most frequently observed defect type is the single vacancy in single layer honeycomb
structures. The vacancy defects in ene usually emerge during epitaxial growth on
grain boundaries or step edges efg€ts alter properties of the pristine 2D structures
significantly. In this case, thé resohant states arise in the material. Defects distort the
pristine single layer hone cture and modify the magnetic ground state.

Physical impact -dimensional materials by means of stress, irradiation, and
sublimation cagals in'a non-equilibrium concentration of such defects. The vacancy
defects can be \) or various reasons. They can persist, change, or self-repair under
the proper e@ nditions. Usually, graphene restores its defects if it is placed in a
resefvoir wi gh host external atoms. As a result of the healing of graphene, the Stone-
Wal pe Jdefects may occur. It should be noted that the Stone-Wales defects by
themse are healed by the rotation of the specific C—C bond. Structural defects play a

ole in adapting the physical and chemical properties of silicene to no lesser degree

for graphene. Various types of vacancy defects on graphene and silicene have been
investigated both experimentally and theoretically and can now be imaged with atomic
resolution.

The knowledge and understanding of graphene and its properties have grown. So, it
can be widely applied to a broad range of technologies and devices. Functionalized
graphene nanoplatelets are used to prepare new printing inks. Such ink is flexible on
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appropriate substrates, metal-free and 100% organic (non-tarnishing), curable at low
temperatures, and environmentally friendly. Engineering graphene-based devices and
applications are currently in demand in many areas such as flexible electronics and sensors,
bioelectronics, nerve, muscle, and bone tissue engineering plants and devices.

The contents of this book include studies of the thermal stability of stretched thin films
of metals (Cu, Al, and Ni) of monatomic thickness placed on graphene. Filters based on
graphene or carbon nanotubes can help remove dyes and heavy metals by adsorption. Such
a technique can be used in combination with other membrane-based processes like reverse

osmosis and nanofiltration for complete and effective treatment of dye and textile i t
wastewater. At the same time, it is important that the filters made on the basis of o)
nanomaterials are renewable, i.e., for them, there are effective methods of purificatign from
heavy toxic metals. Our computer studies have shown that low-energy bo t with
noble gas clusters can be an effective method for cleaning graph copper,
lead, or mercury that has settled on them.

The practical use of more extended carbon and silicenesfil ests their presence
on some relatively massive substrate. Influence of the sulistr nce on the state of
such films has been studied extremely poorly. Thesefopemin®this"book, we focus on the

investigation of the behavior of super thin carbon
(silver and copper) and non-metallic (pyrolyti ite) substrates. These studies are
directly related to the problem of a signifi i in the electrical capacity and the
charging rate of lithium-ion batteries. e weakest point is still the search for the
anode material for new generation batteries.

Graphitic carbon is still co d the most reliable material for the negative
electrode in lithium ion cells e to its high reversibility and low operating
potential. However, the cafbon fanodes exhibit an average charge/discharge rate
performance, which contr, e severe structural damage to the surface. This damage
is caused by the lithiuga tragsport under the prolonged cycling and limits the lifetime of the
cell. The graphene aterials are promising for use in supercapacitors and other
energy stora I ue to the highly tunable surface area, outstanding electrical
conductivit emical stability, and excellent mechanical behavior. One of the
objegtive i work is to determine the diffusion paths and lithium ion transport
if the graphene channel and to provide rational guidelines for design and
synthes the high-rate graphene materials.

ilicon has not competitors in relation to the electrochemical formation of an alloy with

ighest lithium content and easy recovery of its constituent components, i.e., Si and Li.
Therefore, silicene is considered to be an ideal candidate for the material of the anode for
the lithium-ion battery. In this connection, the book deals with the interaction of lithium
ions with the autonomous two-layer silicene, the behavior of the Li* ion in a silicene
channel, whose walls are supported by graphene. Serious attention is paid to the role of
substrates from the silver, copper, and pyrolytic graphite in the kinetic and mechanical
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properties of the silicene channel with lithium ion moving in it under the electric field. The
book also gives the results of the study of filling the silicene channel by lithium in an
electric field in the presence of silver and copper substrates. Also, the process of liberation
of such a channel from lithium is analyzed in detail when the direction of the electric field
Vector reverses.

The book is organized as follows. Introduction (Chapter 1) gives a brief description of
the structure and physical properties of graphene and silicene. Chapter 2 contains a
description of the models and methods for performing numerical experiments. The
calculation formulas used are given in this chapter, and an example of testing the gfiGdel
and calculation method is also given. Transformations of the graphene into oth @
forms, as well as, the temperature dependences of its thermal conductivity ar &[e in
Chapter 3. Chapter 4 is devoted to the study of the thermal stability of th ic films
deposited on graphene. The computer simulation of heating a mer phene is
highlighted in a separate chapter (Chapter 5). Chapter 6 deals with the,removal of heavy
metals from graphene by low-energy bombardment with Qobl%l sters. Chapter 7
describes the motion of lithium ions through graphene ang, sHi embranes and the
passage of both perfect and defective graphene and silieen nels by a lithium ion.
Moreover, here the mechanical and thermal propilicene are considered. The
computer simulation of functioning the silicepe anede®on silver substrates with the
2C efective silicene is discussed in
Chapter 8. Fragmentary functioning and prespects for using the silicene-copper anode are
described in Chapter 9. Chapter 10 presents aW@liscussion on the stability of the two-layered
silicene and thin silicon film on p ic graphite, as well as, a detailed analysis of the
structural changes that occur i icgne channel when the lithium ion moves through
the channel. Chapter 11 ends the b@ok with conclusions and represents the viewpoint of
the authors on the state a s of the studies being conducted.

This work was supported by'the Russian Science Foundation, project no. 16-13-00061.
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Chapter 1

INTRODUCTION @

In 2004 in the University of Manchester, Geim and Novoselgwstudied the creation of
a substance obtained from graphite. In their experiments, e& o@obtain the thinnest
possible slice from graphite in order to study the behavi \ new material. These
scientists observed the graphene that was examine ic microscope. This new
material (graphene) could function as a transistor. Fugth m and Novoselov made that
material thinner and thinner, until it reachedy,a @ f an atom. On the other hand,

@ ine hexagonal bonding structure and,
besides, had a peculiar symmetrical arrangemient of electrons, which provided an increase
of its conductivity. Six years after the disGevery of graphene (in 2004), Geim and
Novoselov received the Nobel Pr' Physics. Since then, research on graphene has
widely begun in the world. T peasatoms in a two-dimensional (2D) graphene (i.e.,
located ina plane) formah omb lattice consisting of carbon atoms with the sp? hybrid
covalent bonds. Howeveg thiSfgoneycomb lattice is not of a conventional Bravais structure,
since the atomic st@ ferring to two of the adjacent atoms are not equivalent [1].

they also found that this ultrafine materia

The honeycomﬁ truetrellacks an atom located at the central part of the hexagon. So, this
atomic struct ot be considered as a hexagonal atomic one of a conventional Bravais
lattic e @e unit cell can be defined as a rhombus, in which two carbon atoms are
inside i h™Structure can be considered as an association of two triangular atomic
structures fofming a Bravais one in the honeycomb lattice of graphene.

nic structure including the Dirac cones (conical singularities) where the top and

om bands intersect at a single point. The cone, which represents linear energy
dispersion at the Fermi level, gives graphene massless fermions. The latter lead to various
guantum Hall effects, ultra-high carrier mobility, and many other novel phenomena and
properties. The Dirac cone is responsible for many unique electronic properties of graphene
and topological insulators [2]. Its band structure consisting of two conical bands touching
at a single point has also appeared for photons in waveguide arrays [3], atoms in optical

2 The great development of graphene investigations is closely related to its unique
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lattices [4], and through accidental degeneracy [5, 6]. When a magnetic field is introduced
into the wave equation, the Landau levels (energy levels of a charged particle in a magnetic
field) are formed in the spectrum. The eigen states of the system congregate at discrete,
highly degenerate levels. In the two-dimensional electron gas, the Landau levels are
directly responsible for the presence of the discrete steps in the Hall conductivity, which is
known as the quantum Hall effect. Deformation of the Dirac cone often leads to intriguing
properties. The example is the quantum Hall effect where a constant magnetic field breaks
the Dirac cone into isolated Landau levels. With a remarkable naturally gapless band
structure, graphene can absorb light of broad spectrum extending from the ultravio d
visible spectral region to infrared and terahertz (THz) one [7]. This property disti

it from other traditional semiconductors. Nevertheless, the existing natu? i

graphene leads to opening the optical band gap, which creates a dete I

graphene absorptivity.
Studies of the physical and chemical properties of graphene indi the’possibility of

its use in batteries, nanoelectronics, fuel cells, photovoltaies, S, separation, and
storage, along with the gas sorption and gas sensing. Due tO4 iquesproperties, graphene
finds wide application in a variety of devices. One : iS"a supercapacitor (SC).
The supercapacitors have higher power density or cycle life comparing to
conventional batteries. Performance of supercapaciters®s strongly dependent on the
are ideal SC electrodes because
properties. The charge storage mechanism of
pation at the electrode/electrolyte interface.

not need any binder, conducti ives, and even additional current collector [9, 10].
Defects are the mos tructural properties of semiconductors since they can
alter electronic and gptoelectronic properties. In particular, defects can affect the local
electronic strudure@r ensity, thermal conductivity, and mechanical strength of 2D
materials. Poi d line defects are the most important lattice imperfections for 2D
materials. They arg Mainly generated during the synthesis process and chemical/physical
. The defects in 2D materials could be observed and characterized by

Mmicrosc (STM), and Raman spectroscopy. Wherein theoretical calculations are also
ed to identify the formation behavior of such structure. Strain engineering can serve
ffective way to tune the electronic properties of semiconductors. The energy band
characteristics around the Fermi level are very sensitive to orbital coupling the neighboring
atoms. Bulk materials often cannot endure the necessary large elastic strain to have
sufficient changes in their electronic properties. In contrast, 2D materials have excellent
elasticity and high Young modulus, i.e., properties that are necessary to be in demand for
strain engineering [12].
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Nowadays, researchers around the world highly immerse into detailing the
electrical/optical properties related to other 2D metamaterials. Among these materials, one
of the leading places is occupied by silicene, i.e., two-dimensional silicon of monatomic
thickness. The term silicene was introduced by Gusman-Verry and Lew Yan VVoon in 2007. O *
The main interest in silicene is dictated due to the preservation of the silicon use in the
optoelectronics industry. Besides, silicone is the second largest element in the Earth crust Q
(28.2%), the carbon (from which graphene is obtained) is only 0.02%. \

Silicene (a counterpart of graphene) has attracted tremendous attention due to its
excellent electronic properties and potential applications in the silico d ﬂ
microelectronics [13]. Up to now, silicene has been epitaxially synthesized & 0

4-23].

metal surfaces (ZrB»(0001), ZrC(111) and Ir(111)), especially on Ag(
According to the lattice match between silicene and Ag(111), several rstructures

including (4 x 4), (V13 xV13)R13.9° and (2V3 x 2V3)R30° can Ag(111)
surface [14-16, 18, 20, 24]. However, the quality of the epitaxial sili sheets is usually
not satisfactory. Defects are frequently observed in the epitaxal sili , 14-32], which

er, it is difficult to

may significantly affect the intrinsic properties of silicene ;
S 8, 20, 24]. Experiments

synthesize large-scale silicene sheet with homogenea

indicate that both the temperature of the substrate and erage of silicon atoms have
prominent effects on the stability of the siliceng,su tures on the Ag(111) surface
[16, 18, 20]. For three frequently observe cene, (4 x 4) and (V13 xV13) ones

phase (2V3 x 2V3)R30° usually occurs at a highysilicon coverage and high temperature [16,
20]. In the studies presented in this , preference is given to a structure defined as (4 x
4) silicene/Ag, which correspo 3) silicene supercell in the supercell (4 x 4) Ag.
Once again, we emphasize\thatnost of the striking properties of graphene have been
predicted to occur in sili ore, the major advantage of investigating silicene like
sheets is that the easily incorporated into the present silicon-based
microelectronigs in@lt eems obvious that this will lead to the development of exotic
silicene-based s. It has now been proved that interaction of the substrate with
such atomically thick materials as silicene influences the properties of these materials.
ental investigation of properties of the free-standing silicene sheets is
le. Almost autonomic silicene was synthesized in the form of free-standing
yers like 2D silicon material [34]. This was possible due to the use of non-
linear interaction of ultra-fast and ultra-short laser pulses with (111) silicon surface in
ous ambience. The method leads to the production of partially oxidized large area
silicene sheets [35]. The sheets are then separated, and hydrazine treatment allows one to
remove the oxygen functional groups. Atomic-scale structural characterizations reveal the
hexagonal symmetry of the lattice.
The metal substrates, on which the silicene is obtained, affect its electronic structure.
The electronic structure of silicene is modified through the interface coupling. As a result
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of the application of magnetic fields perpendicular to the surface of the silicene, no the
Landau levels sequences were obtained [36]. The density functional theory (DFT)
calculations showed that the 7 and n* bands derived from the Si 3p; are hybridized with the
Ag electronic states. Such hybridization causes the drastic modification in the band
structure, the consequence of which is the disappearance of the Dirac fermion features.
Thus, the strong coupling at the interface causes the symmetry breaking for the 4 x 4
silicene. The electronic structures of other superstructures are also undergoing changes.
Graphite has a layered structure. This structure allows the intercalation/ deintercalation
of Li ions during the charge/discharge processes in the lithium-ion batteries (LIBS)"
addition, it gives rise to graphite excellent cycling stability. The number of intergal

ions is limited by the intercalation sites in the graphite lattice. Therefore, retical
specific capacity of graphite (=372 mA h g™!) is low. Besides graphite, whic structed
from carbon atoms, other group-IV elements (Si, Ge, and Sn) d as the

words, there is a mechanism different from the intercalétio Li ions that is
characteristic of graphite. The specific capacities of these ents are relatively
high. Their potential suitability as an anode materi e“to the relatively high
stoichiometric ratios of Li/IV-element in these alloys. has exceptionally the high
specific capacity (4200 mA h g!). Therefore, sili is considered to be one of the most
promising anode candidate materials. Its itance correlates with the highest
equilibrium of the Li-Si alloy (Li2Sis). ion to this, it should be taken into account
its richness in the Earth crust, and itsS§¢ompatibility with current silicon-based
nanotechnology [37].
Currently, the use of thin-fi
of only solid materials. The
components are deposit

promising alternative anode materials for LIBs. These elements% with Li. In other
\%

as its pros and cons. Thin-film batteries consist
Iyte is a solid-state ionic glass or crystal, and the
deposition techniques. This design offers the highest

energy density and in Operation, but it is only applicable to small devices and
involves the castlie ction method.

Informati investigated object obtained experimentally is often limited and
there is_a nged t pand knowledge about its properties. Molecular dynamics (MD)

ues are widely used in experimental procedures such as the X-ray

molecu ynamics simulations generate information on the microscopic level including
ic positions and velocities. Atoms interact with each other through the VVan der Waals
s and electrostatic ones. When they are covalently bonded to others, strong forces hold
them together as stable chemical groups. Conversion of this microscopic information to
macroscopic observables such as pressure, energy, heat capacities, etc. requires statistical
mechanics. The statistical mechanics provides the rigorous mathematical expressions that
relate macroscopic properties to the distribution and the motion of atoms and molecules of
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the N-body system. In turn, MD simulations provide the means to solve the equation of the
motion of the particles and evaluate these mathematical formulas.

With molecular dynamics simulations, one can study both thermodynamic properties
and/or time dependent (kinetic) phenomenon. The classical molecular dynamics based on
the use of empirical or model interaction potentials has an equilibrium and nonequilibrium
variety. If one needs to limit calculations of only the kinetic coefficients, a non-equilibrium
version of the MD is usually used. When using this method, the equilibrium characteristics
of the system are calculated only approximately. The use of the equilibrium version of the
MD makes it possible to characterize more accurately the static structure of the ial
being modeled as well as to study its stressed state. If we want to calculate, fo %
the thermal transport coefficients using computer simulation, we have tw s. We
could use equilibrium molecular dynamics to calculate the appropriate e@ time
correlation functions. However, we could mimic experiment as S ible and

calculate the transport coefficients from their defining constituti tions by the non-
equilibrium molecular dynamics (NEMD). Just like an eq&ili@ , the NEMD is
available compatibility with the periodic boundary conditi tion of total energy

and total linear momentum. NEMD has additional feat nyin principle, be used to
calculate non-linear as well as linear transport coeffi d the sampling of a rapidly
converging quantity (temperature gradient) rathertha ly converging one (heat flux).

Molecular modeling, which is an ' of the contemporary scientific
research, constitutes the theoretical foungdagion for creating the “objective conceptual
models”. A computational model can accufately simulate a large number of different
phenomena by varying paramet nfigurations, initial conditions and boundary
conditions. In this book, we p@ﬂe ults of the MD study of the physical properties

of ultrathin carbon and siliconfilmsfinade using both the equilibrium and non-equilibrium

MD methods. Q

¢

O
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Chapter 2 \Q

&

MOLECULAR DYNAMIC CALCULATIO@

2.1. MOLECULAR DYNAMICS WITH CLASS’IC :NTIALS

Classical molecular dynamics can be considered as a Wethod for studying the
interaction and motion of atoms and molecules in ith the Newton laws of
motion. This method uses a force field to estimatedhe between interacting atoms
and calculate the overall energy of the system? ey process of the MD calculation,
integration of the Newton equations of 1y 4@ ates successive configurations of the
evolving system. As a result, we have the trdfectories that specify positions and velocities
of the particles on time. Based on the obtained®D trajectories, a variety of properties can
be calculated including internal kinetics coefficients, and other macroscopic
guantities. These results can b with experimental observables. The essence of
the MD simulations is stu e-dependent behavior of microscopic systems. This
is obtained by solving thélNeWton second-order differential equations

C\Q f0=ma® =27, ®

whelewf s the net force acting on the i ™ atom of the system at a given point t, &, (t)

is the esponding acceleration, and m, is the atom mass. In equation (1), the

aneous configuration of the system is represented by the vector r(t), which

A cribes position of the N interacting atoms in the Cartesian space (r ={ X, ¥;, Z;, X,

O v You Zyhe Xy Yao Zyop)- It should be noted that this approximation holds for rather

massive particles such as nuclei, while the electron motion must be averaged out. To
achieve this, an empirical potential energy function is introduced (@(r) in equation (1)).

In this case, the model arising from this simplified representation is referred to as the force
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field (FF) or molecular mechanics. Thus, the Coulomb interaction for a system of charged
particles is described by the function

pair a. X3
=35 @ QC)

where ¢; and q; are the partial charges of a pair of atoms, &, stands for the permittivity \

of the free space, and &, is the relative permittivity (or dielectric constant), whic es ﬂ

the value 1 in the vacuum.
The classical molecular dynamics has advantages and disadvantage major
a

the quantum mechanics (QM). The QM method is more accurate t ssing the
microscopic size systems. However, it is fundamentally difficult e th€ Schrodinger
equation for many interacting particles. As a result, the Ql\bme%n ot be applied to
studying very large systems of several thousand atoms. In , FFs approach have

a long history of success permitting extended the MDgsi
despite some intrinsic limitations. The FFs is widel
simulations (condensed-phase FFs). Moreover, galc
programs (including LAMMPS) have a
preference for one over the other is often'e
related to their better implementation.
The total energy that is consta@e motion given by the sum of the potential and

different large systems
adays for material science
S using widespread computer
S igh standard of quality that the

10

the kinetic energy K(p)

r,p)=U(r)+K(p), (3)

where H(r, m isgthe jglassical Hamiltonian of the system that depends upon the
mNe

coordinates nta of the particles and returns the total energy E of the system. If
isycarried out correctly, the MD naturally follows the motion of a
isolated system where neither matter nor energy is exchanged with the
. Traditional Newtonian dynamics sample is a statistical ensemble of
icrostates characterized by a constant number of particles (N), volume (V), and energy

: = const, for the microcanonical ensemble). However, the macroscopic behavior of

system can be reproduced more accurately by controlling the system temperature and

pressure during simulation. Constant temperature in the model is maintained using

O computer codes that reproduce the thermostat [38] that allows fluctuations in kinetic
energy as if the simulated system were immersed in a thermostatic bath (NVT = const, for

canonical ensemble). Still, the model thermostat does not quite correspond to the real one.
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More accurately, the analogy with a thermostatic bath should not be taken too literally,
since heat flow is not simulated. Instead, the system temperature is forced to attain on
average the desired macroscopic value. It is performed either due to proper changes in the
equations of the motion or, in the simplest version, by correcting the velocities of the
particles. The barostat algorithms [39], by which the pressure is controlled by opportunely
scaling the system volume (N, P, T = const, for isothermal-isobaric ensemble), act in the
similar way. Application of the periodic boundary conditions (PBC) makes it possible to
better describe bulk properties with finite size systems in the MD model. With their help,
the model system is placed in a unit cell that is replicated in all directions to form an igfihite
lattice of the image atoms. In this way, coordinates and velocities are stored and
for the unit cell only. However, evaluation of the nonbonded terms must ingRringi
extended to every pair of atoms in the unit cell and periodic images. @

2

We performed the calculations by the classicalging \i namics method. In the
study of the “graphene-heavy metal” systems, we uged @ ypes of empirical potentials
describing the carbon—carbon (in graphene), metal— ,Jand metal—carbon interactions.

Representations of the interactions in ased on the use of the Tersoff
potential [40]

2.2. INTERACTION POTEN

V, = f.0;)[ Or,)~ Bb; exp(-A?r) |, (4)
1, 0 r, < R®
fo (1) 7455 00s] 7(r; -R®)/ (R® -R?) |, RY <, <R®, )
.

\ r. >R®

ij ’
whefe Digi Qulti-particle bond-order parameter describing in what manner the bond-
formati

rgy (attractive part V; ) is created at the local atomic arrangement because of

thepresence of the neighboring atoms. R® and R are the parameters of the potential
ff. The potential energy is a multi-particle function of atomic positions i, j, k and is

determined by parameters
3 by =@+ B"&r) Ve, (6)
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gij = z fC(rij)g(Hijk)' (7)
k=i,
c? c?
9(0s) =1+ — (8)

d* [d®+(h—cos6,)’ |’

where ¢, is the effective coordination number, g(d;,) is a function of the angle between

r; and r, , which stabilizes the tetrahedral structure.

Table 1 shows the parameters of the Tersoff potential used to describe the i (@

in graphene and silicene.

Table 1. Parameters of Tersoff potential for carbon%@
Parameters Carbon

A (eV) 1393.6
B (eV) 346.74
ﬂ’l (nm)-l 34.879
A, (nm)*

724.10 11.107°

- 0.57058

with covalent

two-dimensi ems (for example, in graphene) with covalent bonding revealed some
diffi i this potential. The main disadvantages were as follows: the interaction
was ed only by short-range covalent forces and the contributions from the
interacti ith neighbors of the second and higher orders were not considered. The

er serious disadvantage was in existence of the net torsional moment appearing

ause of the lack of mutual compensation of the torsional moments determined by bonds
around each atom. As a result, there occurred rotation of the graphene sheet (most
frequently, counterclockwise). This effect impeded simulation of nanocomposites and
made a difficult structural analysis. In the proposed model, the mentioned disadvantages
were eliminated in the following way. The scale of covalent interaction in the model was

@ulfﬂion with this potential led to cracking the graphene sheet even at low temperatures.
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increased from 0.21 to 0.23 nm. Outside the covalent interaction, we used very weak
attractive Lennard—Jones (LJ) interaction with the parameters taken from [43]. To prevent
rotation of the graphene sheet, the force provided the “retardation” at each atomic site of

the graphene _d; (-%I)dr was generated. Here the torsional potential V() is
i
represented by expression [43]

ors 256 Qil 1
Vut (i) = & [E cos” (TJJ —E} ;

where the torsion angle €2 is defined as the angle between the planes, @
is specified by the vectors 1, and r; , whereas the other plane is de
r; and ry .
M X FpxD
COS‘(%ijI = :
|rji x rer@
S taken f

rom [43].

The Sutton—Chen (SC) potential was stecessfully used for simulating both the bulk
metals and metallic clusters [41]. T potential energy is written as

C)\ ()=@/5)", p=> (/)" (12)

j=i

e vectors

(10)

The height of the barrier ¢, for the rot

SYIV()- CZJE}’ D

i jei

where

here ¢1S the parameter having the dimensionality of energy; c is the dimensionless

eter; a is the parameter having the dimensionality of length that is commonly chosen

the lattice parameter; and m and n are positive integers (n>m). The power form

of the contributions makes it possible to successfully joint the short-range interactions,

which are represented by N-particle terms with the Van der Waals “tail” that determines

the long-range interaction. For copper and lead, we used the Sutton—-Chen potential

parameters given in Table 2 [44]. The pair potential that was used for a description of the
Hg-Hg interactions was proposed in [45] in the following form

O

9
9) N
lane

00
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9 -
VSch(r):USch (ﬂ“r):za'erQJ ' (13)
j=3

L 4
The authors of [42] corrected the original Schwerdtfeger (Sch) potential [43] for QQ

mercury dimer by scaling distances using the coefficient 4 = 1.167. The a;j scaled

parameters of the Schwerdtfeger potential are shown in Table 3.

Table 2. Parameters of Sutton—Chen potential for fcc metals @ ﬂ

Metal | M | N | &€ (meV) | ¢

Cu 6 9 | 12.382 39.432

Ni 6 9 | 15.707 39.432

Al 6 7 | 33.147 16.399

Pb 7 10 | 5.5765 45.7%48 6

Table 3. Parameters for the scaled Schwerdtf%@otentlal in equation (12)

42 x 10°

9877 x 10°
4.2716809 x 10°

- 2.975002 x 10°

9.965436 x 10°

- 1.633356 x 10°
| 1.049907 x 10°

" The units of Ug,, are elet@ and the units of distance I are Angstréms.

Instead ofﬁ r@) for describing the Hg—Hg interactions, we also used the Silver-
Goldman (i@ 1al. The SG potential is adjusted to ab initio data and provides good

|| =

agree thg experimental data on spectroscopic constants [46]. The SG potential is
bas artree—Fock model of dispersion

(b, Vea (1) =exp(er = pr =yr?) - fc(r)[Z fj , (14)
OA where

f.(r) =exp{—(1.28r—r°—lj } r<1.28r,, (15)
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f.(r)=1.0, r>1.28r.

The parameters of the SG potential are given in Table 4 [46]. 0 ¢
The copper—carbon interaction was described using the Morse potential Q
V(r;) =D, (exp[—Za(rij —1,) |- 2exp| —a(r; - rm)]) . (16) \
The simulation was performed with the Cu-C Morse potential parameters “
Table 5 [47]. The lead-carbon, mercury—carbon, argon-argon, and Xen@g—Xx
interactions were carried out using the Lennard-Jones potential with the pa own
in Table 6 [48-51]. The Morse potential was used to describe the ipteracti een the
Pb or Hg atoms and the substrate Cu ones. Parameters of this potential e calculated
from data of [52, 53] and are given in Table 5 together withghe €or ing parameters

of other interactions. Parameters of the Lennard-Jones pot iN of the interactions
of interest for this work are shown in Table 6.
Table 4. Silver-Goldman poteQmeters

a B V4 eV g4rc, c, €V) r. A&
3.71 | 2.26767 | 0.02367 | 6.934 93.88854 | 2354.42957 | 5.3446

Table 5. Parameters of M@tential describing various interactions

| ctioggegl’ D, (MeV) | @ (nm?) | T (nm)
-C 87 17.000 0.220
1009.39 19.874 0.265
-C 809.28 18.598 0.286
-C 754.26 18.693 0.307
Cu-Cu 342.9 13.590 0.287
Cu-Pb 283.74 12.713 0.327
CcH-c@ 3764.25 26.250 0.142
Sit-si®@ 227.40 44.992 0.154
Si-C 925.20 20.820 0.253
Li-Li 420.76 7.899 0.300
Li-C 1258.51 17.074 0.206
Li-Si 309.30 36.739 0.116
Li-Ag 373.92 30.570 0.108
Ag-Si 274.89 14.540 0.374
Li-Cu 379.84 10.743 0.293
Cu-Si 279.24 14.489 0.359

* The upper indices at C and Si denote the belonging to the layer of atoms 1 or 2.
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Table 6. Parameters of Lennard-Jones potential describing various interactions

* The upper indices at C and Si de te th

The interaction b t@ Ar atoms and the Cu or C ones was determined by
purely repulsivg M@o ntial [54]
5] + 0.10exp(—6.o£]} ,
a a

A=ZZ,—, Z; and Z; are the atomic numbers of the i"" and j™ atoms, € is the

e
[
ﬁntaw charge, r is the distance between the atoms, a is the Firsov screening length
S

elonging to the layer of atoms 1 or 2.

0. 35exp —0 3 + 0.55exp(—1 2 a7

a=0.885a, (zi% +zj%)_% (18)

Interaction” | & (meV) | o (nm)

Cu-C 19.99 0.3225

Ni-C 43.01 0.2830

Al-C 42.40 0.3057

Pb-C 38.00 0.3362

Hg-C 1.27 0.3321

cW-c@ 2.84 0.3400 6 LN
Si®-sj@ 90.40 0.1851

Si-C 19.97 0.2600 K
Li-Li 715.97 | 0.1506

Li-C 4.33 0.2473

Li-Si 111.74 | 0.2666

Li-Ag 21.17 0.2547

Li-Cu 3714 | 0.2208 ] 6
Li-CH 53.27

C-CH 45.54

CH-CH 3.96

Cu-CH

Pb-CH

Hg-CH .

Ag-Si 0.2403

Cu-Si 0.3048

Ar-Ar . 0.3405

Xe- 19.04 0.4100



OA

Molecular Dynamic Calculations 15

Here, a, is the Bohr radius.

The interaction between Xe atoms and target ones (Pb, Hg, and C) was defined by the
purely repulsive Ziegler—Biersack—Littmark (ZBL) potential [56] 0 ¢

2

®=27, e—{0.1818exp(—3.2£j +0.5099€xp(—0.9423£] (19) \Q
r a
+0.2802exp(—0.4029£j +O.2817exp(—0.2016£j}, 6 LY
a a K

where the parameter a is determined by the expression @

a=0.8854 8, (202 +2°? )'1.’ 6( ' (20)

We disregarded the weak attraction between Xe and \ and between Xe and C
ones because the primary aim of this study is the ene @ arigular momentum transfer

rather than the chemical binding [57].
ofmnetals to graphene. The most frequent

Defects substantially enhance the adh
defects in graphene are bi-vacancies. Thé of graphene used for deposition of the lead
had four bi-vacancies rather uniformly distrifiuted over its surface. The hydrogenation was
used for strengthening the bi-vacan boundaries. The CH groups formed at the
cy center were simulated in accordance with the

edges and sites nearest to the bi-
mono-atomic diagram [58]. The C and CH-CH interactions were represented by the

Lennard-Jones potential rameters of the corresponding potential are given in
Table 6. The partial fun@tion of graphene is the addition of the hydrogen atoms to
its edges. Thig pr @? e Stabilizes the structure without leading to an increase in
interatomic dist ngd'without creating roughness over the entire surface.

2.8. CALCULATIONS OF PHYSICAL CHARACTERISTICS

We studied the bombardment of a metal film on graphene using noble gas clusters.
depe, it was assumed that the Ar (Xe) ions hit the surface as neutral atoms with the same
energy as the initial ion. If the bombardment was performed with charged atoms, then the
ion charge must be neutralized on the surface by the charge exchange. However, the
electron moves faster than the nucleus by at least three orders of magnitude. Therefore, the
dynamics of the Ar (Xe) ion is similar to that of the neutral Ar (Xe) atom within the limits
of the Oppenheimer approximation [59, 60]. Under the target bombardment, the charge
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cannot accumulate. Each charge carried by the ion is always neutralized impacting on the
target. Numerical integration of the motion equations was carried out using the fourth-order
Runge—Kutta scheme [61]. Four series of target bombardment of the Ar (Xe) clusters with
the same durations (400 ps) were performed. Each cluster impact on the surface led to 0 L 4

system heating. The heat released from the system was removed effectively in accordance
with the Berendsen scheme with the bonding constant r = 4 fs [62]. To control \Q

temperature, at each time step the velocities v were scaled in accordance with relations

V=AY, A={1+%G_—°—lﬂm, K% !

where v’ and v are the particle velocities before and after correctio @ scaling
factor, T, is the given temperature (300 K), and T is the current temferat
The stress at the site of the i ™ atom of the Cu or Pb filmyis définethas’[44]

0, (i) = B_zk;[—n(a/ i) +me(L/p, @X, )M}rg’ v, (22

where B = % the volume correspo an individual atom €2, can be associated
atl

with the volume of the VVoronoi poly

To calculate the stresses indu

elementary areas. The atomi

ron related to the i™" atom.
raphene, the graphene sheet was divided into
o’ (1) in the 1™ elementary area for each of

tindex J are determined by calculating the atomic

directions x, y and z wi
kinetic energies in this aréa and”projections of forces acting on the | area from all other
atoms [63] @

¢

\ i 1 X 1 iy, 1 d i
%C) ol () =E<Za(vavJ )>+S_.<Z( fl )> , (23)
@ k is the number of atoms at the | area; £2 is the volume per atom; m is the atomic

; Vi is the J ™ velocity projection of atom i; and S, is the square of the 1™ area.
Angular brackets indicate the averaging over time. In this case, the compressive stresses
O can have plus and minus signs according to directions of forces f, . In this regard, the

microscopic stress o} (1) differs from the macroscopic ones &, < 0.
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The total stresses acting in the graphene plane were determined by adding the
corresponding elementary stresses as follows:

N; L 4
o, =2,05(), (24) QQ

where N, is the number of the surface elements that result from dividing the graphene \

sheet in a selected direction.
The radial distribution function was calculated as 6 ﬂ
1 & n(r,r+Ar) K
I’ =\ — S A ] 25
9(r) <p ~ Axr?Ar > @ (25)

where n,(r,r +Ar) is the number of atoms spaced from an &orr%ve istance from r
i

to r+Ar, p isthe numerical density of the system. Ther on by N in formula

(25) because the function was calculated for one (nedfes @ phene or silicene center)

Me atom. The angle brackets indicate the time averaging
The spectrum of individual atomic vibration$is fougd as the Fourier transform of the

average autocorrelation function of velog

f (o) =® (v(O)V(t))cos(et)dt, (26)

where m is the atomic QBis the Boltzmann constant.
The self-diffussi@ icient was determined by the mean square displacement of the

atoms <[Ar(t%\

.1 2
D=D, +D, = !LTEQAr(t)] > 27)
@n I' = 3 is the dimension of space, D,, and D, are the horizontal and vertical
A ponents of the self-diffusion coefficient.
O The density profile of the metallic film was calculated as follows:
3
o(2) _N@)ove (28)

AhS N,
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where n(z) is the number of metal atoms in the layer parallel to the plane of the graphene,
Owe 1s the effective diameter of the metal atom, Ah is the width of the layer, S,y is the area
of the graphene surface, and N, is the number of tests.

We determined the contact angle 8 when studied heating the liquid metal (mercury) on
the surface of graphene. In order to calculate the contact angle between a droplet (film)
surface and graphene, the largest horizontal cross-sectional area of a droplet was divided
into three regions: (1) a circle with a constant area, which determines the region of the
contact with graphene, (2) a ring comprising projections of the neighbors closest to regi
(1), and (3) an analogous ring used to reveal the external atoms of the droplet.
atoms closest to the graphene surface were located in regions 2 and 3. Param
procedure used for determining angles 6 were selected empirically. The
performed over the sizes of the rings and heights (or the number of sel oms), at
which Hg atoms were located in regions 2 and 3. The yielded ragefvalues of the
horizontal and vertical coordinates were used to find 6. Qete 10y of the angle 6

required averaging over time, as well.
The surface roughness (or the profile deviation aritth ge) was calculated as

N
R _1 za 2l (29)

where N is the number of nodes (atoms) on thg surface of graphene, z; is the atomic level,

Z is the graphene surface level, z @ are the values determined at the same instant.
e

The total energy of free o phene obtained at T =300 K was — 7.02 eV. It is

consistent with the result quantum-mechanical calculation (— 6.98 eV) [64]. The
melting temperature Tn@f a Pz cluster with a free surface, which was determined in a
special calculation, . This is consistent with MD calculations at T, = 412 K [65],

that were also pexf d with the Sutten-Chen potential. In both cases, Tm was determined
based on a j ofthe potential energy. The value of the isochoric heat capacity of liquid
merc tt@perature (28.4 J/(mol K) calculated in the MD model agrees with the
experi value of 26.9 J/(mol K).
The strugtural analysis of small objects can be carried out using the statistical geometry
thod based on the construction of the VVoronoi polyhedra (VPs) [61]. In the case of a
omic system, atoms of one type may play the role of polyhedron centers, while atoms
nother type may serve as their nearest neighbors determining the polyhedron faces. For
example, in the case of the “Li-silicene channel” system, it is advantageous to use lithium
atoms as the centers and select the nearest neighbors among Si atoms. These hybrid
polyhedra are easier to construct since the number of Si atoms is greater than the Li ones.
However, in this case, hybrid polyhedra are not VVoronoi polyhedra, since they fail to fill
completely all of the space occupied by molecules without voids and overlaps. The VP
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faces determine the cyclic structures formed from Li atoms, while hybrid polyhedra faces
determine rings composed of Si atoms. However, there is another way to construct the
Voronoi polyhedra in a multicomponent system when the dimensions of all atoms are the
same. Here, we do not take into account the difference in the sizes of Li and Si atoms in
the VP construction. We construct the VP for Li atoms when the geometric neighbors are
Li and Si atoms together or only Li ones.

The guantum-mechanical calculation of charge transfer was performed using the
SIESTA software package. A purely geometric approach was used based on the procedure
for constructing the VVoronoi polyhedron to distinguish the region of space belongin e
atom. In other words, the Voronoi cell of atom A was defined as a region of
points of which are closer to atom A than to any other atom. The Voronojde

density (VDD) [66] of the atomic charge is computed as the integral of t y fgrmation

density. The presence of the latter is due to the formation of the 0
in the volume of the Voronoi cell of the atom A

Vo _ I | ( Prcioasie (1) = Zpk(r)jd®odef(r)dr (30)

cell of A

where the weight function w,**™ (r) = 14 @noi cell of the atom A and equal

to O outside of it, p,; = o — Z P, Isthe de ation density or the change in density when
k

passing from the superposition of ensities to the final molecular density; Z P 1S
k

the sum over the ground sta&@\ y with spherical averaging) of the atomic density.
addition to the main charge. Positive and negative atomic

The Q\°° atomic charg
charges QVDD cori®r the loss and acquisition of electrons, respectively. In the

present version ) acts as the electron density of all interacting atoms that

contribute t aces, vertices).
constructing the VVoronoi polyhedra can be used not only to study the
short-range order of “infinite” or finite objects. It can be used, also, to trace
the sho ge order in the relief of the channel when the lithium ion moves along it. To
is, it is necessary to combine the center of the ion with the center of the polyhedron
Q g designed and to choose the Si atoms of the channel (between which the ion moves)
as the geometric neighbors for the ion. Polyhedra are constructed at regular intervals until
the ion leaves the channel. As a result, the ion motion along the channel under the action
of a constant electric field can be represented in the form of distributions of elements of
the VVPs. Comparison of such distributions obtained for different channels gives an idea of
the causes of the inhibitory effect produced by the channel. Therefore, we call such an
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investigation the statistical-geometric method of representing the inhibitory effect in the
channel.

2.4. TESTING OF METHOD AND MODEL

In this section, we present a method for testing the calculations and the model using an
example of modeling the heating of an aluminum film on graphene. It was shown in a
separate computation that application of the fourth-order Runge-Kutta method res
higher accuracy in determining atomic trajectories as compared to the result obtﬁ I

the same method of the second order. In addition, the second-order algorithmsi stable
and demands reduction of the time step. Application of the fourth-order al@ ensures
the optimal balance between the time step and the accuracy ons. The

computational error in the MD method is mainly determined systematic error
depending on the integration procedure used [67]. Total p time t, = 200 ps
exceeded characteristic correlation one t, for coupling N In graphene and in the

metal. The time t_, is about the ratio of the film Iaye@s the speed of sound. This
time is characterized as the stabilization time of incomplet€equilibrium for the quantity in
question. Let us assume that the speed of is sinaluminumand u, =15km/s,

Ug = 21 km/s in graphene [68]. We can e te the sizes of atoms from the geometrical

Lennard-Jones parameter. Then we fifad that t < 0.2 ps even for the doubled aluminum

m

film on graphene. It can be expe
velocities, autocorrelation funétion

computation of the @
L J
~0.1. \
The resi@) he pure metal in the simplified approximation can be defined as [69]
(T) _(mjﬂz 97z'h2C2 (1)5
P 2 ) 8noeMk 0| ©

@ o z°dz
§ - (31)
OA ! (exp(z) —1)1-exp(-2))

at the computational error of the coordinates,
, and the Fourier transform of the spectra obtained

not exceed (t,/t,)*?~ 5 x 10°5. The error in the

y in terms of its fluctuations can be estimated as /(AE* )/ E
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Here, m is the electron mass, M is the atom mass, n is the number of free electrons per
1
2
is the unit cell volume, C is the constant determining the interaction between electrons and 0 ¢
the lattice, h is the Planck constant, and z =#Aw/KkgT .
When the electrical conductivity (or another transport parameter) is calculated, the \

constant C can be determined from the relation [70]

unit volume, & is the Fermi energy level (gz—mvz) ® is the Debye temperature, (2

w

. 4
)ITrZZJ.CZMda), @

where F() is the phonon spectrum, @, is the maximal frequency e spectrum
under investigation, and A, = 0.39 is the transport constan% lectron-phonon

g
coupling in aluminum [70]. In the Debye model, the phon\\ states is defined as
F(w) =90" / Q):Q (33)

where @, =@k /7 is the cutoff frequen spectrum.

The resistivity of a single-layer alumi ilm at 300 K, calculated by the formula (31)
is p =0.185 x 10* Q m, and the electrical enductivity is o = 5.4 x 10°Q* m™. The
electrical conductivity of a thin me can be written in the form [71]

C’ o, eXp(—E,. /KT), (34)
where o, is the c@'vﬁf the bulk material and E,_ is the activation energy for

uming that the conductivity of bulk aluminum is o, = 0.37 x 108

conduction el x
Q' mgmwelgbtaih from expression (34) E,. = 0.098 eV. The temperature coefficient
p=""

Yo

the resistance of a mono-layer Al film is found to be 4 x 10* KL, It is

rmined from the calculation of p at temperatures of 300 and 800 K. The electric

erties of thin aluminum films with a thickness from 40 to 200 nm deposited on a glass
substrate at 573 K in high vacuum were studied experimentally in [72]. The surfaces of the
layers deposited one by one were subjected to the action of oxygen. Extrapolation of
functions p(d) and £(d), where d is the film thickness, to a thickness of an atomic
monolayer leads to values of 2.5 x 10 Q mand 3 x 10® K1, respectively. Therefore, the
values of the conductivity and activation energy of conduction electrons extrapolated from
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experiments are 0=0.4 x 10 Q* m*and E,, = 0.168 eV. The experimentally obtained

lower conductivity and higher activation energy can be explained by oxidation and a higher
temperature of the experimental sample, the extrapolation error, the roughness of
calculation of p by formula (31), and the large temperature step in the computation of Q ¢

B
The total energy of free one-sheet graphene obtained in our MD experiment at T = 300 \

K was — 7.02 eV, which is in conformity with the result of the quantum-mechanical
calculation (— 6.98 eV) [64]. The aluminum-—graphene interaction energy E, ¢ q in ﬂ

the MD model at this temperature is — 0.225 eV. The density functional the& t
[72].

interaction between the Al (111) plane and graphene gives En_c(guapnene) = —%

The heat capacity cy of the single-sheet graphene calculated in term energy
fluctuations increases in the temperature interval 300 K <T < 1300 om9Q to 28 J/(mol
K). This corresponds to the experimental values of this quargity . 6.80 J/(mol K))

e
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Chapter 3

MECHANICAL AND THERMAL PROPER’I@

OF GRAPHENE Q
L 2

Owing to the ability to form sp?, sp?, and sp® bonds, ¢ is an ‘@ll-round” chemical
element. Under ambient pressure, carbon usually takes the ofgraphite (the most stable
structure) or diamond, but other sufficiently stable a @ can exist, as well. In recent
years, its numerous structures have been discovered.

The binding energy between carbon atemSyi y [@rge; for example, in diamond, the
cohesion energy is 717 kJ mol. The p pansition between various stable phases of
carbon requires to overcome an extremely Righ energy barrier. In other words, very high
temperatures or pressures are requir, initiate a spontaneous phase transition from one
solid phase of carbon to another.

Apart from the best-kno@n ¢ forms of carbon, i.e., graphite and diamond,
amorphous forms exist, s y carbon and black carbon. One-dimensional carbon
is the carbine with the sp@ation. It proved to be possible to obtain amorphous carbon
in the form of gfil% ixed type of hybridization [74]. A tetrahedral film of carbon
can be formed ardment by heavy ions. The structure of the atomic bonding in
this film turn§ out fObe extremely disordered and represents a mixture of sp?, sp?, and sp®

hybri i0 to the high content of bonds with the sp* hybridization, such a film
acq lamond-like properties. The tetrahedral film is characterized by high hardness
and we stance, which makes it possible, in view of the optical transparency of such a

, to use it as a protective coating for optical fibers. Owing to the high cohesion energy

rge activation energy, carbon polymorphism exists in a wide range of metastable
states. Graphite compressed along the c-axis under a pressure of 10 to 25 GPa under the
room temperature (RT) is able to retain the strongly compressed structure. However, upon
heating under high pressure, graphite passes into a diamond cubic structure. The authors
of [75-81] have supposed that the strong compression gives a new superhard phase of
carbon. Indeed, at the pressures between 10 and 25 GPa, an increase was observed in the

&
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resistance [75] and in the optical transparency [76, 77]. Moreover, there appear a decrease
in the optical reflectance [78] and changes in the X-ray diffraction patterns [79-81].
Several hypothetical structures have been suggested to explain these features; for example,
sp?-sp® graphite-diamond structures [82], M-carbon [83], body-centered tetragonal (bct-
C4) carbon [84], and W-carbon [85]. However, all these models have proved to be unable
to represent the complete spectrum of experimental data. The problem of the existence of
a superhard phase of carbon remains disputable. Apparently, a phase transformation indeed
takes place, since (upon a further increase in pressure to 40 GPa or more) the compressed
carbon is transformed into amorphous form. This follows from its Raman spectr

[86].

Purely carbon molecules Cgo and Cyo fullerenes were also discovered. Latek, the,carbon
tubes and, finally, graphene have been obtained. The energy-band str@e ideal
graphene is unigue since no energy gap appears in it. In six Dirac one with
positive values of energy corresponding to the electron states to he Zone with the
negative energy that characterizes the hole states. Near these %e nergy spectrum
acquires a linear dependence on the wave vector. Accordin & ristics of the energy
bands, graphene depending on the conditions and i ies'can be a metal or a
semiconductor. Graphene is an extremely good conlectricity and heat. It is the
strongest of all two-dimensional media and, at the same time, the graphene is sufficiently
plastic. It is almost completely impenetr3
Owing to these characteristics, graphene e very wide application.

The main experimental method for investigation of the mechanical properties of
graphene or pieces of the multilay hene (stacks of graphene layers) is atomic-force
microscopy (AFM). In [87], th was used to study the elastic properties of a stack of
graphene layers (fewer than fi substrate of silicon dioxide. The Young modulus of
the graphene stack was a. An analogous experiment was performed using a
graphene monolayer obtain the Young modulus of about 1 TPa.

The elastigypro diamond have been studied experimentally much better than
those of grap x n for diamond, the spread of the data is rather substantial (0.41-
0.59 TPa). T@t properties of diamond were apparently first measured in 1946 with

sonic methods [89, 90]. Later, they were also measured by the X-ray

precise acoustic methods [91-93].
chanical and optical properties of materials depend on their dimensions and
S . For example, the single-crystal fibers have substantially higher hardness and

ate strength than those of loose materials in view of the absence of growth defects in
such fibers. In reviews [94-97] (see, also, [98, 99]) the information on various mechanical
properties of the carbon materials is given. These are nanotubes, fullerenes, and other
closed carbon structures (nanotubulens: capsulens, torens, barrelens, etc.). Moreover, the
data are presented on the methods of materials preparation and on the behavior of carbon
during the formation of condensed phases.

d completely transparent to light.

Oo

4



Mechanical and Thermal Properties of Graphene 25

In this chapter, we restrict ourselves to consideration of the mechanical properties of
graphene. In addition, we partially discuss the influence of defects on its properties. The
results of investigations are presented on the structure and the edges of graphene, its
resistance to heating and deformations of uniaxial tension and compression. As a rule, these
theoretical and calculated investigations were based (where possible) on the experimental
data.

AND CHEMICAL ACTIONS

3.1. TRANSFORMATION OF GRAPHENE UNDER MECHANICA\% ﬂ

3.1.1. Preparation of Tubes and Scrolls of Graphene @

Graphene possesses a rather flexible and mobile structure and ndency to acquire
a three-dimensional form under certain external conditions®in thi , minimization of
the surface energy occurs [100]. If the ratio of the lengt hene sample to its
width is sufficiently large (narrow graphene ribbon), : e spontaneously begins
self-folding [101]. During self-folding, the graphe can form multilayer spiral
structures [102, 103] of various diameters [104, 105§ he*factors that are responsible for

the processes of scrolling, bending, and roié
100 K) fluctuations [106] and the interna ability of the structure [107].

There are investigations devoted to the fgansformation of the graphene ribbons into
nanotubes via confined polymeriz f polycyclic aromatic hydrocarbons [108, 109].

Experimentally, graphene tube@ ed by scrolling a graphene ribbon located inside

ene can be low-temperature (T <

a carbon tube of the greater diametefi[110]. In this case, the internal tubes with the desired
chirality can be obtain oretical model developed in [111] suggests that the
graphene ribbons lg inside a nanotube of a large diameter will form the spiral
structures becauise @t rnal geometrical confinements. The same conclusion follows
from the qua cal simulations [110], according to which a graphene ribbon
completel % a nanotube will spontaneously twist into a spiral. The process of
iSdRi by the formation of bonds between the surface of the tube and the edges
In this case, a torque arises. The twisting continues until the formation of a
ube. The properties of a defect-free carbon tube obtained from graphene under
t tion of tension were analyzed in terms of a molecular-dynamics model [112]. As the
e of chirality increased, a monotonic increase in the tensile force and deformation of
failure was observed.
Unlike nanotubes, graphene scrolls have a topologically open structure, which (along
with the unigue mechanical and electromechanical properties of scrolls inherited from the
graphene sheet [88, 2]) opens wide opportunities for their application. The scrolls can be
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used as a medium for store hydrogen [113], as water and ionic channels [114], and as
nanosolenoids [115].

However, the scrolling of an isolated graphene sheet is a quite difficult problem. Its
internal energy of elasticity, which is always directed towards the retention of the flat
shape, creates an energy barrier to the structural transition. The scrolling becomes possible
only if a nanorod, e.g., made of iron, is introduced into the system. The Van der Waals Q
interaction between the graphene and the iron nanorod helps to overcome the energy barrier \
and creates a force of attraction. This leads to contact between the iron rod and the graphene
ribbon in the process of scrolling. In this case, a three-dimensional coremultilay% ﬂ
structure is formed. If the rod is initially located at the middle of the ribbon ;
scrolling results in the formation of a nodular structure with double walls, &:ic el
nanorods are placed at the different ends of the ribbon, a dumbbell-li re is
obtained. According to [100, 116], the process of scrolling the gra allic rod
is irreversible. This suggests the metastability of graphene.

A scrolled graphene structure can be obtained by che thods [117]. The
structure of carbon scrolls with various diameters a x was investigated

experimentally, depending on the dimensions of thegheetaandidiréction of scrolling [104,
118]. The scrolling of graphene was also studied D simulation in [119, 120]
where the scrolling was initiated by a carbon nangtub e formation of a tube/scroll-
core/shell composite (Figure 1). The cha ‘ isgirocess is determined by the tube—

graphene and graphene—graphene intera energies. The success of the formation
process of a scroll mainly depends on the“@iameter d of the tube. The tube can help

graphene to overcome the energy only when d is relatively large. Such a structure
remains stable for at least 500 00 K. Because of the strong adhesion between
the graphene and the tube, it @ difficult to separate such a structure into its initial
components.

tuned properties [1 e addition of hydrogen atoms to carbon, the sp? structure of
the graphene ced by the sp? structure. In other words, the two-dimensional
atomic strucfure re graphene passes into a local three-dimensional structure around
eachffabs drogen atom [122]. Such structures can be obtained both on the
iciscale and on the microscale [123].

, the possibility of the spontaneous scrolling of a quadratic graphene sheet

doped with hydrogen) has been studied using the MD calculations. Depending on
atio between the length L, of the region enriched by hydrogen atoms and its width

The controlled dgpin@yby hydrogen makes it possible to obtain graphene with easily
&

O W,,, three different results can be obtained: partial scrolling of the hydrogen-containing

part of graphene; complete scrolling of the entire sheet; or an irregular nanostructure. The
last one appears as a result of scrolling produced from three sides. A graphene sheet doped
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with hydrogen forms a scroll, which is stable at T = 300 K if the following relationship is
fulfilled: 0.4 < L,/W,, <0.6 (Figure 2) [124].

Graphene platelets of various shapes with a significant Van der Waals interaction
between the layers can also spontaneously form the large bulk structures [125, 126]. 0 ¢

Separate platelets (graphene flakes) with a high plasticity can be twisted into nanoscrolls
under the effect of certain gases and alcohols [127, 128]. \

o’ \
@ KG"

|

1500 175 ps 500 ps
Figure 1. Spontaneous scro@raphene ribbon around a carbon nanotube [119].

¢

9ps

50 ps

Figure 2. Complete scrolling of a graphene sheet partly doped with hydrogen (Lnw/Wy = 0.4) [124].
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The folding of four graphene platelets that interact with a water nanodroplet has been
studied based on the MD model in [129] (Figure 3). After a certain time (50 ps), the
graphene lobes closed completely. In this case, a nanocapsule containing water molecules
inside was formed. The energies (determined in ab initio calculations [129]) of the initial
(open) and final (closed) structures with water molecules inside are equal to — 150.3 and —
913.5 kJ mol?, respectively. This characterizes the water—graphene scrolls as the more
stable formations than a water nanodroplets with open lobes [129]. In the presence of the
SiO, substrate, the strong interaction between the graphene lobes and the substrate
prevented the formation of a closed structure of graphene. In addition, SiO; i e
hydrophilic than graphene. For this reason, the expanding water nanodroplet, w,
to cover the surface of SiO,, prevents the folding of graphene. However, w,

shield the strong interaction between graphene and SiO.. The interagi
and water, in this case, is not weakened. This permits the grap bes™o close. The
governing parameters in the formation of a bulk structure, imthi Nare the geometry of
the flat graphene structure and the dimensions of the wate r and substrate.

The scrolling of graphene was also obtained bas D simulation of two
rectangular plates connected by a narrow graphene i the center of which a water
nanodroplet was placed [130]. After 250 ps (at , the plates folded into a bulk
structure with a water droplet inside. W ure increased to T =400 K, the
mobility of the water droplet increased, th S contracted and the water molecules were
squeezed outside remaining on the graphengysurface. The shape of the scroll could be
controlled by changing the size roplet When the droplet contained 10,000
molecules, the ribbon (while scralli f ed a multilayer structure similar to a multiwall
nanotube filled with water.

Thus, the computer
guide the process of
ring, or layered[13

showed the ability of a water droplet to activate and
Iding into one of the bulk nanostructures: capsule, knot,

50 ps 200 ps

Figure 3. Scrolling dynamics of rectangular graphene sheets interacting with a nanodroplet of
water [129].
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3.1.2. Transformation of Graphene into Fullerene

Graphene is an ideal structure for the formation of fullerene, which consists of a finite
number of sp? hybridized carbon atoms and does not have open edges. The graphene- 0 4
fullerene transformation has been demonstrated using the MD model in [131, 132]. At
temperatures of 3000 — 3500 K, the folding of the graphene film (100 — 700 atoms) into Q
fullerene occurs in several nanoseconds. Formation of the Ce and Cyo structures from \
graphite in a vacuum has been experimentally observed by the electron beam stimulation
with the energy of 10 keV [133]. ﬂ

It has been shown in [134] that under the action of the electron beam with hig
(80 keV), the graphene sheet can acquire a spherical shape. The high energ beam
leads to fragmentation of large regions of the graphene into small flake—lik%r s. On
the final stage, fullerenes are formed from these structures. The l0s§0 ms from
the graphene edges is a key event in the process of the fullerene fo ion [185, 136]. The
action of the high-energy electron beam destabilizes the edgwtn@ aphene because
of the loss of atoms from the edges and appearance of a |

The process of transformation of the graphene j
using the quantum-chemical model developed in
pentagonal rings at the edges and the subsequent foldi

f dangling bonds.
e‘tan be studied in detail
igure 4). Formation of the
the platelet are energetically

favorable processes. The atoms of carbo a onds are brought to one another;
thereby, the formation of new C-C bon itiated between them. The newly formed
bonds lead to folding the edges creating a ilizing effect (Figure 4d). Such a cap-like
structure can continue folding, losi arbon atoms, and pentagons are formed in this

structure. The folding continue inal structure is formed.

Note that for the full foldi@aphene into fullerene, the initial size of the graphene
platelet is of large impor plate is too large, significant energy should be spent
on removing the edge etching of the edges stops only when (during the formation of

the fullerene) the pl aches a certain size specified by the thermodynamic conditions
of the chemical ibritUm. However, if the platelet is too small (less than 60 carbon

atoms), the ing a strong tension of C—C bonds will occur. This can lead to the
destgfictio entagonal rings. The number of carbon atoms that is needed for the
opti ormation of fullerene is 60-100.

An factor that can act on graphene during the formation of fullerene is

erature [137]. The MD calculations have shown that transformation of the graphene
a fullerene under the action of the temperature of 2700 — 3500 K starts with breaking
the C—C bonds located nearer to the edge of the graphene sheet. The gradual rearrangement
of the edge structure continues until the planar sheet (containing 96 or 384 carbon atoms)
begins transforming into a cap. In such a structure, locking the edges occurs rather
rapidly with the formation of a closed structure, i.e., fullerene. The energy of activation for
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this process is about 4 eV. At T = 2500 K, the average time of folding for graphene Csss is

3-4 times that for graphene Cog.

Clusters of the Ni atoms can provide a catalytic driving force for this process (Figure

5) [137]. Contemporary technology makes it possible to prepare a metallic cluster
consisting of a certain number of atoms (including atoms of different elements) and to place
it onto a graphene sheet of the desired size [138]. In the presence of the Ni cluster
(containing 13 or 79 atoms depending on the size of the graphene sheet), the temperature
of scrolling decreases to 2000 — 3000 K. The cluster moves along the edge of the graphene

sheet via the diffusion transfer of carbon atoms onto the cluster and returns. This
continues until graphene is transformed into a cap-like structure and is closed

cluster. In this case, the Ni cluster can either remain inside the fullerene
from it. The energy of activation for this process for the Casgs+Nizg System
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Figure 4. Stages of the formation process of fullerene from a graphene platelet [134].
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Figure 5. Structures obtained as a result of the
sheet Cagq into fullerene in presence of Nig clu r T=2500 K at various instants: (a) 0; (b) 3; (c)
6.6; (d) 6.8; () 7.0; and (f) 11.5 ns [137].

ES OF GRAPHENE, ITS RESISTANCE
Y TENSION AND COMPRESSION

3.2. MECHANICAL PROP
TO DEFO

3.2.1. Changgs ir@r
Lattice Deforn\
engyis ayery strong and easily distensible material. Along with other mechanical
propexti raphene, its resistance to elastic deformations has been studied. The creation
of the elasti¢’deformations is considered as a promising method of modifying the properties
anomaterials [139]. A significant change appears in the interatomic spacing and in the
try of the crystal lattice under large elastic deformations. This can lead to
earance of unusual mechanical, thermal, optical, electrical, magnetic, and other
properties of materials. For example, the thermal conductivity of graphene and carbon
nanotubes decreases monotonically with increasing tensile stress [140, 141]. The optical
conductivity of graphene is also very sensitive to applied stress [142, 143]. The uniaxial
stress leads to a redshift of the G line (splitting it into two ones) and of the 2D line in the

ic Properties of Graphene upon



QA

32 Alexander Y. Galashev and Yuri P. Zaikov

spectrum of Raman scattering from graphene! [144]. The electronic properties of graphene
depend on its two-dimensional structure and on the structure of its full symmetry. The
lattice consists of two triangle sublattices. The electron spectrum of graphene is
characterized by two branches, which touch each other at the so-called Dirac points, i.e.,
at two inequivalent points K and Ko located at the corners of the first hexagonal Brillouin
zone.? One of the key problems is the effect of impurities on the electronic properties of
graphene [145]; comprehension of these effects is important for further technological
development. Another way to modify the electronic properties is the creation of stresses in
the lattice. The presence of deformations can exert a significant influence on the op n
of electronic devices. %

Graphene (because of its low dimensionality) has remarkable mechani erties.
In particular, ab initio calculations and experiments have shown that si t (up to
20%) elastic stresses can exist in the single-layer graphene [ uniaxial

collective electron excitations (plasmons) [147]. The effeets cal fields make it
possible to include into the consideration all processes of seatteki h an arbitrarily low
wavelength, i.e., to take into account the discrete na rystal lattice. Contraction
of the valence and conduction branch of graphene ind0 the uniaxial deformation of
the lattice has been considered in [147].

deformation initiates a modification of the electronic branc;ﬁ. d, ‘€onsequently,

3.2.2. Strength of Graphene under TenSion and the Mechanism of

Its Fracture @

In [148], the simulation of the wniaxial extension of graphene along different chiral
directions was performe model with the use of the reactive empirical bond
order (REBO) potential eratomic interaction [149]. The chiral direction was in the
range of angles)0 <@ yfor the “zig-zag” direction « = 0 and the step of deformation
was Ag= 0.00ZX reasing dependences of the potential energy of lattice stresses
under the deformagion exhibit a sharp falloff corresponding to breaking the graphene sheet.
Withfincreasi gle a, the falloff of the stress is shifted towards the smaller values of
.

Ro imulation of the graphene fracture upon uniaxial extension was performed with
theyuse of elements of quantum-chemical calculation [150]. In this simulation the force of

rmation k. was determined as the gradient of the total energy of the system along the

mechano-chemical i ™ coordinate. A system of 88 atoms was studied with a step of
deformation Ags = 0.008 — 0.009. One of the ends of the object was fixed rigidly; the

1The origin of these lines is explained in Subsection 3.2.4.
2 The Brillouin zone is defined as transform of the Wigner—Seitz cell of the crystal in the reciprocal space. Certain
points of high symmetry in the Brillouin zone are denoted by special symbols.
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opposite end could move. The extension was performed in both “zig-zag” and “armchair’-
type directions. The final deformation was calculated with the use of a linear relation
between F and ¢, which was established via the Hooke law. In both cases, the same value

of the fracture deformation was obtained ¢, = 0.123 that is significantly less than the

limiting values of ¢ determined in [88, 148]. The ratio between the values of the breaking
stresses in the “zig-zag” and “armchair” directions also diverged strongly: 1.53 [150] and
1.16 [148].

Fracture of the material occurs most frequently because of formation and development
of cracks. Precisely such an approach was demonstrated in [151] where the gr
cracks is considered in a discrete atomic model of graphene in the contrgst to
continuum-mechanics approach. The model included 728 carbon atoms, i ction
between which is described by the Tersoff-Brenner potential [152]. Th a@ns were
performed for the case of cracks with infinite and finite lengths. T i
was initiated by the breaking bonds between the chains of atoms gFhe
energy liberation of the elastic deformation was calculate m ays. The first one was
the method of the global energy, which is based on the detefminagion of the total potential

energy of two graphene sheets with different Iengths@w Icracks (2a and 2a +2

Aa). So, the coefficient W was written as follows

, (35)

where U,, and U,,.,., are the @tential energies of the graphene sheets in the

deformed states obtained in th® atomic model; Aa is the equilibrium inter-atomic

spacing in the X directio crack), and h is the thickness of the graphene sheet.

In the second methodi(the Tethod of local force), the virtual work, which is required

to prevent cragk ioh, is determined. Here, one should not calculate the total

potential ener \n od is the fastest one and can be applied to large atomic systems
19

since only g atoms near the tip of the crack are taken into account in the
calcufation Is case, the mechanism of fracture can be presented by two main
defo on Jmodes: | and Il. The tensile mode | describes the relative displacements
betwee atomic pairs, whose atoms are located symmetrically with respect to the

omal to the crack surface. The sliding mode 11 reflects sliding by making antisymmetric
paration of atoms via tangential (with respect to the crack surface) displacements. In

the case of modes I and 11, the linear elastic solution (u, ,u, ) for the displacement fields in

the vicinity of the crack tip is given in [151]. The coefficients of energy liberation W, and

W,, for modes I and Il are written as follows
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1 ZA h y(V _V) (36)

3 .
Wy = o [R —u) +Fo -v)] 37) Q

where F, and F, are the inter-atomic forces acting on the i™ atom in the x and vy \

directions, respectively. These forces act from atoms located near a crack of the 2a length.

The u*, u™, v, and v~ values are the displacements. They open the crack in t ‘\
y directions for the i™ and j™ atoms located in the vicinity of a crack of the

length. In order to obtain the value of the virtual work, it is necess p form
calculations with the use of two configurations. The first one restate ation of
the crack expansion, while the second one describes the shift alon %

The Young modulus Y of graphene was measured ua’ng% . Graphene was
subjected to an external deformation and the relatiohshify.b en the force and
displacement was written out systematically [88]. The ulus measured in this
experiment was equal to 1.0+ 0.1 TPa. The usual @ of measuring Y is in the
determination of the dependence slope of the stress deformation that creates this
stress [153-155]. The Young modulus of t ubes (CNT) was also determined

performed in [156], another approach was
rom observation of the thermal vibrations

mainly in this way. However, in the expery

applied: the magnitude of Y was establish

near the tip of the CNT using a trangmission electron microscope (TEM). For an unknown
reason, this method was not em o%jetermine the Young modulus in graphene. The
magnitude of Y for graphene@ ned by investigation of the thermal fluctuations in
the MD calculation [157 EBO inter-atomic potential [149]. The mean square
displacement (MSD) of ‘atoms ¥ graphene is connected with the acoustic phonon mode,

which has the para ispersion law o= Bk?.
Suppose ene sheet with a square shape and a side L forms a plane xy.
Then equationyfor vibrations in the z direction acquires the form [158]
2
pP 2 Qaz0, (38)
ot h

A ;ere Q :%ZYh3/(1—y2); A is the two-dimensional Laplacian; p is the graphene

O density; u isthe Poisson ratio, and h is the thickness of the graphene sheet. The solution

to Eq. (38) with fixed boundary conditions in the X direction and periodic boundary
conditions in the y direction has the following form
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2
o, =k |—I__ (39)
1290 17

L 4
z,(t, %, y) =u, sin(k;x) cos(k, y) cos(a,t) 0

Here, k, =zn /L, k,=2zn,/L, k=ke, +k,e, , e and e, are the basis unit vectors, n \Q

is the unit vector of the normal to the surface of the crack. The vectors of the normal of
different crack surfaces n, and n, have mutually opposite directions n, =—n, =n 4

Using these eigenvalues for the MSD of the n' mode of the phonon in the ( XK

we obtain [159] @

12(1- %) 1

r’(x,y) = 4kgT ——-—=—1[sin(k x) cos(k 40

2 (%) Vo2 k4[ ( )’(%C (40)

Under the conditions of thermal equilibrium a%\\ T, all the modes are
0

independent and make a noncoherent contribution i D. Therefore, we can obtain
the following simplified expression for the MSDJ15

()= S(r) WQE-£IE K @

Hence, assuming that ~0@raphene [160, 161], we have
L* kT
@ Y =0. 3— 2>. (42)

Usi
a sq sheet. The magnitude of Y increases from 0.7 to 1.1 TPa as the edge of
the g heet increases from 1 to 4 nm. It is retained with small fluctuations during a

rther iNCrease in the sheet dimension. In the temperature range of 100-500 K, the 15%

i sein Y is observed. However, at T > 500 K, the fast decrease in Y occurs, that is

ed to a significant increase in the MSD in the z direction and, consequently, to an

increase in the total MSD. According to the authors of [157], this method of determining

O Y gives correct values of the Young modulus only in the temperature range 100 < T <500
K. The authors of [157] also studied the effect of the isotopic composition of graphene on

the modulus Y value. To this end, atoms of the *C isotope were introduced randomly into

a pure 12C system. It was shown that while the concentration of “C is not more than 5%,
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the modulus Y changes in narrow limits (1.05 < Y < 1.1 TPa). However, when the
concentration of *4C increases to 20%, the value of Y decreases by 15%. Such a behavior
of Y is opposite to the behavior of thermal conductivity of graphene upon a change in its
isotopic composition. Thus, under the isotopic disorder of 5%, the thermal conductivity of
graphene could decrease down to 40% [162, 163]. But a further increase in the 4C
concentration did not lead to substantial changes in the thermal conductivity.

3.2.3. Stability of Graphene under Effect of Compressive Deformations

A fundamentally different behavior of the graphene sheet was reveale these
deformations were present. The compression along the “zig-zag” directi ens the
edges of the sheet (that are parallel to this direction). This leads to4he, ction of
the cellular hexagonal structure along the lower and upper edges she@t. In the final
account, after implementation of 59 acts of compression thraug 8, the graphene

sheet retained its integrity, losing only a small number of Gatoms ure 6a). The defect

cellular hexagonal structure was retained in the H the “armchair” direction,

» (nm)

x (nm)

'&Q a graphene sheet onto the xy plane under its compression along the direction of

(b) “armchair” types at relative compressive deformations 0.3469 and 0.3929,
respectively; die arrows indicate the direction of deformations.

pe from the sheet in the vertical direction (along the z -axis) already under relative
deformations ¢ = 0.0235. Under compression along the “armchair” direction it happens at
¢ =0.0266. A further compression of the sheet leads to an increase in the number of atomic
displacements inthe z direction. In addition, the paths passed by the atoms in this direction
increase. The compression of a graphene sheet in the “armchair” direction at moderate
deformations already creates cracks along the “zig-zag” direction. Then, because of these

@nder the effect of compression along the “zig-zag” direction, the C atoms begin to

4



¢
OA

Mechanical and Thermal Properties of Graphene 37

cracks, wavy channels arise in the “armchair” direction. The separate fragments of the
graphene sheet rotate and shift. In this case, some widening of one of the arising channels
is observed. The rotated left-hand and right-hand parts of the sheet slide along this channel;
as a result, the sheet becomes completely broken (Figure 6b). The difference in the stresses
of the atomic rows of the graphene sheet, in this case, is an order of magnitude less than in
the case of compression of the sheet along the “zig-zag” direction.

3.2.4. Investigation of Deformations Using the Raman Spectroscopy Me

In applications of single-layer graphene, its response to various load &g at
importance. The works in this field are mainly theoretical. Experimental in ti ns, as

a rule, are limited to study of bending the separate graphene flakesyi i of tensile
tests until a certain deformation (= 1%) with the use of plastic substrate§, Using a cantilever
geometry, single-layer graphene can be subjected to axial compr% ifferent degrees.
The resistance of graphene flakes of different geometries r n has been studied

in [165]. In all the cases, the mechanical response was GoR y the shift of the G or
2D phonons of graphene in the spectrum of Raing. The results show that
graphene mounted into a plastic beam demonstratges ¢ gssion on the order of 0.5—-0.7%
and sometimes more than 1%.

One of the methods (for recognizin t extent the material is able to sustain the
applied stresses or deformations) is an investigation of the material phonon frequencies
under a load. The Raman spectrosc@p¥Ais a very effective tool for monitoring the phonons
for a wide class of materials @to the action of the uniaxial stress [166] or
hydrostatic pressure [77]. Unter the effect of a tensile load, softening of phonons is
observed. Under the eff pression, on the contrary, their hardening occurs. In
general, in graphite mate ch as polycrystalline CF), the final deformation is affected
not only by tensile @e ive) stresses but, also, by some mechanisms of rotation and
sliding of crysta do not change the phonon frequency [166].

The recently developed method of obtaining graphene via the mechanical splitting of

portant not only for detection of the super strength and rigidity of graphene. But
I ows one to relate its behavior under mechanical deformation of other graphite
ures, such as the bulk graphite, carbon nanotubes, and CFs. The G peak corresponds

This is

to the double degeneracy of the E,, phonon at the center of the Brillouin zone. The D

peak, which is due to the “breathing” modes of the sp?-bonded rings, requires the presence
of any defect for its activation [168, 170]. This peak is due to transverse optical phonons
near the K point of the Brillouin zone [77, 172]. It is activated by the double resonance
[173] and has a strong dispersion at the point K [174]. The 2D peak, which is a second-

\00’
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order feature and formed from the D peak, is the only one in the mono-layer graphene. In
the two-layer graphene, it is already split into four peaks reflecting thereby the evolution
of the band structure [168]. Note that the 2D peak appears in the process, in which the
moment is retained because of the participation of two phonons with the opposite wave
vectors. So, it does not require the presence of defects for its activation and, therefore,
always exists. Indeed, in the high-quality multilayer graphene, the G and 2D peaks exist
but the D peak is absent [168]. A large number of studies are available, in which the
behavior of these peaks was studied under application of deformations of different
magnitudes to graphene [169-171, 175]. Because of the thin single-layer struc f
graphene, the uniaxial deformation can strongly change its electron and optical ie
Since graphene has two carbon sublattices, which behave differently %axml
deformation, it is possible to control the band gap by breaking the sv@ f the
sublattices [176-178]. For example, the opening of a band gap w in[178] for
the growth of graphene on the hexagonal substrate of boron nitride se of the violation
of the equivalency of the sublattices. In [179], graphene shtets%te onto a flexible
polyethylene substrate were subjected to the uniaxial tens it eformation up to ~
0.8%). To study the effect of deformation on the single-lé ree-layer graphene, the
Raman scattering has been used. Significant redse 2D peak (-27.8 cm per
percent of deformation) and the G peak (-14.2,cm™§perepercent of deformation) were
observed for single-layer graphene unde t the uniaxial tensile deformation.
The results of a simulation based on the ave shown that in this case, the opening of
a band gap (300 meV under 1% deformatiomyoccurs at the K point of the Brillouin zone
(Figure 7). This effect can be used @cate various devices based on the application of

graphene properties. 0
3.2.5. Effect of D@Qe Mechanical Properties of Graphene
S

*
efects in graphene in the form of nitrogen atoms implanted into

Let us now %
vacancies afd risin® above the graphene surface [180]. The initial sheet of graphene

contdrme s. The covalent C-C bonds were formed using the REBO potential
[1497the CAN bonds were formed using the Tersoff potential [138, 181]. The N atoms
were pl into the vacancies both in a regular way and randomly. The Young moduli

determined from the slopes of the linear segments of the dependences of stresses on

ensile deformation, i.e., constructed using a step A¢ = 0.004. The stresses created by

the forces applied in the “zig-zag” direction always decreased sharply when the
deformation reached the critical value close to the fracture of the graphene sheet.

Calculated limiting tensile stresses and Young moduli for the cases of a regular and

random placement of N atoms are given in Table 7. These characteristics change

moderately with changing the nitrogen content. A decrease of the magnitudes of the

4
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limiting deformation and ultimate strength is observed when there is a random rather than
a uniform distribution of nitrogen atoms over the vacancies in graphene. The values of the
Young modulus only weakly depend on the changes in the nitrogen content.

Unstretched graphene é Graphene stretc

L 2

3 B
>: -
20 0 85 0
o 5
= =
K @

-1 A1

LS K MS[— K —M
Figure 7. (a) Effect of uniaxial tensile d ation on a graphene piece (schematic); the deformed

lattice is shown by solid lines; the initial lattice is marked by dashed lines; (b) the band
structure of the undeformed e lated along the I'-K—M direction of the Brillouin zone; (c)
similarly to Figure 7b, but feflgra e with 1% deformation; in the band structure of stretched
graphene, the appearan d gap can be seen [179].
*
Table 7. MecN operties of graphene containing uniformly (regularly) and
randomly distributed nitrogen atoms [180]

gen content (%) | Ultimate strength (GPa) | Young modulus (GPa)

Regular distribution of nitrogen atoms

0 94 786

1 88 758

2 87 774

4 84 772
Random distribution of nitrogen atoms

1 82 766

2 70 809

4 86 840
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When only two nitrogen atoms have been implanted, it has been shown that the
ultimate strength decreases with decreasing the spacing between them. When the spacing
between N atoms was 0.176 nm, the ultimate strength decreased by 25%. The maximum
stress arose near C atoms neighboring the N ones, i.e., in the vicinity of the nitrogen atoms.
This is because the C—C bonds were broken, and the C—N bonds remained strong.

The experimental value of the relative deformation of the longitudinal compression for Q
graphene ribbon on a substrate is, as a rule, 0.5 — 0.7% [165, 182]. Under such a \
deformation, the sinusoidal waves (buckling) are revealed on the graphene ribbon. The
graphene roughness suspended in a vacuum appears at substantially lower defor% ﬂ
[165]. In [183], the MD method was used to study the behavior of a compres
layer graphene platelet on a substrate in presence of randomly distributed va K‘n e
presence of vacancies, buckling on the compressed platelet appeared

deformations; the decrease in the buckling strain threshold obeyed dence. In
the absence of vacancies, the nonlinearity of the stress-strain curv% i itself under

smaller

approximately the same strains as the buckling on the fplat agnitude of the
deformation corresponding to the loss of stability (~ 0.6% & ith the corresponding

experimental characteristic. Q
3.3. IoN BEAM CONTROLL QATlON OF GRAPHENE

The defects of atomic scale in graphengylayers change the physical and chemical
properties of carbon nanostructure uncontrolled defects are formed spontaneously
already at the stage of the gra @raﬁon. Defects of a certain type can be created
artificially by ion bombardment [184] or by scanning probe lithography [185]. The method
of scanning probe litho s it possible to modify the structure of graphene with
high precision. Ho Athe 1on beams scan the graphene faster than the mechanical
probe, and the ﬁam@h scanned region can be only a few nanometers. The irradiation
by ionsisap \ for creating nanostructured surfaces. The potential for using ion
beams i ve@. hey make it possible not only to create vacancies [186-188] and to

i . It is also possible to tune the electronic structure [184], to change

ties of graphene [190] (including magnetic ones [191, 192]), to purify the
raphene [193], and to cut graphene sheets [194].

A 3.3.1. Creation of Defects in Graphene by Bombardment

O In graphene nanostructures, various defects can be created, which affect the electrical,
thermal, and mechanical properties of these nanostructures. It becomes possible to create:
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(1) vacancies and vacancy complexes; (2) three-dimensional defects (humps, hills, dome-
like forms); (3) embedded atoms of various metals.

1.

Under the action of an ionic beam, mono-, bi-, and poly-vacancies, as well as
vacancy clusters can be formed. A single vacancy at the center of graphene
influences its electronic properties [186] leading to the formation of the
“pentagon+dangling bond” defect, which is energetically favorable. However,
because of the thermal motion of carbon atoms around the vacancy, this defect is
unstable at temperatures of T = 1000 — 1500 K. Under bombardment of gr ne

(located on a substrate) by Xe atoms with energies of the order of se e
[195], the vacancy clusters arise, which prove to be stable at higher, atures
up to 900 K. These vacancies have the shape of a funnel propagati n'to the

substrate. The vacancies on the substrate, on the contrary, di letely at

T = 700 K. All broken carbon bonds become saturate %nding to the

metallic surface forming the funnel-type vacancy stfuct

Influence of defects on the thermal properties of N been studied using
S

the MD model in [188]. The monatomic vagangi ne-Wales defects with
different concentrations have been consider@e—Wales defect represents a
complex of five- and seven-atom rings that arfses¥rom two six-atom rings via the
rotation of one of the C—C bon

-
located on a substrate, defects o ,-
s) and disappear after the process

e ene network [196]. In graphene
ind have a sufficiently large lifetime (~20
relaxation [197]. When there is a high

)

concentration of the Ston s defects, the scattering centers are distributed
over the entire graphen ts ghermal conductivity becomes the same as that of
a disordered material. Ih thisicase, the diffusion modes dominate over the processes
of heat transfer, erature dependence of thermal conductivity decreases
sharply [188

thod was used to study formation on the graphite surface of
onal defects containing several dozen atoms in the form of small
hillocks regular lattice rises above the flat surface by 1-10 A [187].
r and location of such dome-like structures remain, as a rule, unaltered
198J The vacancies are the main factor responsible for the formation of defects.
a result of random strikes of carbon atoms with energies of 0.1-3 keV against
the surface of graphite, three types of defects can be formed: surface vacancies,
inter-planar atoms located under the surface layer, and three-dimensional defects.
It has been shown by ab initio calculations [187] that no significant change in the
valence-electron density caused by an absent atom is observed in the vicinity of
vacancies. However, the charge density increases near the atoms surrounding the
vacancy. The single atoms located between the planes of graphite can migrate at
room temperature [199]. As a result of migration, dimers and clusters are formed
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between the layers, which serve as sources for the formation of the hillocks [200].
According to the results of calculations [187], the dimers and trimers form low and
wide hillocks up to 1 A high. Coarse surface defects are formed as a result of the
introduction of an additional adsorbed atom (adatom) into the upper layer of
graphite at a sufficiently low energy (= 50 eV). This adatom is incorporated into
the structure of the surface layer, forming a vertical ring (Figure 8). Such a
structure is stable; the binding energy is - 3.3 eV in it. In the region of the upper
(rising by 2 A) atoms, a maximum of the valence density of the electron charge is
observed in the defect. The probability of formation of such struct is
approximately two orders of magnitude less than that of the formation of I
and inter-layer clusters. However, these structures prove to be stabl &
ps.

The defects significantly change the electronic states of g

level, that is the important factor. Many unique pro§tl raphene are

determined by the topology of the bands of its electron e in the vicinity
of the Dirac point [201-203]. Experimentally obtaige ne flakes deposited
onto the SiO; substrate were bombarded by, 30=e “Yons [184]. As a result,
defects created in the form of hillocks of seroms high. In the vicinity of
defects, large fluctuations of electron depsity“are elearly observed; their origin is
due to the interference of electrong efects. Similar density oscillations
were observed in graphite [204], CasbaR tubes [205], and two-layer graphene [206].

The defects can also significantly affect the Fermi velocity mainly decreasing it.
The possibility of tuning t@tronic structure of graphene via the creation of
fi

defects opens a promisj d in the application of the graphene-based

electronics.

Mechanism of t e doping by single atoms of metals includes two
consecutive %reaﬁon of the vacancies by a high-energy beam of ions or
atomsi¢and these vacancies by atoms of metals. The binding energy in the

met mplex proves to be sufficient to provide its stability. Structure of

ility under the effect of beams with energies of the order of 100 eV [59].

irradiation of graphene, the mono-, bi-, and tri-vacancies were obtained both
experimentally and by the MD simulation [209]. The type of vacancy depends on
the site, which the bombarding atom hits into. If the atom hits into the C—C bond,
bi-vacancies are mainly formed. The “atom-atom” collision leads to the formation
of the mono-vacancy. If the bombarding atom hits the center of a hexagonal ring,
then the multi-vacancies are mainly formed due to the removal of five or six C
atoms. Then, Pt atoms are deposited into the formed vacancies (Figures 9a, 9b).
Calculations show that the barrier to the migration of Pt atoms is 0.2 — 0.8 eV. This

al—
he formed vacancy depends strongly on the energy [207] and dimension [208] of
i t particles. Mono-vacancies and bi-vacancies are created with a greater
G
n
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is sufficient for obtaining a stable metal-vacancy structure even at room
temperature. Calculations based on the DFT method yield lower energies of the
Pt-vacancy complexes (~ 6 eV), which explains their stability under prolonged
electron irradiation (Figure 9c).

6.0 eV

44eV

Binding energy

Pt-vacancy complex

Figure 9. Dtagram of implantation of a Pt atom into (a) bi-vacancy, and (b) tri-vacancy; (c) binding
e for various configurations of the Pt—vacancy complex [209].

The MD method was used to study graphene bombarded by normally incident neutral
carbon atoms at various energies and T = 300 K [210]. At energies below 1 eV, the
dominating process is a reflection, which is mainly caused by the repulsive interaction
between the incident atoms and p electrons of the graphene sheet. The energy of the
incident beam exceeding 1 eV proves to be sufficient to overcome this repulsion. As a
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result, the process of absorption becomes predominant at energies of up to 100 eV. In the
same energy range, defects such as adatoms, mono-vacancies, and bi-vacancies begin to
arise. But these defects are reconstructed with time. At the end of the calculation, six-atom

and eight-atom rings are formed. 0 2
3.3.2. Cutting the Graphene by Ion Beams \Q

One method of cutting graphene is based on the use of a focused beam [211, of ﬂ
helium ions with an energy of 30 keV. Such a beam stably sputters carbon atom
preliminarily chosen region of graphene. In this case, different mechanis energy
transfer from the incident ion beam to the carbon structure are performed [5@ process
of cutting graphene by an incident ion beam is based on the formati - and bi-
vacancies or vacancy complexes.

The MD method was used to study processes of formation %e cts in graphene
upon its irradiation by ions of various chemical elements x e, Ne). The angles
of incidence were varied from 0 to 88°; the energiesuseadmwergvaried from several dozen
electron-volts to 10 MeV [194]. At low energies (be) and with a normal incident
beam (zero angle of incidence), the most probable defect t@ be formed is a mono-vacancy.
For obtaining the predominant formati b cies, relatively small angles of
incidence (less than 38°) and low energie s (less than 5 keV) are required. However,
with increasing energy (up to 20 keV) at same small angles of incidence, vacancy
complexes begin forming. Under er increase of the incident angle (up to 80°) and
the energy of the ionic beam (up eV), mono-vacancy becomes the dominating defect
again. This factor proved to b€ detegmining for the process of cutting graphene at a fixed
energy. No defects are fi ry large angles of incidence (= 80°) and low energies
of the incident beam (lesSithan keV). In the case of the glancing angle (= 88°), the ions
interact only with t s of atoms. If the energies are low, then the ions are reflected
from the sheet \N ocking atoms from the graphene. However, when the energy
increases (up'to V), the ions of the glancing beam penetrate through the graphene

sheetfan cancy complexes with a large probability. At low energies (< 1 keV)
whe beam energy only suffices to displace some carbon atoms, the amorphization of
raphe es place. The amorphized atoms do not lose their bonding with the sheet

remaining in the form of adatoms on the surface.

xperiments in [211] confirmed that a focused beam of the He ions can be used for
cutting graphene with very high precision. If the incident beam is directed normally to the
sheet surface, part of the collisions leads to a sputtering of carbon atoms, and part of that
leads to amorphization, which is undesirable for the process of precise cutting. The quality
of cut edges can be improved by using an ion beam with the angle of incidence of = 60°.
Bombardment of the target at 60° angle leads to a decrease in the probability of formation
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of collision cascades in the plane and of local amorphization. The obliquely incident He
ions with sufficiently high energies (30 keV) create single vacancies, which makes it
possible to obtain pure edges in the graphene cutting by an ion beam.

In computer experiments [194], it was established that for the normal incidence of a
helium beam the fraction of scattered C atoms is ~ 6%; the other part is amorphized.
However, when the angle of incidence of the ion beam is 62.5° at the energy of 30 keV,
the number of scattered carbon atoms increases by a factor of three, i.e., the cutting beam
acts more efficiently.

3.3.3. Magnetism Determined by Vacancy Complexes in Graphe

The perfect graphene does not have a magnetic moment in external
magnetic field and, consequently, does not have ferromagnetic propefties. Various defects
and the topological structure (long-range ordering of pairedepi e as sources of
ferromagnetism in graphene. The experimental hystere s obtained upon

magnetization [213] show that graphene sheets preparedse ioUS temperatures exhibit a
weak ferromagnetic effect at room temperature. Suc @ tism in a graphene sheet is
created by a certain organization of defects (yacangieSy [214]. One of the important
properties of graphene is the edge magngtisi i pears due to localization of the
electronic states on “zig-zag” edges. It ha shown theoretically in [215] that graphene
with the “zig-zag” edges and a ferromagnetici@rder is stable at the room temperature (with
an energy of 0.3 — 0.5 eV at the b level). This magnetism can be controlled by an

external electrical field [2161(2 example, by using graphene islands on the SiC

substrate [192]. In the processiof gfowth of the graphene islands, energetically favorable
structures incorporated m trate (that have no dangling bonds) are formed. The
Cages

ve states localized at the edges, which can lead to the

islands with “zig-zag”
magnetoelectrig eff@
In this cas ers of magnetism are orbital interactions or spins of electrons.

States with ‘Bpin-gp*®and “spin-down” for the mono-vacancy in graphene are asymmetric

near I. This leads to splitting and polarization of spin in the vacancy band
[2171%Fhe closely located vacancies behave independently if the spacing between them is
more t A [218]. The magnetic moment depends nonmonotonically on the spacing

bgtween the vacancies. At the smallest spacing, it is equal to 1.15 pg ; at the maximum
ing (i.e., at r ~7 A), the magnetic moment is equal to 1.45 — 1.53 ug [219].

In the MD experiment, the polarization of the spin for mono-, tri-, and tetra-vacancies
was calculated; it was found that the magnetic moment is localized near the vacancy cluster
[220]. In the large vacancy complexes, the magnetic moment is concentrated at the edges
of the defect. It increases with the size of the vacancy [221]. The energy band in graphene
with a vacancy is absent.

&
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Various configurations of the “graphene + vacancy cluster” system have been studied
by ab initio simulation in [191]. The symmetrical “spin-up” and “spin-down” states have
been obtained by creating a bi-vacancy in graphene, i.e., in the absence of polarization and,
consequently, at a zero magnetic moment. For vacancy clusters containing from 3 to 6 Q *
defects, a nonzero magnetic moment localized near the vacancy was observed. Figure 10
displays various configurations of the “graphene + vacancy cluster” system depending on Q
the number of carbon atoms removed from the graphene sheet. According to the MD \
calculations [191], the magnetic moment of the configuration V4_3 is equal to zero, since
the function of the density of “spin-up” and “spin-down” states is symmetrical. Th 2 ﬂ
configuration is more energetically favorable than V6_1 (the magnetic momen .5
ng and 5.49 g, respectively [217]).

V2

V4 3

*
Figure 10. Various agtons of the graphene+vacancy cluster system [191].

fl Qarious metallic atoms implanted into vacancies was studied in terms of

the D ]. According to these data, the Pt-vacancy complexes are nonmagnetic at
rious numbers of vacancies (1 to 4); but Co—vacancy complexes, on the contrary, have a
tic moment. The local density of states at the Fermi level corresponds, mainly, to

lized states around the Co atom. The total spin moment of the Co—mono-vacancy

system is equal to 1.0 pg; the contribution from the Co atom, in this case, is 0.44 p;.
However, in the Co—bi-vacancy system, the total moment of the spin equal to 1.56 p,

contains a contribution equal to 1.50 pg from Co atoms (mainly due to 3d orbitals); the
other part comes from the 2d orbitals of carbon.
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3.4. PHYSICS-CHEMICAL PROPERTIES OF GRAPHENE EDGES

3.4.1. Reactive Ability of “Zig-Zag” Edges of Graphene

L 2
At the boundary determined by the edge of graphene, a complete delocalization of p 0
electrons occurs. The electronic structure of a nanoribbon depends on the geometry of the Q
edges [222, 223]. The localized state established at the “zig-zag” edge leads to interesting \
chemical properties.

Calculations based on the DFT (with the use of the generalized gradient approxigi@tion ﬂ
(GGA) for exchange correlations of electrons) made it possible to study the
electronic, and chemical properties of the graphene nanoribbons with the “ g ges
saturated with hydrogen [224]. Owing to the unbound character of the loc tate and
the proximity of the flat branch of the electronic spectrum to the Femi
edges can play the role of radicals. In graphene ribbon with t i
unpaired p electrons distributed over the “zig-zag” edges brifg t%g charge of - 0.14
e to each atom belonging to the edge. Thus, the edges ib

like” character, i.e., acquire reactive ability.
Calculation of the bond-dissociation energy (BD

21g zag”
” edges, the

acquire a “radical-

molecular bond between the carbon radic gh. Calculation of the BDE between
carbon atoms belonging to the edge and n radicals have shown that the BDE of C—
X (where X can be OH, CHs, F, Cl, Br, 1) systems is equal to 40 — 80% of the
experimental C(sp®)-X energy. ition, the “zig-zag” edges of the “zig-zag”

nanoribbons with “armchair”- ges.

The low electron den dge of the ribbon is because of the collective character
of the interaction of tom belonging to the edge with other (not “outer”) atoms of
graphene and, @lso, e of the interaction between the radicals. The ground state of a
nanoribbon wi ” edges is antiferromagnetic; its energy is only insignificantly

lower than that ofghe ferromagnetic state. In the antiferromagnetic phase, the C atoms at
e magnetic moment of ~ 0.14 ng, and the local density of states is

nanoribbon of graphene (Zl\@ av@ a greater BDE than that of nanotubes and

characterize@d’by a sharp peak below the Fermi level for one of the spins and above it for
other spin.

3.4.2. Adsorption of Transition Metals by “Zig-Zag” Nanoribbon

The electronic properties of a nanoribbon can be changed by adsorption or doping with
foreign atoms or molecules [225, 226]. The electronic and transport properties of graphene
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nanoribbons doped with nickel have been studied in [227], and the structure of graphene
sheets with trapped nickel was investigated in [228].

The structure and electronic properties of the ZNRG with adsorbed atoms of transition
metals (Co and Ni) have been studied by the DFT method in [229], where the exchange-
correlation potential was represented in the generalized gradient approximation [230]. A
rectangular piece of the ZNRG was considered, containing 48 carbon atoms and one or two Q
adsorbed atoms. The edges were decorated with hydrogen atoms; this led to neutralization \
of the valency of carbon atoms.

Five configurations with adsorbed atoms of transition metals have been investi
(a) with one Ni atom adsorbed at the edge; (b) with two adsorbed Ni atoms, 0&

edge of the graphene ribbon; (c) and (d) that are analogous to configuratic@ d (b),

respectively, but Ni atom is replaced by Co atom; and configuration (e), in NI atom
is adsorbed at one edge, and a Co atom at the other edge. In each rption of
a transition metal atom, six Ni(Co)-C bonds were formed. Ta ontains the bond
lengths for these five configurations after complete relaxatiom. Inée f configurations
(b), (d), and (e), data are given for each of the adatom . The shortest bond
corresponds to the strongest interactions between thg adateq e transition metal and
carbon atom. In the case of adsorption of two metal lengths of the metal-carbon
bonds change because of the interaction between,metahatoms. The short bonds for Co are
smaller than in the case of Ni because atomic radius of the Ni atom. In
configuration (e), the length of the Ni—C s greater than the length of the Co—C bond
for the same reason. The interaction betweemgwo Co atoms is weaker than that between

two Ni atoms. The changes in the re are caused by relaxation affect the electronic
properties of the configuratioré arance of each metal atom leads to appearance

of an additional subbranch in the elegtronic spectrum, which is related to the hybridization
between the impurity sta I 0) and p orbitals of the nanoribbon. In configuration
(e), two new subbr als0 appear in the conduction branch. The Fermi level of
configurations¢a)— ifts Up compared to the analogous characteristic of the ZNRG free

of metal. Thi \ e explained by a change in the effective Coulomb potential
stipulat b@a e transfer.

portions of the transferred charges are presented in Table 9. An increase

charge ferred from the metal atom to the ribbon. The charge transferred from the Co

is always less than that transferred from the Ni atom. This is related to a stronger

action between the Ni atom and the graphene ribbon. The energy-band gap (EBG) that

A was determined in [229] for two (« and £) spins is given in Table 10. The largest EBG
O corresponds to a nanoribbon without metal atoms. Addition of the second metal atom leads
to leveling of the EBG for the @ and S spins. In the case of Ni adsorption, the EBG is

greater than upon the capture of the Co atom by the graphene ribbon. A comparison with
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configurations (b) and (d) shows that the EBG of two spins in configuration (e) reflects the
hybrid interaction between the Ni (Co) atoms and the nanoribbon. Thus, the ZNRG with
an adsorbed Co atom is closer in its electronic properties to semimetals than the graphene
ribbon with a deposited Ni atom.

Table 8. Lengths of Co-C and Ni—C bonds for different atoms adsorbed on
“zig-zag” graphene ribbon [229]

Configuration Bond length (Ni-Cor Co-C), A
(@) Niatom 2.065 | 1.992 | 2.071 | 2.091 | 2.078 | 2.085 6 o
(b) 15 Ni atom | 2.080 | 1.987 | 2.081 | 2.067 | 2.081 | 2.066 K

(b) 2 Ni atom | 2.105 | 1.997 | 2.107 | 2.065 | 2.058 | 2. '

(©) Co atom | 2071 | 1.937 | 2.083 | 2.045 | 2.046
(d) 1%Co atom | 2089 | 1.949 | 2.098
(d) 2% Co atom | 2085 | 1.946 | 2.076

© Ni atom 2.077 | 1.943 | 2.081
() Co atom | 2.083 | 1.989 | 2.087

. . Charge (€)
Configuration
ml | Atom2
@) 0.239
0.222 0.224
0.196
0.18 0.175
0.179 0.221

* Here e is the elementary el

* . . L
Table 10. Energy- ap for two spins for configurations in absence of metal and
for d@&:onfiguraﬁons in presence of adsorbed metal atoms [229]

Configuration o -spin (eV) | B - spin (eV)
Without Ni and Co | 0.56 0.56
(a) 0.31 0.44
(b) 0.39 0.39
(c) 0.26 0.44
(d) 0.26 0.26

O () 0.29 0.37
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3.4.3. Changes in the Transport Properties, Passivation, and Reconstruction
of Graphene Edges

Let us now consider the effect of other atoms and atomic groups on the electronic
properties of the ZNRG. In [231], structures of the branches of the electronic spectra of
ZNRG have been calculated in terms of the local DFT. Neutralization of the dangling bonds
by hydrogen, oxygen, hydroxyl, and imine (nitrous analog of aldehydes) groups has been
considered. Compensation of the sp?-s orbitals by hydrogen atoms and by hydroxyl groups
led to the appearance of two separated stable spin-polarized states. In this case, s br.
are formed in the electronic spectrum that lays far from the Fermi level. On the
the oxygen atoms and imine groups yield spin-unpolarized equilibrium stal
complex structure of the branches in the electronic spectrum. In this ca@o the s
branches intersected the Fermi level, and the excessive electron perguni nted the
formation of the spin-polarized state. Here, just as in the case where% of hydrogen

and the hydroxyl groups are fixed at the edges, a transfer ofg@ chér ribbon occurs,

since the oxygen and imine group are more electronegativetha on. The obtained
structure of the branches of the spectrum indicates a stro n the electron transport
properties. %

In the absence of control over the state of th edges, a problem arises of
reproduction of the desired transport pr s.90n Ahe other hand, the possibility of
controlling these properties makes it po use the ZNRG for various applications.

For example, the attachment of the hydrogemyatoms and hydroxyl groups to the edges of
the ZNRG makes an opportunity y out some control in spintronic devices [232].
Similarly, addition of the oxyge @ne group to the edges provides to use the ribbon
as a metallic or quasi—metallic@

phenomena, which can a

edges of graphene [233]
of graphene gwas
hexagons are re

n. It is known that strong correlations lead to new
se of the modification of the quasi-one-dimensional
[234], an original reconstruction of the most important edges
sted. As a result of a rearrangement (in which two
a pentagon and a heptagon) of a “zig-zag” edge, the zz(57)-type

edge was obtéine shown in Figure 11a. The reconstruction of the “armchair”-type edge
was iftvesti was shown that two separated hexagons (armrests) are transformed into
cont ptagons via the Stone-Wales mechanism. The reconstruction gives an
ac(677) edge shown in Figure 11c. The pentagonal reconstruction of the “armchair”-

/Pe edge ac(56) differs from ac(677) only a little since it is based on the removal of carbon
ms from “far” armrests (Figure 11e). The unreconstructed edges of the “armchair” and
“zig-zag” types are shown in Figures 11b and 11d, respectively.
The total energy E of a graphene nanoribbon is written as follows
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Figure 11. Geometry of grap ge8¥(a) reconstructed “zig-zag” edge zz(57); (b) “armchair”-type
edge ac; (c) reconstructed “armchair®edge ac(677); (d) “zig-zag” edge zz; (e) edge of a pentagonal
“armchair”-type §:(56 rs in parentheses indicate the number of vertices in the polygons
composing the edg\ ometrical figures are located strictly in the plane [234].

0 E=-NE, +LE,, (43)

where Nyisfthe number of carbon atoms; L is the total length of edges; E, is the cohesion

e of graphene, and E,,, is the energy of the edges. The energy of an “armchair”-type

calculated in terms of the DFT is lower than that of the “zig-zag” edge, just as in the
case of nanotubes [235]. However, reconstruction of a “zig-zag” edge gives a lower energy
and, consequently, this edge is more favorable for graphene than any of the reconstructions
of the “armchair”-type edges. The energy of the ac(677) edge only insignificantly exceeds
the energy of the “armchair”-type edge, whereas the ac(56) edge has the greatest energy.
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The ac(56) edge is subjected to the effect of dangling bonds, just as in the case of the “zig-
zag” edge. Nevertheless, the ac(56) edges can appear during the growth of graphene [235].
It is of interest to study the effect of hydrogen adsorbed on the reconstructed edges.
The weaker adsorption (in the case of the “armchair” edges (4.36 ¢V) as compared to that
for the “zig-zag” ones (5.36 ¢V)) is due to the presence of triple bonds in the “armchair”
edges. In a similar way, the lower adsorption for the zz(57) (3.82 eV) and ac(677) (3.64
eV) indicates the weakness of the unsaturated bonds. The adsorption at the ac(56) edge
(5.58 eV) is stronger. More complete data on the energy properties of the edges are given
in Table 11. The “best” edges for the hydrogen adsorption are the common “armghair”-
type and “zig-zag”-type edges because of the existence of the unsaturated bon
On the contrary, the weak unsaturated bonds and low energy of adsorp@ e high

values of the energy E for the zz(57) and ac(677) edges. The ac(56) , It spite of

the high energy of adsorption for it, is not favorable for hydrogen rp either, since
it has a large energy of deformation.

edge+ads

) 4

Table 11. Energy characteristics* of graphene edigeStupon hydrogen
adsorption [23

Edge Energy zz(57) | “Armchair” a
Evge (€V/A) 0.96 | 098

El EVIA) | 236 [ 209

E. (V) 3.82 3.64 5.36 5.58

Enogerass (€V/A) | 0.34 0@ 0.45 0.06 0.74

- E:dge is the energy of an peFatom), E, is the energy of hydrogen adsorption, Eqjg..
is the energy of an edgbsence of hydrogen

The reconsfr& edges discussed in [234] are expected at the terraces of graphene

“Zig-zag” 7z | ac(56)
131 151

2.30

3.22 6.43

in view of t nteraction (5.6 meV per atom) between the basal planes [236]. The
ima tained using the scanning tunneling microscope frequently demonstrate irregular
and \di ges (they are mainly passivated “armchair”-type edges). Probably, it is
because, e reconstruction rather than the insufficient atomic resolution [237]. The

y, this edge (unlike the convenient edges of graphene) causes enhanced
ductivity. The stable chemical reconstruction plays an important role in the formation
O of the angular junctions in nanotubes [238] and in the closing of nanotubes after cutting

%ﬂbedge creates a branch in the electronic spectrum that is near the Fermi level.

[239], as well as in other systems obtained by joining the graphene sheets.
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3.5. THERMAL PROPERTIES OF GRAPHENE

3.5.1. Determination of the Melting Temperature of Graphene

2
In many applications, graphene is used in the form of ribbons. In [240], melting the 0
graphene ribbon in the form of the rectangle 2 nm x 3.5 nm in size was studied. The C Q
atoms that form the rectangle perimeter were assumed to be immobile during the entire \
calculation. Thus, the weakest sites of graphene were artificially protected from the thermal
fluctuations. The investigation was performed with the temperature step equal to K. ﬂ
At T = 3400 K, the C atoms nearest to the immobile ones left their sites and to I
the fixed atoms formed the boundary of the graphene ribbon. Therefore, &J e
rectangle corners, a cavity was formed, and the hexagonal shape of separat@o s was
distorted at its boundaries. The temperature in the model was mai e Nose-
Hoover thermostat [241, 242]. Application of this algorithm Ie% continuous
fluctuations of the temperature around its average value of MOO%

Taking into account the entire set of the above changes I del, the authors of
[238] interpreted the temperature equal to 3400 K as themgelting temperature T, of the

nanoribbon. This is the lowest estimate of T_ for graphene. Fhis value is even lower than

that for graphite (= 4000 K) [243]. Most probab
melting the graphene boundaries (and, l§ eansPto all of them), whereas no liquid
phase was actually observed outside the b@@ndaries region. Thus, the effect observed at

3400 K is, in fact, the thermal instability of graphene edges rather than its melting.

In [244], the melting temperatu@aphene was determined under periodic boundary
conditions by the Monte-Carl hod in the process of simulation of melting the
graphite system consisti @128 atoms (systems of a smaller size were also

considered). According 4@ thesestimation in [244], the upper limit for the temperature T

the\ghanges observed in [243] refer to

for graphene should v guab to 4900 K, which is higher than that for fullerenes (4000 K)

[245] and nancR ) K) [246].
u

The MC ion of the graphite melting process [247] with the long-range carbon

bon r petentlal [248] has shown that at T = 3000 K a layer-by-layer splitting of
gra he formation of the graphene layers starts. The melting of graphene that was
studied i 4] can be considered as the following step in the thermal decomposition of

hite. In this case, the two-dimensional (2D) graphene layers were melted into the three-
sional (3D) liquid network and one-dimensional (1D) chains. The short-range order
raphene was destroyed because of the formation of the pentagon-heptagon pairs, which

OA in this system represent dislocations (Stone-Wales defects) arising as a result of the carbon

bonds rotation.
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The Stone-Wales defects create regions of the local symmetry of the fifth and seventh
order in a two-dimensional crystal; i.e., a symmetry that is incompatible with an infinite
regular packing of atoms. According to [244], there are precisely such defects that initiate
melting in graphene. Then, octagons are formed, which can serve as precursors of the 0 L 4
spontaneous melting. Under melting, an entangled 3D network is formed consisting of
chains that tightly connect the three-coordinated atoms. This structure, which has a low Q
density, is a polymeric gel rather than a simple liquid. The simulation indeed made it \
possible to observe a state, in which both the solid and liquid phases exist simultaneously.
However, the periodic boundary conditions eliminate the boundaries of the 2D crystali¥.e., ﬂ
namely those regions, in which melting should start. The simulation of melting t 0
three-dimensional systems, in this case, leads to overestimated values of T ﬁNote

that T, of small graphene flakes is lower than T of extended grap eets or
nanoribbons. Defects existing in the graphene flakes decrease§T. .“§he hydrogen

passivation of the flakes, on the contrary, increases it. . 6

3.5.2. Thermal Conductivity of Graphene

Thermal properties of graphene (specifigsiedtytherfnal expansion coefficient, and the
coefficient of thermal conductivity) si I pend on phonon characteristics.
Characteristics of the phonon spectrum aré¥getermined by the 2D structure of graphene.
Graphene has extremely high valuesof thermal conductivity [250] and electron mobility
[251]. These properties make g a promising material for the heat-removal
applications and in electronics igh values of the room temperature (RT) thermal
conductivity 4~ 3000 — K were obtained for the rectangular graphene flakes
with dimensions 5 pum 410 pumy[250]. These values are by an order of magnitude higher

than the thermal co@ of copper or gold and by a factor of 2-3 higher than A4 of

—

the bulk diamo‘n oriented pyrolytic graphite.

Graphe S exagonal structure with two carbon atoms in each cell. Such a
struc f e causes the appearance of the six phonon branches in the dispersion
spe : e acoustics (LA, TA, and ZA) and three optical (LO, TO, and ZO). The LA
and TA s correspond to longitudinal and transversal phonon oscillations in a graphene

e. The mode ZA characterizes oscillations of phonons in the direction normal to the
: ion of oscillation modes LA and TA. The LA and TA modes are determined

O Vra = 16.5 km/s. There is no agreement related to the dispersion law for the mode ZA.

a linear dispersion law [252]: @w=vq, with the velocities: v, ,= 18.4 km/s and

3
The velocity w,, :vqé (instead of usually used @,, =vq*) is calculated under the
dispersion law, which better corresponds to the experimentally observable law [252]; thus,
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the ZA velocity is vy, = 9.2 km/s [253]. To calculate the thermal conductivity of graphene,
the y A, 71a+ 72a Grineisen parameters are also used, as well as, a measure of surface

roughness parameter p, and the smallest dimension in the plane of the sheet L . In
addition, the A,, M, and @, parameters are also used in these calculations. The
parameter A, is defined as A, =c, A'V%A , Where ¢, is a concentration of defects and \Q
AM / M is the ratio of elementary cell atomic mass change and an atomic mass of a cell;

wp, s the Debye frequency. We collected all the parameters used to calculate the t al ‘\
conductivity of graphene in Table 12.

The thermal conductivity of graphene created by the phonons of p@&l S is

determined by the expression [254]

B 1 e d o, i :
A_WZS: ! {{hws(q) dq{\@ (44)
J

exp[ha,(q)/(KgT

(exp[ha,(q)/(KsT)
where L, = 0.335 nm is the graphene ickness, and the summation is performed
over all acoustic phonon branches s= LA, or ZA, w, is the phonon frequency of the

s™ phonon branch, q is the p '@‘ wave number, 7, (s,q) is the total phonon
relaxation time, T is the a@ perature, 2 and kg are Plank and Boltzmann

constants, respectively. | ing 7z, (s,q), we can distinguish three main phonon
relaxation processes. on — phonon Umklapp scattering, phonon — rough-edge
scattering, and¢pho int-defect scattering.

@ 12. Relevant parameters of thermal conductivity

V V- V.
L (um LA TA ZA
« kmis) | (kmis) (kmis) | 7 an n
00 18.4 165 9.2 18 16 12
) Mkg) | A Ps Wp, 1A (Hz) | @pra(Hz) | Wp za (H2)
0.35 2.10% | 45-10* |09 2.66-10" | 2.38-10" | 1.32-10™
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The thermal conductivity of graphene has a strong dependence on temperature, flake
size and shape, strain, edge quality, and crystal lattice defects [255]. The phonon estimated
the mean free path in the high-quality suspended graphene is about 800 nm at RT [250].
Consequently, the thermal conductivity is very sensitive to both intrinsic and extrinsic Q L 4
phonon scatterings. It should be emphasized that the latter circumstance is crucial for the
engineering applications of the phonon and thermal properties of graphene. The Q
dependence of thermal conductivity in the single-layer graphene on temperature and flake \
width d is shown in Figure 12. The theoretical curves were calculated in the framework of
the Boltzmann-transport equation approach [255]. Three-phonon “umklapp” an e \
roughness scatterings were taken into account. The thermal conductivity decreages
temperature rise due to an increase of the three-phonon “umklapp” scatteri wever,
even at T =400 K, the influence of flake width on 1 is significant. Decr@i rom 9
pum to 3 um results in a two-fold reduction of the thermal conducti

1000

800
i
= 600+
z
r:<

400

200 . . .

200 300 400

Figure 12. Th her nductivity of graphene as a function of temperature shown for different
graphéne fla [256]

attention should be paid to the low-temperature range, in which the largest

rlbutlon to thermal conductivity provides just the ZA phonon branch (Figure 13) [256].

@15 seen from Figure 13, the thermal conductivity for the ZA branch fastest drops to

it has the steepest decline. At the temperature T* (slightly lower than 50 K) all

three phonon branches give an equal contribution to the thermal conductivity of graphene.

Up to this temperature, the contribution to the thermal conductivity of the TA phonon

branch is larger than that of the LA branch. For the values greater than T*, the significance
of these contributions is directly opposite.
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I e 6
Figure 13. Low-temperature dependence of thermal conductivity %phonon branches [257].
All carbon structures, such as diamond, graphene,a otubes, should have the high
thermal conductivity primarily to phonons._ln the la graphite systems, the phonon

thermal conductivity A can be expresse

}é)c\,vs (1), (45)

where ¢, is the specific heat per volume, v, is the speed of sound, and (1) is the phonon
mean free path. Q
i

The NEMD m intgoduces a small driving force characterized by the parameter
F,, which in3 t flux J, along a specific z direction [258]. The thermal
conductivityf4 ¢ n be determined from
J,(F,,t
A= IimIimM, (46)

e
!& V is the volume of the unit cell and T is the temperature. In calculations carried out
in [257], the inter-atomic interactions are described by the Tersoff potential [40]. In this
O study, the pure carbon systems (free of isotopes) based on *2C were only considered. It
should be noted that simulations of the extended systems have been performed using the
periodic boundary conditions in order to eliminate finite-size effects. To study the effect of
the isolated Stone-Wells defects on the temperature-dependent thermal conductivity of
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graphene, the rectangular graphene sheet of size 2.28 nm in the “zig-zag” direction and
2.14 nm in the “armchair” direction was modeled [257]. Behavior of the A(T) function

shown in Figure 14 can be explained by the temperature dependence of the specific heat
c,, and the phonon mean free path (I) in Eq. (45). The decrease in A at high temperatures Q *

is due to a decrease in (I} Naturally, the thermal conductivity decreases at very low Q
temperatures and eventually disappears at T = 0 because of the corresponding trend in c,,

. The competition between (I)(T) and ¢, (T) causes a maximum in A(T), which was
observed [259] at T = 100 K. However, the classical MD simulation does not ﬂ
reproduce the low-temperature behavior of c,,. The maxima in the lines show Fi

14 represent only an extrapolation of the expected behavior. Calculation rmal
conductivity of graphene without defects carried out using the s

show very large values of 4, in particular, A, = 50 000 W m
guantitative comparison of these results suggests that evengiso

one-Wales defects

can extinguish the thermal conductivity by one or two or itude depending on
the temperature T . However, this type of defective gra) abetter conductor of heat
than metal thermal conductors with a typical thermal ity of several hundred W/(m
K) at RT. The results obtained in [256, 260] show th isolated Stone-Wales defects

can significantly reduce the thermal cond

800 . T T T y T

600 along "armchair" direction i
Ea - - - - along "zig-zag" direction
M 3
k=
= ‘400 ' i
<

0+ T T T T T T
0 200 400 600
A T (K)

Figure 14. The thermal conductivity A as a function of temperature T for thermal transport along the
“zig-zag” and “armchair” directions [257].
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The high value of thermal conductivity is one of the important characteristics of
graphene and has record levels of all known materials. The thermal conductivity of
graphene is essentially phonon-based. Dimensions of the analyzed graphene samples
exceeded the average free path of phonons (about 800 nm). Otherwise, the so-called Q *
ballistic transport would appear with the phonons spreading through the sample without
scattering. The obtained results have been achieved with the simplifying assumption that Q
the Grineisen parameters and group and phase velocity of phonons are of constant values. \
These parameters generally depend on the phonons frequency. Different measurements of

the graphene thermal conductivity, as well as, different theoretical investigatio ive ﬂ
different results. Moreover, the absolute value of 2 increases as the grap e

dimensions increase. This is associated with an increase in the number of odes
that occur in the sample. However, it is obvious that there are several physi anisms
that limit the increase of A as dimensions increase. One such mecHaniSmi cattering

of the phonons on the defects.
0\6
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Chapter 4

6‘\

THERMAL STABILITY OF METAL FILM

ONE- AND TWO-LAYER GRAPI%
*

Graphene is a layer of carbon atoms linked by sp&bo I two-dimensional
hexagonal crystal lattice. The unique properties of graphe Iained by its crystalline
and electronic structures. At temperature (T > 0) eve m sence of external action, the
graphene sheets have corrugation characterized by small Wg¥elengths. The loss of stability
in the normal direction to the lattice plane ined by the instability of 2D crystals. It
appears in effectively suppressing the lo phonons, which could otherwise melt the
lattice at any temperature T > 0 [261]. ThiS@nstability was predicted theoretically in the
pioneering works of Peierls and L [262,7263]. The morphological corrugations can
strongly affect the transport proper raphene.

Study of the interaction of cop ith graphene is of interest due to circumstances
related to production an ion of graphene. The methods of graphene production
can be divided into threé4pain‘groups. The mechanical methods that using the mechanical
peeling belon%to t@ up. The second group includes chemical methods, and the

I methods and the method of thermal decomposition of a SiC

third one includ
substrate. | &ethod of chemical gas cooling, graphene is synthesized by
deco iti carbon-containing gas (e.g., methane) into carbon and hydrogen at the
tem%bout 1300 K under the presence of a metallic foil. Further cooling of the
metalli trate initiates pressing-out of diffused carbon atoms from the metal and
onmation of the graphene film on the substrate surface. The advantages of a copper
ate as compared to a nickel one, are the formation of graphene on the copper occurs
vithout carbon diffusion to the metal bulk, i.e., it takes place just on the copper foil surface
[264]. This makes it easy to produce single-layer graphene. The graphene layer grown on
a copper-foil substrate can be introduced into transparent electrodes of sensor displays

[265]. First, a two-dimensional carbon crystal is separated from the metal using a polymer
adhesive and then transported onto the substrate of a sensor polyethylene terephthalate
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display. Application of the copper—graphene composite is thought to be promising for
fabricating a self-cooling system of transistors, which cardinally solves the problem of
cooling computer devices [266]. The copper—graphene composite prepared by
electrochemical deposition of copper on graphene nanoplates has a thermal conductivity
of 460 W/m K, while that of copper is 380 W/m K. Application of this material to electronic
systems with high heat generation provides economy of their resources due to a smaller
expenditure of copper. Deposition of copper on graphene is of significant interest in
relation to producing the nanomaterials with unusual magnetic properties [267]. The
magnetism of complexes formed by Cu atoms appears from s- and p-states (to 309 d
since surrounding the Cu atoms by the C ones. Point defects influence the ma %
copper—carbon complexes. The mechanism of the defects formation in gr t high
temperatures can be studied by a computer experiment. Such a simulatio 0 es it
possible to observe the behavior of the metallic atoms introduced i e .

The aim of this work is to study the changes in the mechanical” and Kkinetic
characteristics of a single-layer copper film adsorbed of si@ and two-layer
graphene under increasing temperature.

4.1. FORMATION OF A COPPE n@ RAPHENE SURFACE

4.1.1. Molecular Dynamic Model

Preparation of a stable metal fi n graphene primarily suggests a high degree of
metal adhesion to the (graphe stgate. This can be reached when the metal atoms
closely approach the C atoms @ccupying the energetically favorable sites on the graphene
surface. These sites are t al cells formed by the carbon atoms. An energetically
favorable position of tal atoms is centrally symmetric over the hexagonal cells. The
distance from the n@ to the graphene plane is determined either experimentally or
by the quantum- calculations. The problem in the covering of graphene with the
metal atoms @S incampatibility of the crystal lattice periods of the metal and graphene. Since
the léttice f graphene is much smaller than that of the metal, the hexagonal cells
shoul@®e skipped in both dimensions when covering graphene with the metal. For copper,
one cel be skipped in both dimensions. With this coverage, a graphene sheet of 406 C
s accommodates only 49 Cu ones. The non-adjacent cells of graphene are filled during
metal deposition at times that can hardly be achieved in a molecular dynamics
calculation. Therefore, the first stage of deposition was forced accommodation of 49 Cu
atoms at the energetically most favorable positions on the graphene sheet. As a result of
the long-range character of interactions between the copper atoms, they have been
deposited on the graphene surface. Then they serve as a basis for further growth of the
metal film by the next deposition of copper atoms. The second stage of deposition was
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randomly scattering 51 Cu atoms over the graphene sheet with 49 metal atoms deposited
on it. The atoms were scattered in a rectangular parallelepiped with a base that reproduced

the graphene sheet and with the height of 2 o, ., where o, = 0.3225 nm [268] is the

parameter of the Lennard-Jones potential that describes Cu—C interactions. The distance
from the lower base of the parallelepiped to the plane through the centers of mass of the C

atoms was 3o, _.. A downward vertical component of velocity v, = +/2kT /m (the

most probable velocity in the Maxwell distribution) was added at the initial instant to the
randomly scattered Cu atoms in addition to the usual thermal velocities (correspon%
i

300 K). With this velocity, the Cu atom could cover the o, . distance in a vacu
11.5 ps. Once the Cu atom approached the C atoms or the preliminarily deposi atoms
atadistance smallerthan 1.1 o, ., the additional vertical component was agted from

its velocity. Therefore, a stable copper film forms on graphene withig the time of 10° At
(or 200 ps). The equations of motion were integrated by the —Kwtta fourth order
method with a time step of At = 0.2 fs. The calculations wer d at a temperature
of 300 K. The temperature in the model was maintainec% Berendsen thermostat

[62]. The total energy of free one-layer graphene obtai Q £ 300 K is — 7.02 eV that

agrees with the quantum mechanical calculationsre$ 698 eV) [64].

4.1.2. Creation of Copper Film

The configurations of the gra U0 System corresponding to the moments of
time 20 and 200 ps are shown igFig . The Cu atoms deposited at the first stage formed
an extended (111) plane oftheYec lattice of the copper crystal. At the instant 20 ps (Figure
15a), however, this planar lattice was severely distorted forming small atomic groups.
Some atoms (especij hose in the middle part of the metal film) went out of the lattice
plane and appr3 h pper Cu atoms, which initially occupied random positions. The
uniform distg N the upper atoms was also violated and they formed small clusters.
The arypbetween the regularly and randomly distributed atoms started to diffuse. At
the 0 ps (Figure 15b), the metal film looks as the single bonded irregular
formati ended parallel to the graphene surface. In the central region, the density of

e metal film is higher than on the periphery with voids in the film structure. We can say

the central part the film consists of two and sometimes three layers and is monolayer

A O the periphery. The system continuously gradually moves to the equilibrium state; the
O Cu—Cu interaction energy decreases in the course of the calculation. The structure of

graphene did not noticeably change during the calculation.
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Figure 15. Configurations of the copper film on graphene obtained at the inst
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Figure 16. Relative elongation of the copper film deposited on graphene in the (a) longitudinal (x) and

(b) transverse (y) directions.
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The film size was determined from three time-averaged values for each size value. For
example, the x coordinates of three atoms were used to determine the minimum value Xmin,
and the same number of atoms were used to determine the maximum value Xmax (X is the
coordinate of the film, whose longitudinal size was determined as |, =X, —X;,)- The

transverse size of the film was calculated in a similar way. The minimum time interval (or
the micro step), at which the time-averaged values were determined for the calculated
characteristics, was 40 ps.

The change in the geometrical size of the Cu film is shown in Figure 16. The initial
fast growth of the film size (in the range 40 — 80 ps) in both longitudinal and tra
directions is caused by the diffusion of the upper randomly ordered atomic gro%\ i

weak bonding to graphene. The distances between the Cu atoms (on the % f the

mln

film) and the graphene surface are shortened with time. These atoms bo asingly
with graphene, and, the film size growth is either retarded (in the Vi ection) or
terminates (in the longitudinal direction). The slower growth of the trahsverse size of the
metal film may be explained by the shift of the Cu atom%% initially regular)

part of the film to the periphery. The shift develops in the'direegion of the “armchair” of
the graphene sheet. This is associated with the low y in this direction due to

the specifics of the hexagonal packing. The higher rigi the (111) plane of the metal
“&
an

in the longitudinal direction prevents the C nning in this direction. Under
strong long-range interaction between thg er groups of the metal, the atoms
of these groups are mutually held, and as a¥esult, the film size in the longitudinal direction
can decrease.

The kinetic properties of the @are considered separately in the horizontal and
vertical directions because of cal peculiarities. As the Cu atoms are deposited
on the graphene sheet, the r@component of the film self-diffusion coefficient D,,

gradually decreases (Figure ). This behavior of D, coefficient is caused by the

approach of the C (deposited on the metal film or directly on graphene) to other
atoms. The :@ nent D, of the film self-diffusion coefficient also decreases, but

the b iorgf itsjtime dependence differs considerably from that of D, (t) (Figure 17b).
The icient decreased drastically at the start of the deposition. Thus, within the
time pefie@ 40 — 80 ps, it decreased by a factor of 24.4. Further decrease in D, was

iderably slower. The fast decrease of D, at the start of the calculation was facilitated
he artificial decrease of the vertical component of the velocity of Cu atoms that

:A approached the metal atoms or graphene to a definite distance.
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Figure 17. (a) Horizontal n@cal components of the self-diffusion coefficient of the copper film
on graphene. *

is not fixed oR theopposite graphene sides, the sign of the stress component is determined
onl ant direction of the internal forces that the forces refer to this component.
Thus, the camponent sign does not determine the character of the stress (e.g., compression
zextension). Here, the stressed state is characterized by the absolute value of the internal

The stre@e eposited metal film are shown in Figure 18. Since the metal film

s. The most significant changes in the behavior of the functions take place within

Initial time period (below 80 ps) of the deposition of the metal atoms. The metal atoms
have the maximum mobility at this time (both the horizontal and vertical components of
the self-diffusion coefficients are maximum). At the instant 40 ps, the stresses o, caused

by the vertical forces become critical; they exceed o, more than threefold and o,, more

than tenfold. The stresses in the metal film are mainly caused by the stronger metal-metal

0.01- \0\5 K@ K
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interactions. The metal—-carbon interactions make a small contribution to this characteristic.
After the fast decrease in the absolute values of o,, until the instant 80 ps, this

ps, the absolute values of o,, and o, are minimal, while the minimum absolute value of

Q

characteristic continues to decrease, but at the significantly slower rate. At the instant 200 Q .

o,, appears at 160 ps.
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Figure 18. Stresses in the xy plane of the copper film adsorbed on graphene: (a) 6x, (b) 64, and (¢) 6.
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Figure 19gRiStribution of stresses along the “zig-zag” direction in graphene: (a) 6z, (b) 6z, and (c) 6z;

raphene sheet with the copper film deposited on it and (2) free-metal graphene sheet; the
tions correspond to the instant 200 ps.

It was interesting to compare the distribution of stresses in the pure graphene sheet
O (free from the metal) with that in the graphene sheet with the copper film. The distribution

of o,, o, ,and o, inthe plane of the graphene sheet created by the rows of atoms in

X !
the y direction (“armchair” one) for the motion in the X direction (“zig-zag” one) is shown
in Figure 19. It is seen that the copper film enhances the stress created by the forces in the
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plane of the graphene sheet insignificantly (o, ), or even decreases ( o, ). The maximum

absolute value of o, decreased by 6.2% with respect to the corresponding values for

3

metal-free graphene for the forces that acted in the “zig-zag” direction. However,

simultaneously the similar value of o, increased by 12.5% for the forces that acted in the
“armchair” direction. Note that due to the presence of the metal film, the number of high-
stress (with

o, | > 30 GPa) zones in graphene increased from three to five. The appearance

of the metal film affected most significantly the stress o,, created by the es
perpendicular to the plane of the graphene sheet. Presence of the Cu film incr
maximum amplitude of o,, by 35.9%. However, the o,, stresses were @

than the most significant stresses o, .

The radial distribution functions show changes in the structure
film (Figure 20). This spherically symmetric function was gonsffu r one Cu atom,
which was the closest to the center of mass of the metal filgn. he ion obtained at the
instant 40 ps reflects the loose planar random atomic pac %rst peak of the function
is doubly split and localized at 0.33 nm. This value ex distance between the closest
neighbors (0.255 nm) in the copper crystal. The seco f this function is divided into
three subpeaks, the most intense of which lji thedistance of 0.57 nm. At the instant 120

ps, a copper film with a denser structur n graphene. The single split first peak of
the function g(r) is increased by 31% in intemsity and shifted toward the smaller distances

(to 0.25 nm). The copper film with i lar dense structure finally formed on graphene at
the instant 200 ps. The first peEt e function was not split and its intensity increased

2.4-fold compared to that at 4Q(ps. Tghe position of this peak corresponds to the distance of
0.25 nm, which is in goo t with the shortest distance in the copper crystal. The
intensity of the second peak of this function also increased by the large amount (1.8-fold)
with respect tQythe o the second peak of the function at 40 ps. At t = 200 ps, the
second peak of - giton still remained doubly split, but the ratio of intensities of the
subpeaks chanhge e peak was recorded at 0.48 nm; i.e., it considerably shifted toward

the shiort dist . All the structural features suggest a dense cluster-like atomic packing
inth h the retained medium-range order (at distances r <1 nm).
For n of the stable copper film on graphene was studied by the molecular

amics method. The film grew in two stages. At the first stage, the Cu atoms occupied
@, tageous sites over non-adjacent hexagonal cells of graphene. At the second stage a
cloud of randomly distributed metal atoms was deposited on the graphene surface partially
occupied by copper ones. The addition of copper atoms to the film led to an insignificant
decrease in its size in the “zig-zag” direction of graphene and to the expansion of the film
in the “armchair” direction. The horizontal component of the self-diffusion coefficient
gradually decreased with time. The vertical component exhibited a crucial reduction at the
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first stage of film formation and further slowly decreased with time. The stresses in the

plane of the Cu film parallel to the graphene sheet fast decreased at the start of film

formation and slowly changed thereafter. The distribution of the similar stresses in

graphene shows that the formed metal film has an insignificant effect on the mechanical Q *
properties of graphene. The stress regions were especially strengthened by the forces that

acted along the normal to the surface. The radial distribution function reflects the presence \Q

of the medium-range ordering in the copper film formed on graphene.

IR

r(nm)

0 T T T T T T T T T T
: @ 0.0 0.5 1.0 15 2.0 25

O Figure 20. The radial distribution function of the copper film on graphene corresponding to the instants
(a) 40, (b) 120, and (c) 200 ps.
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4.2. COMPUTER ANALYSIS OF COPPER FILMS STABILITY
ON GRAPHENE

The stability of three types of copper films on graphene (having dimensions 3.4 x 4.0
nm and 406 C atoms) was studied in [269]. The first copper film was the (111) plane of the
fcc copper crystal and was formed of 208 Cu atoms. The film was initially placed at the
middle of a graphene sheet at the equal small (of the order of the Cu atom diameter)
distances from the opposite edges of the sheet. The structure of the second film
corresponded to the (100) plane of the copper crystal and had only 49 atoms. It w
placed at the middle of the graphene sheet. Its size was chosen such that the
metal atoms corresponded to the number of Cu atoms in the third film (49 imum).
The arrangement of Cu atoms in the first two films was not correlated with %cture of
graphene. The initial arrangement of Cu atoms in the third film er in the
form of a loose (111) plane of the fcc lattice (parallel to the h plane) with the

distance between the nearest atoms I, ., =0.6507 nm. Th&Cu ere right opposite
to the centers of the non-adjacent hexagonal cells formed t%)on atoms. The shortest
distance between the C and Cu atoms r. ., =0.2 sponded to the distance
I._c, Calculated in terms of the density functior%@oo]. In a bulk copper crystal,
Iy =0.2556 nm. Consequently, th m initially stretched because of the

incompatibility of the lattice constants aphene and copper. The shortest distance
between the C atoms in graphene was r. . =%0.142 nm. The equations of motion were
integrated by the fourth order Run ta method with a time step of At=0.2fs. The
calculation time was 10° At of 200 r each temperature. The calculations were started

K, and the next calcula performed with the same duration. The last calculation
corresponded @ th ure 3300 K. The temperature in the model was maintained
with the Berend ergiostat [62].

The closé-packed copper monolayer was placed on the surface of graphene in such a

at 300 K. After every milljon,t eps, the temperature of the system was raised by 500
W
o

way ghat e atoms characterized by the size "' =0.2277 nm [271] (1" is the
Lennard-Jones parameter) went beyond the limits of the graphene sheet. The arbitrary

e lattice constants of the metal film and graphene were incompatible. As a result, the
inates of the centers of all 208 Cu atoms that formed the (111) plane were within the
area of the graphene sheet that contained 406 C atoms. However, the Cu (111) plane (that
was stable in a bulk copper crystal and had the shortest interatomic distance of 0.256 nm)
proved to be unstable when placed on the graphene sheet. The atoms of this plane initially
started to move in horizontal directions in parallel to the graphene plane.

rangement of the copper film with respect to the carbon atoms was justified by the fact
t
d

OA

O

Qo
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As a result, the Cu (111) plane expanded. The terminal Cu atoms that went beyond the
limits of the graphene plane lost support from graphene and abandoned the sheet (Figure
21). At the instant of 200 ps, the Cu atoms lying over graphene did not form a regular

packing any longer. The majority of these atoms rose over the graphene sheet and only the Q *
insignificant number of them remained in the plane parallel to the graphene sheet. Thus,

the close-packed copper film proved to be unstable on the graphene sheet already at 300 \Q

K.

The arrangement of the 49 Cu atoms of the (100) facet of the copper crystal in the
central part of the graphene sheet did not lead to deviation of the metal atoms fr
sheet at the instant 200 ps. However, the nearly horizontal metal film was no
(100) facet of the copper crystal; it had a loose structure, which was mor &

it already at 1800 K. Thus, the lack of coordination between the
film and the graphene structure led to instability of the film; i.e., t

the state of the metal film was rather significant. The ener opper—graphene

interaction E. ., for this filmat T = 300 K was 22.2% of\ the copper—copper
interaction E., o, (~0.28 eV, while the starting en I o, = — 2.4 eV); for the
first film, it was 0.3% of the corresponding ECU@ ) energy.

2

z (nm)

@. () 4 yo

O Figure 21. Configuration of the system of a copper film on graphene where the film is a close-packed
(111) plane of Cu crystal at the instant 200 ps.
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The structure of the Cu film formed from 49 atoms (initially placed opposite to the
centers of the non-adjacent honeycombs of the 406-atomic graphene sheet) was also loose,
but slightly less planar form. At the instant 200 ps at 300 K, the Cu atoms assembled into
three similarly orientated serpentine lines in the middle part of the graphene sheet. At 3300 Q *
K, the Cu atoms formed an elongated dense drop whose acute apex was “closed” by a
serpentine line of 10 atoms. At the instant 200 ps under this temperature, six atoms in the Q
metal film rose above the other atoms to a distance of the order of the distance from the \
drop to graphene. At 300 K, the energy E. ., was 3.3% of the energy E_, ., (—-1.96¢eV)

for this film. Thus, the Cu film formed in accordance with the graphene structure sfio 0‘
the highest thermal stability among the films under study.

r (nm)

O Figure 22. Radial distribution functions (calculated for the central atom) of various Cu films on
graphene: (1) close-packed (111) plane of copper, (2) (100) plane of copper, and (3) elongated (111)
plane of copper, whose atoms occupy non-adjacent cells of the graphene lattice.
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The radial distribution functions g(r) of three above-described types of the copper

film on graphene are presented in Figure 22. All these functions have the high first peak.
It reflects the presence of the short-range ordering in the films or, more exactly, shows that
the Cu atoms in the films tend to lie at approximately the same shortest distance from one
another. With a good accuracy this distance agrees with the distance between the nearest
neighbors in the copper crystal. The other peaks of the function g(r) reflect the structure
with the medium-range ordering. In other words, they show how the neighbors are located
around the central atom at distances of up to ~ 1 nm. At distances r > 1 nm, the functions
g(r) for the films damped almost completely; i.e., there is no long-range orderi
According to the shape of the functions g(r) shown in Figure 22, the model S
in the medium-range order. The third film exhibits the highest stability h ting;
even at 3300 K, approximately ~ 2/3 of all of its Cu atoms remai i pv forming
the bound structure.

The kinetic and mechanical properties of the third Cu film (f r the allowance
for the graphene structure) were studied in the form of the,c s D, and D; of

the self-diffusion coefficient and nine components o sor o, . The horizontal

component D_, (curve 1) of the self-diffusion % Cu atoms tends to decrease
0

as the temperature increases, while the verti 0 t D; (curve 2) tends to increase

(Figure 23). The decrease in the values is d by the gradual approach of Cu atoms, i.e.,
by the densification of the film because its in packing density did not correspond to the

stable state at the given temperate increase in D, at elevated temperatures is

explained by the increased m ty. @f&toms in a direction that is open for their motion.
Theincreasein D, atT 7 ay be interpreted as reaching the melting point in the

Cu film because the melting teperature of the bulk copper is 1357 K. The decrease in
D,, at 800 angd 28 ay be regarded as fluctuations caused by the adjustment of the

film structure \ ene one.
The_film for by Cu atoms and arranged in a honeycomb structure experiences

consider es, the greatest of which at 300 K are &, o,, ,and o, (Figure 24).

These ¢ nents of the stress stay longer in the metal film as the stress temperature
ilicreases. As the temperature increases, all stresses dissipate. The interaction of Cu atoms
%raphene affects the film structure; i.e., the film becomes structured in accordance
5 the crystal directions in graphene. If the stresses in the film are considered with respect

to the directions of the graphene sheet, then we can conclude that the long-living stresses

O are those in the regions perpendicular to the “zig-zag” and “armchair” directions, including

b5 13

the “zig-zag”— “armchair” and “armchair”— “zig-zag” variants.
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Figure 23. The (1) xy and (2) z components of the self-diffusion coefd N
on graphene whose atoms initially occupy non-adjacent ceII% ne.
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@24. Most significant stresses in the elongated copper film on graphene: (1) ox, (2) oy, and
Oxy.

Thus, the thermal stability of the monolayer copper film on graphene is considerably
affected by the agreement between the arrangement of Cu atoms and ones of the graphene
structure. In addition, the stresses in the metal film are determined by the crystallographic

directions of graphene.
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4.3. CoPPER FILM ON A HEATED GRAPHENE SURFACE

Let us first consider some experimental results of the interaction of graphene with the
copper substrate. The tensile strength and strain to failure of the chemical vapor deposition
(CVD) graphene are 2 — 3 GPa and 0.2 — 0.3% of strain, respectively [272]. Such brittle
fracture may also occur in the roll-to-roll (R2R) processing of the CVD graphene. Effects
resulting in graphene cracking may be modulated by the behavior of the interface between
the graphene and copper and the degree for sliding. For example, when a polymer film with
graphene transferred, it was experienced to small strains (< 0.5%), the deformation t

the thickness of the bi-layer was uniform [182, 273—276]. However, at larger st ,the

was slippage between two films [273—275]. It was also observed that ti hene
delamination was induced when the stretched film was released [274]. In @ method
was developed to study the tensile response of graphene grown on . In situ,

the scanning electron microscope tensile testing established t hene cracked at
relatively low levels of applied strain(~ 0.44%) and for % rinkles parallel
to the loading direction. The graphene began to develop th % cking at the applied
strain level of almost 0.5% and doubles the yield str nnealed seed copper. The
crack spacing decreased with increasing the applie il saturation occurred at the
level about 6%. In addition, pre-existing wrinkleg ten arrest channel cracks. One of
the reasons for this was that the adhesionghteracti ween graphene and copper foil is
stronger than that of the interlayer graphe

Graphene synthesized with chemical vap@g deposition is polycrystalline. Note that a
grain boundary (GB) is the inter, etween crystalline regions of different lattice
orientations. A triple junctio e intersection of three such interfaces. In the
graphene, the GBs and TJs ar Ily composed of the pentagon-heptagon defects. As a
rule, pairs of such defect§ are,calfed the five to seven defects [11]. Defects of this type
involve significant @ tresses and act like stress concentrators. Preliminary (before

applying the metal t@ graphene), we created four paired defects of 5 — 7 types along
the “zig-zag” dirceti the graphene sheet. Thus, we crossed the entire graphene sheet
with the int undary. After heating a graphene sheet coated with a copper film, a
cracK'is f jést along the grain boundary.
e iniial state, Cu atoms were disposed above the centers of hexagonal cells formed
the oms; in this case, each of the adjacent carbon cells was missed in both the
lgngitudinal and transverse directions. The geometric parameters of the model and the
lation procedure were identical to those described in Section 4.2. Similar calculations
were performed for two-layer graphene. The graphene sheets were arranged according to
the Bernal packing (ABAB...) exactly in the same manner as is the case in
the bulk graphite. The distance between the graphene sheets was taken to be the value
predicted in the density functional approximation (0.3347 nm) [278]. The interaction
between the C atoms belonging to the layers A and B was considered to be based on the
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application of the LJ potential with the parameters [279] given in Table 6. A graphene sheet
containing 210 atoms was expanded in horizontal x and y directions due to applying the
periodic boundary conditions. The action of the periodic boundary conditions was also
applied to the metallic film. In the vertical z direction, the boundary conditions were free.
At T =300 K, the calculated energy of the copper—graphene interaction is — 1.4 eV. In the
temperature range 300 K < T <1300 K, the heat capacity C, of the single layer graphene

(calculated from the fluctuations of the kinetic energy) increases from 19 to 28 J/(mol K).
This corresponds to the experimental values of this quantity (23.74 — 26.80) J/(mol K)
[280].

The initial arrangement of Cu atoms on the graphene sheet is optimalfrom
standpoint of their interaction with the substrate. It is not an equilibrium f tallic
system with a regular atomic packing at the temperature of 300 K [281]. @n at this
temperature, the atoms significantly approach each other. As a resu allic film size
decreases, and this reduction is more substantial in the transverse air”) direction as
compared to the longitudinal (“zig-zag”) one (Figure 25). & of the film size is
related to the determination of the average x and y coordinat edge non-evaporated
Cu atoms. We consider atoms to be evaporated if th t more than 0.3 nm from
all other atoms. As the temperature increases, th me oscillations in the size
reduction in the “zig-zag” direction. Howe theQfilm size almost monotonically

@‘v y temperature, the size decrease in the
“armchair” direction exceeds the decrease'@fithe film length in the “zig-zag” direction. At
temperatures of 1300 K and higher, the filf size decreases due to both approaching

metallic atoms in the xy plane and % aporation (displacements in the z direction). The
longitudinal film size of two-I gtaphiene decreases more smoothly as the temperature
increases. The transverse sizéydecpgases not so fast as in the case of the single-layer

graphene. As a result, at{ T 0 K, the length of the metallic film more significant

decreases in the “armchair” direction.

decreases in the “zj irection for the two-layer graphene and in the “armchair”
direction for tHe ir@er graphene. In [240], the molecular dynamics model of a two-
attice (using the Brenner potential [152]) was used to study the

dimensional
melti a@ne nanoribbon. The removal of atoms from the ribbon (continuing with
i culation time and the formation of voids at T = 3400 K) was interpreted
as the melting of the graphene. However, the MC method using the LCBOPII potential
48] and the two-dimensional Lindeman criterion gives the significantly higher (4900 K)

ing temperature of graphene.

he transition of the metallic film to the liquid state is accompanied by the
concentration of the majority of Cu atoms predominantly in the central region of the
graphene sheet (Figure 26). In this case, the main part of atoms is assembled as a flat droplet
of rounded form. Such a pattern is observed at the lower temperature (1300 K) as compared
to the melting temperature of the bulk copper crystal (1356 K). In this state, two
longitudinal cracks (from the center to the edges) formed in the graphene sheet. These

O

Qo
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cracks formed at the grain boundary of polycrystalline graphene. At T = 1300 K, the Cu
atoms are no longer arranged in the xy plane, but they have displacements in the z direction
(both up and down). The displacements do not lead to appearing the significant distances
of the Cu atoms from the main material of the metallic film or graphene sheet. It is the
state, in which the penetration of a Cu atom to another side of the graphene sheet is
observed for the first time. At the temperature of 1800 K, individual Cu atoms begin to
evaporate up. The boiling temperature of the massive liquid copper is more than 1000 K
higher than this temperature (2840 K). The evaporation (along with the penetration of Cu

atoms to another side of the graphene sheet) becomes crucially more intense % ﬂ
e

temperature of 2300 K. However, at T = 2800 K, Cu atoms approach closely to

and are forced against the graphene sheet. But at T = 3300 K, the evapo %
n@ intense

u atoms

the“tracks in the

penetration of the Cu atoms to another side of the graphene sheet beco
once again. Presence of another graphene layer changes the behavi

deposited on the first layer as the temperature increases. In thisE?

graphene sheet sufficient for the Cu atoms to penetrate are form T=800K. The
atoms penetrated are attracted by the second graphene lay from the first layer
to larger distances than in the case of the single-layer graphe owever, in none of the
cases, even at T = 3300 K, the Cu atoms do not prough the second graphene
layer. More likely, the Cu atoms penetrating throughSthe"first graphene layer are merely
accumulated in the gap between the grap e
them.

The existence of the second grapheneWayer significantly increases the Cu atom
mobility in the xy plane and, at hi@eratures, decreases it in the z direction (Figure
r

use both the layers equally attract

27). The mobility of Cu atoms i ical direction in the case of the two-layer graphene
is higher than in the case of thg single-layer graphene only to the temperature T = 1300 K.
In the case of the single- ene, the maximum of the self-diffusion coefficient D
is at the temperatur in both the xy displacements and the motion in the z
direction. Fom th layer graphene, the maximum of D, ~corresponds to

the temperat N
K.

e temperature of 1300 K is close to the melting temperature of copper, we

K, and the maximum of D, corresponds to a temperature of 1300

should t the extrema in the dependence D, (T) . During collecting Cu atoms into a
et on the single-level graphene, the coefficient D,, first increased (Cu atoms were

lerated due to the forces of mutual attraction) and then decreased (at T = 1300 K).
The atomic mobility decreases due to the increase in the density of the two-dimensional
liquid metallic droplet. Further increase in the temperature leads once again to increase in
the horizontal mobility of atoms because of their motion beyond the x and y boundaries of
the sheet and in the vertical direction. Up to T = 2300 K, the larger contribution to the value
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of D (for both directions) is that of atoms moving up and moving away from the sheet
surface; another smaller part of atoms moves to the sheet surface.

0.0

-0.2

-0.4-

AL
]

-0.44

(b' 0 1000 2000 3000
A T (K)

O Figure 25. Relative change in the copper film size in (a) the longitudinal and (b) transverse directions
vs. temperature for the cases of (1) single-layer and (2) two-layer graphene.
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O Figure 26. (a) xy and (b) xz projections of the copper film on single-layer graphene calculated for the
temperature 1300 K corresponding to the instant 100 ps; (c) xz projection of the configurations of the

copper film deposited on the two-layer graphene corresponding to the same temperature and instant; the
open circles are the copper atoms, and closed circles are the carbon ones.
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Figure 27. Self-diffusion coefficient ms in (a) the horizontal plane and (b) the vertical
direction: (1) on single-layer grap on two-layer graphene.

First, their contributi e coefficient D is relatively small. When the temperature
becomes hlgher th , Cu atoms begin to be significantly slowed down by the

carbon atoms m them As a result, the coefficients D and D, decrease, and

pear in the dependences 1 depicted in Figures 27a and 27b.

the main maximu
ient D, of Cu atoms disposed above the two-layer graphene has slightly

ima at T = 1300 and 2800 K. On the one hand, these extrema are due to
g the atoms to each other and their collection into a liquid droplet which is

roac
%ed as the temperature increases. On the other hand, it is stipulated by the variation
e proportion of the contributions of the vertical atomic displacements in the opposite
directions. This variation is clearly observed in dependence 2 (Figure 27b) that
demonstrates the oscillating behavior with the maxima at 1300 and 2300 K. The minimal
value observed in the dependence D, (T) at T = 2800 K (Figure 27b) can be explained by
the passage through the boiling point in the model followed by increase in the Cu atom
mobility with temperature.
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Figure 28%8fress tensor components (a) oz, (b) 6, and (c) o, of the copper film deposited on (1)

X !

components of the force in the xy plane for the Cu film on the single-layer and two-layer
graphene. These components undergo substantially different changes with variations in the
temperature (Figure 28). In the case of the single-layer graphene, the temperature

dependences of these parameters are complex.

%&-Iayer graphene and (2) two-layer graphene.
A Stress tensor components o, , o,,, and o, characterize the action of the coordinate
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However, all the temperature dependences of the components have a general feature;
namely, a sharp extremum at T = 1800 K. At this temperature, the copper atoms form dense
aggregates in the central part of the graphene sheet at places of disposing the bridges
between the cracks. Therefore, the high stresses can be transmitted to the metallic film from 0 *

the crack of the graphene sheet.

At all other temperatures, these stress components for the single- and two-layer Q
graphene have commensurate values. At the highest temperature (T = 3300 K), the \
difference in the values of corresponding components (for the cases of the single- and two-
layer graphene) is noticeably smaller than that at the lowest temperature (T = 300 K9* ﬂ

Thus, the copper atoms (initially regularly arranged in the interstitial sites of
and two-layer graphene) form the instable metallic film, which tends to de & size.

The Cu film size decreases most significantly in the transverse (“armchai@ctlon in
both the single- and two-layer graphene. Heating the film stimul ase in its
initial sizes. At high temperatures, the film is contracted due to a %he Cu atoms
to each other and due to the evaporation of Cu atoms from the s%.

The graphene cracking in the model was caused by the,s esion between the
copper film and graphene and the contraction of theyinitia *equilibrium metal film.
The increase in temperature accelerated the prgraphene cracking. At all
temperatures, the copper atoms mobility in the hgrizongal @irection is higher in the case of
their deposition on the two-layer graphe r hand, the mobility of the copper

atoms deposited on the single-layer graph the vertical direction becomes higher from
a temperature of ~1500 K. The stress tensor ponents of the copper film reflecting the
action of forces in the horizontal ar ave differently in the cases of the film deposition

on the single- or two-layer gra@

4.4. CoM SIMULATION OF THIN NICKEL FILMS ON
4 INGLE-LAYER GRAPHENE

ace fetween the graphene and metallic substrate is of great importance for
ene in integrated electronics (as heat-insulating materials) and in
ical devices including those that need for protecting their microscopic units
om aggressive environmental factors. A promising method for producing large graphene
146, 282, 283] is the catalytic decomposition of the hydrocarbons on a hot metallic
ce. The possibility of the chemical dissolution of the metallic substrate (after the
growth of graphene has been completed) provides means for producing the free graphene
sheets. Subsequently, the sheets can be transferred to any other substrate.
Nickel is a typical catalyst for the growth of nanotubes and materials used in the
formation of the graphene [284]. Carbon atoms are easily dissolved in nickel with the
formation of the ordered metastable phase of nickel carbide Ni.C on the surface [285, 286].
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The formation of this coating (Ni,C) with the thickness of one atomic layer competes with
the growth of graphene. In the fabrication of the electronic circuits, it is particularly
important to obtain graphene directly on the working surface. The Ni,C coating is formed
by the thermal decomposition of the hydrocarbons at low temperatures. Graphene is
predominantly formed at higher temperatures between 750 and 980 K. At still higher
temperatures, carbon diffuses deep into the coating.

It is known that transition metal (nickel) has been used for the preparation of the
graphene by means of evaporation and subsequent precipitation of the carbon atoms. A
method for producing graphene (that does not require heating of the material com nts
to temperatures ~ 1300 K) was proposed in [287]. Therefore, the synthesis of gr C
be performed on a substrate of the material that is not capable of withstandi %tense
heating. The essence of this technique is the follows: after drying a nickel ite Tilm, a

part of carbon atoms diffuses through the natural channels under t onent of
the film and form the monoatomic layer, i.e., graphene. Then, the %are removed
by the chemical method. * %

The computer model of the nickel film on graphene a x of calculation was

identical to the corresponding model and method foga cepper¥ilm. The initial packing of
the Ni atoms was represented by a mono-layer in th loose (111) plane of the fcc

lattice (parallel to the graphene plane) with the distance¥getWeen the nearest neighbor atoms
Nini = 0.6336 nm [288]. In this case, at ere arranged directly against the
centers of the hexagonal cells formed by n atoms. The shortest distance between the

C and Ni atoms r._,; = 0.2018 nm corresponds*o the distance r._,; calculated in terms of

the density functional theory [2 the bulk nickel crystal, ry_,;= 0.2489 nm.

Therefore, the Ni film was initially ig a'Stretched state due to the lattice mismatch between

graphene and nickel. Th re in the model was increased by 500 K on every
million time steps and Was maintained at a predetermined level using the Berendsen

thermostat [62],
Here, we co\ systems. We denote by the index | the system where the nickel
film was locate e the graphene sheet. We also consider system Il with two identical

symmietrical ged nickel films with respect to the graphene sheet.
onfiguration of graphene at the temperature of 1300 K covered from the top and
bottom with nickel is shown in Figure 29. Ni atoms in the upper layer are arranged in the

ol of a dense drop. The metal atoms located below the graphene sheet are spread such
@ one part of them adheres to the graphene sheet and the other part is substantially
distanced from it. Some of the lower Ni atoms are outside the xy boundaries determined by
the graphene sheet. A part of these atoms moves upward passing the graphene sheet on the
sides.
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1 Q
g
7
n) 2 0 o %
Figure 29. The configuration of the graphene—nickel system with a&arrangement of Ni atoms
DOK.

on the graphene sheet at the instant 200 ps and at the tempera “

et U ;_ni » Nickel—carbon U _;

The potential energies of the interactions nickel—

, and carbon—carbon U. . for systemg I shown in Figure 30. The initial
arrangement of the metal atoms on graphengidoes not correspond to the stable crystalline
state, because the Ni atoms are loc at a considerable distance from each other. The
increase of the temperature and the cigted enhancement in the mobility of the Ni atoms
lead to the structural relaxati etallic film. Consequently, we should expect a
decrease in the potential e nickel-nickel interactions with the initial increase
in the temperature. ThatWas aCtually observed in both cases. The potential energy U ;
decreased alregdy eMperature of 800 K in the presence of one metallic film on
graphene. In t N of two metallic films, the value of U, ,, decreased laterat T =
hat wasgalsed by a greater adhesion of the metal to the substrate.

ergy of the metal corresponds to the binding energy of the considered
. Thgyexperimental value of this energy at T = 300 K for nickel is equal to —4.44
fatom [289]. The close value of U, ; (—4.39 eV/atom) for the nickel fcc crystal was

ed from the molecular dynamics calculation in an NPT ensemble [290]. The energy
nini (— 3.70 eV/atom) was also calculated for the Ni,, cluster by the molecular

dynamics method using the Sutton—Chen potential [291]. This characteristic for a highly
stretched nickel film at the considered temperatures has even higher values.
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ni-niand (2, 4) Uc.i for different systems: (1, 2) Ni film
on one side of the graphene sheet and (3 i film on both sides of the graphene sheet; (b) potential

energy Uc ¢ for (1) free graphene sheet a graphene sheet covered by the Ni film on one side or on
both sides.

A further heati to the increase in the energy U, ,; for both systems. This
increase is esp@ iallysevident after the temperature of 2300 K for system | and after the
temperature or system Il. The dependence U _,; (T) for both systems exhibits
the signilar bmr. However, there is no decrease in the value of U__; under the initial
heatingof syStem | and there is a rapid increase in the energy U ,,; for both systems after

aching the temperature of 1800 K.
he potential energy for the free graphene sheet (in the absence of the metallic film)
he minimum at the temperature of 1800 K (curve 1 in Figure 30b). The temperature
A dependences U (T) for graphene in the presence of one and two films of the Ni atoms
O are almost identical (curve 2 in Figure 30b). At lower temperatures (T < 1300 K), the
presence of a transition metal in the system stabilizes the graphene sheet. The energy
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U__. becomes lower than that of the free graphene sheet. This result is consistent with the
data reported in [256] where it was shown that the stresses in graphene decrease after the

graphene sheet is coated with nickel. .
The observed decrease in the energies U ;_; and U _. after contacting the graphene 0

sheet and the nickel surface (including the nickel cluster) was explained in [292] by a
significant attractive interaction between them. Increase in the temperature eventually leads \
to the increase in the potential energy. Increase in the graphene energy with increasing
temperature in the presence of metal atoms occurs more rapidly (after 1300 K) than in their

absence. The energies U . at T = 3300 K for systems | and Il are 4% higher th

the free graphene sheet.
The temperature relaxation of stresses in the nickel films is illustrated @r 11t

is seen that each of the stresses o, , o,,,and o,, decreases as theyte creases.

zxX !
In the case where the graphene sheet is covered by one metallic fi
weak stresses, among which the stress o, has the highest Ve

, W.experiences very
rong interaction of

nickel films with graphene in system Il leads to the developmgn
in the film plane.

The absolute values of the stresses acting in the e always higher in the lower
film than in the upper one. This is caused b allemghermal stability of the lower film
because of the rise of the atoms in th ilm™There is the long-range interaction
between atoms in the metal. The Ni atoms ofighe upper film lift with increasing temperature
and “drag” the Ni atoms of the lower film. These atoms change their motion direction
encountering the impermeable gra@and finally acquire the higher velocities. Their
further interaction with the lo y oms destroys the film.

The initial minimum distafice between the Ni atoms in different layers is almost 2.7
times longer than the distancetetween the nearest neighbors in the bulk metal. Already at
the initial temperatn% ), the stresses o, in both the upper and lower metallic films

e

have negative v is associated with a significant convergence of the metal atoms
with the graghene separates two nickel films. The positive value of o,, at T =300 K

e significant stresses

for th€ sys in the presence of one Ni film on graphene) indicates that, in this case,
theredisfo stfong attraction of the Ni atoms to the graphene sheet; i.e., the Ni atoms have
a loose ing.

The degree of divergence of the Ni atoms in the horizontal direction can be estimated

the temperature dependence of the elongation (per unit length) of the film in the

irections of the x and y axes (Figure 32). At temperatures below 1800 K, the small

effective decrease in the sizes of the films (in the cases of the one and two films on

graphene) is observed in both directions. This is caused by the instability of the stretched
metallic structures.
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Figure 31. Thermal re@o e stresses (a) ox, (b) oz, and (c) o in the plane of nickel films: (1)

Ni film on one sideef t hene sheet, (2) upper Ni film on the graphene sheet with the two-sided
coverage, and 0 i film on the graphene sheet with the two-sided coverage.

0 , during the heating, the Ni atoms are pulled together into more compact
plan%es. At the higher temperatures, the horizontal lengths of the films increase.
e value of Al/l for a single film increases more slowly than that for each of the films
i case of the two-sided coating of the graphene. The increase in the elongation Al/I
aused not only by the thermal expansion but, also, by the melting of the films. Recall
that the melting temperature of the bulk solid nickel is equal to 1726 K. According to the
molecular dynamics calculation (using the Sutton—Chen potential), the melting temperature
of the fcc Ni,, cluster is equal to 980 K, whereas the Nig,, cluster melts already at 1380
K [293].
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In all the considered cases, the Ni films are most strongly expanded along the x axis,
which coincides with the “zig-zag” direction in graphene. For example, in the case of the
single-sided coating of graphene, the quantity Al /Il increases noticeably along this
direction. This increase is 4 times larger than that in the y direction as the temperature

increases from 1800 to 3300 K. In the same temperature range, the value of Al /1 for the
lower Ni film of the two-sided coating of graphene in the y direction increases in the
average twice as fast as the corresponding characteristic for the upper film or the Ni film

of the single-sided coating.
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&32. Temperature dependences of the elongation per unit length of the nickel films on the
graphene surface (a) in the “zig-zag” direction and (b) in the “armchair” direction for (1) Ni film on one

side of the graphene sheet, (2) upper Ni film on the graphene sheet with the two-sided coverage, and (3)

lower Ni film on the graphene sheet with the two-sided coverage.
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The self-diffusion coefficients D,, and D, of the Ni films for both the horizontal and

vertical directions vary slightly to the temperature of 1800 K. This is associated with the

conservation of the connectivity of atoms in the films, as well as, with the densification of .
the structure at moderate temperatures. However, the coefficients of mobility of the atoms Q

in different directions significantly increase after the temperature of 1800 K (Figure 33).
It is worth to note that the most significant increase in the coefficient D, is observed

for the Ni film covering the graphene sheet on one side. This is associated with the weak
influence exerted by graphene on the Ni atoms of the single-sided coating atghigh
temperatures. The metal atoms, which interact through the graphene sheet, mutua “
their own horizontal displacements. The increase in the coefficient D,, of the"i atoms

for the system | in the average exceeds the corresponding characteristic fo per and
lower metallic films of system II by the factor of 5.7. Q
0.8 . .
o 0.64
k=
o
o 044
S 02
0.0+
0.6
X
Q" 0.2
0.0

Figure 33. Temperature dependences of the self-diffusion coefficients of nickel films on the graphene
surface during the displacement of the Ni atoms in the (a) horizontal directions and (b) vertical

direction for (1) Ni film on one side of the graphene sheet, (2) upper Ni film on the graphene sheet with
the two-sided coverage, and (3) lower Ni film on the graphene sheet with the two-sided coverage.
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The similar behavior is observed in more degree for the self-diffusion coefficient D,

in the vertical directions for the Ni films in the single-sided and two-sided coatings of the
graphene sheet. At the highest temperature (3300 K), the displacements of atoms in the
vertical direction are still more preferred in the case of the single-sided coating. In each
case, the graphene offers resistance to the motion of the Ni atoms from only one side. The
metal atoms that interact through the graphene sheet weakly hold each other from the
removal from the sheet in the vertical direction.

Thus, the presence of one metallic film on the single-layer graphene has the same effect
on the energy state of the graphene sheet as the presence of two metallic film i
Moreover, the change (in the energy of graphene covered by a metallic film r

to the energy of a free graphene sheet) has an alternating character. imum
difference between these energies is observed at the temperature of 3300 stresses
generated in the Ni films for the system with the two-sided covera ene sheet

are substantially higher than those for the single-sided coverag graphene. These
stresses decrease as the temperature increases and reacf h& um even at the

temperature of 1800 K. A significant increase in the elonga it length of the films
in the “zig-zag” and “armchair” directions of the graph¢énc at T > 1800 K begins to
occur with a substantially stronger effect in presencg0 % ic films on both sides of the
sheet. The self-diffusion coefficients, which ar@t e displacement of the Ni atoms
in the horizontal and vertical directions, ncre t the temperatures above 1800 K.

Furthermore, in the horizontal directions, t epest increase in the coefficient of mobility
of the Ni atoms is observed for the single-side@metallic film.

4.5. COMPUTER ION OF THE THERMAL STABILITY OF
NICK SON TwoO-LAYER GRAPHENE

Depositior®of theSingle- and multi-layer graphite films on the bulk transition metals
has been kng & g time and is widespread [294, 295]. This deposition process can
be i ented dpe to the temperature dependence of the carbon solubility in transition
metals. n-can be introduced into thin (up to 500 nm) nickel film by decomposing
strongly diluted gaseous methane CH4 [296]. Graphene films containing only a few layers
re grown by heating (in argon) polystyrene films deposited on a polycrystalline Ni
te [297]. There is no need to use any reactive gas in this method. Instead, the
ssary thickness of the graphene film is determined by the initial thickness of the
polystyrene film. This method of growing the graphene films is safer and simpler than the
chemical vapor deposition.
The number of graphite layers in multilayer graphene affects its mechanical,

photomechanical, and thermophysical properties [298-300]. Therefore, an analysis of
these layered thin films is of technological interest. It was shown in [301] that such formed
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layered graphene structures have a high stability and the edges of individual layers serve
as potential barriers for the electron flux. It was established that the photocurrent is affected
by the temperature gradients induced by the laser excitation.

The electronic properties of a stack of graphene layers differ strongly from those of a
single-layer structure due to the interlayer interaction. In the case of even two layers, the
unique graphene property disappears: electrons cease to act as massless particles. It is
energetically efficient for the transition metal atoms to be agglomerated into clusters on the
surface of the nanotubes or fullerenes [302]. However, it was not shown whether or not
this tendency remains when passing to a flat thin carbon structure (graphene). It wi e
useful to understand the processes occurring at the graphene—metal interface f I
reliable contacts between carbon nanostructures and metal electrodes in n ﬁomcs
[303]. &

The edges of graphene generally determine its physical4gn raphene
nanoribbons with a “zig-zag” atomic arrangement at the edge hav: nd'gap (i.e., they
are metallic). If atoms have the “armchair” arrangement, theban%n e formed under
certain conditions and, correspondingly, the graph bon exhibits the
i’ gi the grapheme-edge

semiconductor properties. The term “armcha

The modeling method was similar to the d used in the previous section to study the
nickel film on a single-layered graphene.

The configurations of the nick -layer graphene system (graphene is coated with
metal from one side) at the ins and temperatures of 300 and 3300 K are shown
in Figure 34. It is seen that Ni atomsfre agglomerated into a dense two-dimensional “drop”
located in one of the gn eet corners even at 300 K. However, the structural
connectivity in the “ is violated. There are both a detached chain of four atoms and,
at least, one rempov oth graphene sheets retain the correct hexagonal cell structure
hene sheets become deformed as the temperature increases,
compressi ddle in the “armchair” direction. At 3300 K, this leads to bulging the

sheet’ vertiges™im”the vicinity of sheet edges of the “armchair” direction, C atoms are
rdered; however, none of these atoms detached from its sheet at T = 3300

n the whole, the graphene sheets, as previously, retain the cell structure, and no global

ing is observed (although there is slight melting at the “armchair” edge in the metal-

atomic position). At 3300 K, more than half of the Ni atoms have been evaporated. The

metal atoms that remained on the graphene are mainly arranged along the sheet edges, and
only one Ni atom is in the central region.
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Figure 34. Structure of two-layer graphene with a nickel film at the instant 2 at the temperatures
(a) 300 and (b) 3300 K.

*
When the Ni atoms are located on the external sides t@nd lower graphene
er

sheets, the structures of the lower and upper metal fil ignificantly even at the
temperature of 300 K. But their initial structures we @ tical. The difference in the
structures of metal films for one- and two-sided coat partially due to the vertical film
stratification in the latter case [304, 305].

Figure 35 shows the radial distribut tions g(r),,_n; Plotted for one Ni atom,

which is closest to the graphene-sheet centerior both upper and lower coating layers at T
=300 K. On the upper sheet, the Ni s are arranged in a more compact group, which is
indicated by the strong first a tly) second peaks, whereas other peaks have low
intensity. The Ni atoms are affange@l much more uniformly on the lower graphene sheet.
In this case, four peaks s) are seen; however, the first peak intensity is much
lower (by a factor of
On the whale, t

f these functions indicates different arrangements of the metal
atoms with res x mall central regions of the upper and lower sheets. This is mainly
due to the fagt thagvertical displacements of the Ni atoms (lying on different sides of two-
layerfgra ards along the axis) are inequivalent. The reason is that the upper metal
ato n mave unlimitedly in this direction, whereas the lower atoms cannot because their
displac t is limited by the lower graphene sheet.

ounter motion of the upper and lower Ni atoms is due to their long-range interaction
e attractive type. After interaction with graphene, the upper Ni atoms having acquired
a vertical velocity component may easily be evaporated. The lower atoms remain near the
graphene surface for some time colliding with other Ni atoms, and then move away in
different directions of the lower half-space. Increase in the system temperature accelerates
this process. So, at T = 3300 K there are hardly any Ni atoms remaining on the surface of
the lower graphene sheet.

l &
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Figure 35. The radial distribution f@for the (a) upper and (b) lower nickel films on the two-layer
graphene at T = 300 K.

Presence of the tal-atomic layer also affects the graphene structure. At 3300
K, detaching t an be observed near one of the vertices of both upper and lower
sheets. In thi e the type of deformation of the graphene sheets at high temperatures is
basic 'de@o the case of coating the two-layer graphene with nickel from one side.
The amages in the upper graphene sheet at T = 3300 K is larger than that for the
lower o is is due to the stronger bending of the front “zig-zag” edge and more
ended fracture of the left “armchair” edge. The lower sheet underwent strong local
%e only near one of the corners.
A Kinetics of the Ni atoms on the surface of two-layer graphene is shown in Figure 36.
Here, the temperature dependence of the self-diffusion coefficient of this metal is presented
O for the cases of one- and two-sided coatings of graphene with nickel. It is seen that the
mobility coefficient D,, of Ni atoms in the horizontal direction (Figure 36a) for the system

| first decreases up to the temperature of 1800 K and then sharply increases.
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Figure 36. Self.di \ fficient of nickel atoms in (a) the horizontal plane and (b) in the vertical
directiop for (1) one Ni film, (2) the upper Ni film, and (3) the lower Ni film.
phification of adhesion between Ni atoms and the graphene substrate causes the
initial se in the coefficient D,, until a certain threshold temperature. The second
rgasen is in compacting the nickel film on graphene. This is caused by the mismatch
een the initial density of Ni and its density in the condensed state. The experimental
nickel melting temperature T is 1726 K. Therefore, a further increase in the temperature

O (above 1800 K) will most likely cause film melting and the related increase in the mobility
coefficient D,, . Note that the melting temperature of the monoatomic Ni film on graphene

may differ from the T value of a crystalline nickel. At T > 2300 K, the D,, value of the
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one-sided Ni film continues to increase as the temperature increases, but with a more
moderate rate.
The situation is quite different for the nickel films of system Il. In this case, the

coefficient D,, almost monotonically increases as the temperature increases, and this is

typical of both the upper and lower Ni films. The monotonic behavior of the temperature
dependence of D,, can be explained by the dominance of stronger Ni-Ni interactions.

These interactions occur in the same film in comparison with interactions between the Ni
atoms belonging to different films, as well as, by the Ni—C interactions. Note t
mobility coefficient for the upper Ni film is much smaller than that for the lower
temperatures under study. For example, at 3300 K, the latter value may exceed
by the factor of 4.3. This fact indicates the tendency of Ni atoms to |
graphene sheet.

The components D, of the vertical-mobility coefficient of tom$ also behave

esower

differently for systems I and Il as the temperature increasesy(Fi > The coefficient
D, in the system | remains constant and small up to X‘ ever, with further

increase of temperature, the D, value for Ni atoms eft Increases fast.

in value. In this case, the

z

up t&T = 1800 K for the upper Ni film

System |l exhibits no such very fast increas

G

coefficient D, for Ni atoms first slightly i
and 1300 K for the lower film) and then avior becomes oscillating. As a result, it is
only slightly increased when the temperatke of 3300 K is achieved. The significant
increase in the coefficient D, inth m lat T > 1800 K is due to evaporation (directed
mainly upwards) of a part of the I\i rom the grapheme-sheet surface. The interaction
between Ni atoms belonging @rent films hinders this process in system Il. In this

graphene surface have larger horizontal velocity

case, the Ni atoms le
components.

Let us nomon@h dynamic properties graphene acquires at high temperatures.
There is the t fthe f, (w) spectrum of individual horizontal vibrations of C
atomsgiiythesupp@r and lower graphene sheets at T = 3300 K. This indicates that the

dire¢tio carbon atoms motion change fast (Figure 37a). Non-zero values of the
f,y (@) spgbtra at a zero frequency indicate that C atoms acquired translational mobility

ese directions. Overall, the f, (@) spectra are similar for the upper and lower

hene sheets and, accordingly, the behaviors of horizontal displacements of C atoms,
belonging to different sheets, are also similar.

A somewhat different situation occurs for vertical displacements of C atoms of the
upper and lower graphene sheets at T = 3300 K (Figure 37b). In this case, the f,(®)

spectra also have non-zero values at zero frequency. This indicates the presence of the
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vertical translational motion of C atoms for both sheets. However, the f, () spectrum for

the lower sheet is characterized by the higher intensity of other peaks and better peak
resolution at high frequencies. This means that the lower sheet is characterized by not only
the vertical translational displacements of the C atoms. It is also characterized by the
vibrational atomic motions in the vertical direction, which are less developed for the C
atoms of the upper sheet.
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Figure 37. Sp@ividual (a) horizontal and (b) vertical carbon atomic vibrations in the two-layer

graphéne coate wo Ni films: (1) upper and (2) lower layer.

It is reagbnable to consider the main stresses in the temperature range 300 < T < 1800
hen there are still sufficient number of metal atoms remaining on the graphene surface

e 38). The film on one side of two-layer graphene is characterized by the lowest
sses. The highest stresses of a particular sign acting in the metal-film plane manifest

themselves at temperatures of 300 or 800 K. The stresses o, and o, caused by the

horizontal forces are somewhat increased in the film of the system | as the temperature
increases, whereas the o,, stresses (caused by the vertical force) become weaker.
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Figure 38. Thelstress tensor components: (a) oz, (b) 64, and (c) 6 in nickel films on the two-layer
phene: (1) one Ni film, (2) upper Ni film, and (3) lower Ni film.
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hen two metal films are deposited on the two-layer graphene, they have much higher
horizontal stresses as compared with the case of one deposited Ni film. These stresses relax

to some extent upon heating. The magnitudes of the stresses o, and o, in the metal

films of system Il at 1800 K are always smaller than those at T = 300 K. In principle, the
situation for the o, stress is similar but not expressed so evidentially. For example, in the
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case of the upper Ni film, the o, stress at T = 1800 K is lower than that at T = 300 K by
only 2.6%. Since the major part of Ni atoms of the lower metal film is weakly coupled with

graphene at 1800 K, all three stresses (o, , o,,,and o,,) in the upper film are close to .
the corresponding stresses in the system I. 0
The cell hexagonal structure in the two-layer graphene has high thermal stability. The
two-layer graphene coated with the Ni mono-layer retains the honeycomb structure even \
at high temperatures. For example, only individual atoms located in the sheet corners are
detached from graphene at 3300 K. The perfect structure remains in the rest of the sheet.
When the Ni films are deposited on the two-layer graphene, the horizontal dyna r%
Ni=Ni

atoms in the upper metal layer is significantly decelerated. This is due to
interlayer interactions. The stresses in the metal films on the two-layer g@ ainly

cease to relax at T = 800 K.
Thus, it was shown that the presence of the second gra@et increases

significantly the stability of the flat hexagonal cell structure xvit heating. It was
found that even at T = 300 K the Ni atoms (deposited omyt rand lower graphene
sheets) form films with the different structures (metal he upper substrate are
closer packed). The nickel films are destroyed under @ e'system. However, even at
T = 3300 K a part of the Ni atoms remains on the Biggraphene sheet irrespective of
whether or not the lower sheet was previo d the metal.

The lower graphene sheet loses al ms When the temperature of 3300 K is

achieved. The spectrum of the individual hogizontal vibrations of the C atoms has a shape
that differs significantly from the st@the ertical-vibration spectrum. The horizontal-

vibration spectra of the upper and rfgraphene sheets are basically identical, whereas
the corresponding spectra of vertica ations differ. The temperature dependences of the
horizontal and vertical co f the self-diffusion coefficient of the Ni atoms have
the sharp kink at T = 18@%5 case the two-layer graphene is coated with the metal
film from one gide.

However, w tal coating is two-sided, the dependence D, (T) monotonically

increasgs fogeachgoating. Here, the D, values for the lower Ni film are much larger than
thosg f pper one. The dependences D(T) for the upper and lower nickel films have
only thesshight kink at T = 1800 K. The stresses acting in the metal-film plane (o, and

are much higher in the case of the two-sided coating of graphene with nickel than

e for the one-sided coating. These stresses are caused by the horizontal components of
interatomic forces. The o, stresses are comparable in these cases. However, the o,

O stresses for the metal film deposited on graphene from only one side disappear faster under
the heating.
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4.6. COMPUTER STABILITY TEST FOR ALUMINUM FILMS HEATED
ON GRAPHENE SHEET

Interest in experimental investigations of ultrathin aluminum films on graphene has
considerably increased in recent years [306—-308]. At the same time, these objects have not
been sufficiently investigated theoretically. Coating the graphene oxide by the thin
aluminum film makes it possible to generate a high acoustic-optical pressure. This is due
to the optimization of the thermal elasticity produced by the metal film, as well as, by the
thermal conductivity exhibited by graphene oxide [306]. Ultrathin films obtai
deposition of the aluminum oxide on graphene are characterized by a very hi
[307]. Such films can be used as thin film coatings, membranes, and in flexi onics.
The dielectric properties of a naturally oxidized aluminum film on gn@make it
possible to use it for preparing electric shutters [308].

In actual experiments, it is difficult to control the nanoscratc nanodents. Such
difficulties can easily be eliminated using the molecular dyn i@at on. This method
is widely used for studying the friction and cracks in thin ’N w310]. On the basis of
the MD simulation, the elastoplastic deformation omth of a nickel single crystal
was considered as the nucleation of dislocations [3 < b

Initially, Al atoms were on the graphene sheet in thig. form of a loose (111) plane in the
) di e r,_. = 0.6336 nm between the

Al-Al —

ly against the centers of the hexagonal cells
formed by carbon atoms. Here, the shortest distance between C and Al atoms r._,, = 0.248

nm corresponded to the value calc
bulk aluminum crystal,

ithin the density functional theory [72]. In the

A Al . Therefore, the Al films were initially stretched

due to the lattice mismat graphene and aluminum.
The simulation Was%ed in accordance with the methods used to theoretically
study of the hegting hth Cu and Ni films on graphene. Here, we analyze two systems.
The system | Syt minum film on the mono-layer graphene, while system Il
corresponds axene mono-layer coated on both sides with identical Al films [312].
eAla f system Il leave the graphene sheet at the temperature of 1800 K, while
all a of )System | remain in the vicinity of the graphene sheet even at 3300 K. The
relative gation of the Al films in the longitudinal (x) and transverse (y) directions is
n in Figure 39. The direction of the x axis corresponds to the “zig-zag” one of the
ene sheet. The direction of the y axis coincides with the “armchair” direction.
The longitudinal and transverse sizes of the films were determined by averaging the
atomic positions of the corresponding opposite edges of the films. In both systems, the Al
films exhibited contractions in the longitudinal and transverse directions up to 1300 K (the
values of Al/l were negative). The only exception was the longitudinal size of the lower
film in system Il at T = 300 K, where Al/l > 0. The positive values of Al/l for the Al film

Qo
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in system | were observed only at 2300 and 2800 K exclusively in the longitudinal
direction.

Al/I

1
Ja—

2000 3000
T'(K)

Figure 39. Relative eI@ I films in (a) longitudinal (x) and (b) transverse (y) directions for

systems comprisifig 0 gle Al film on a graphene sheet (1), top (2), and bottom (3) Al films on the
e-sided coating.

graphene sheet wi
' th&le-sided coating of the graphene sheet by the stretched monolayer Al
film iderably reduces the thermal stability of these films with respect to the
correspangifg single-sided coating. This is due to the strong repulsive interaction between
Al atoms in the vicinity of T = 1800 K in the case of insufficiently strong binding of
um with graphene.

Figure 40 shows the temperature dependences of horizontal D,, and vertical D,

components of the self-diffusion coefficient of the metal films under investigation. For the
Al film coating one side of the graphene sheet, the value of D,, first decreases as the

temperature increases up to T = 1300 K. Then the D, (T) dependence passes through a
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small peak (at T = 2300 K). Finally, the values of D,  sharply increase when the
temperature of 3300 K is approached. The decrease in D,, is associated with compaction

of the Al atoms on the substrate.
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Figure 40. (@) H '& and (b) vertical D, components of the self-diffusion coefficient of the Al
films: single A@w e graphene sheet (1), top (2), and bottom (3) Al films on the graphene sheet
i

with ub coating.

The melting point of the bulk aluminum obtained in the actual experiments is 933 K,
% experimental boiling point corresponds to 2773 K. The Al film passes to the liquid

at T = 1300 K. The large variety of structures in the liquid state leads to the emergence

A of the peak on the D, (T) curve. At the temperature of 2800 K, the Al film passes to the
O state, in which the metal atoms begin to evaporate. As a result, the D,, component of this

film increases significantly.
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The behavior of D, value for Al films coating both sides of the graphene sheet is
different. Such films exhibit an insignificant increase in the D,, component under heating
from 800 to 1800 K. The sharp increase in D, is observed near 2300 K, which is followed

by the significant increase in the horizontal mobility at higher temperatures. The D,

component for the system | decreases under heating. This is due to formation of the dense
flat Al droplet on the surface of the graphene sheet.

Collective adhesion of the Al atoms with the sheet surface reduces the vertical
component of the self-diffusion coefficient. The analogous adhesion is also obser
the Al films in system 11, but only up to the temperature 1300 K. The attraction [}
belonging to different films at high temperatures leads to strong collisio etal
atoms with the substrate. As a result, the Al atoms acquire large v@velocity
components, and the D, component increases fast.

Let us now consider the change in the vibrational motion of t ates after addition
of the second (bottom) metal film to the graphene sheet. h’ eney spectra of the Al
atoms vibrations in the xy plane for the film in system Il a&&re shown in Figure 41.
At this temperature, most Al atoms in system Il ar vicinity of the graphene
sheet. The frequency spectrum for Al atoms of the as four intense peaks in the
frequency interval (5.0 < w < 6.5) x 10" s lower frequencies, the intensity of the

peaks decreases. Conversely, the intensit eakS*for the bottom film in this frequency
interval is minimal, while the peaks localizeé@at the lowest frequencies (1.3 x 10* and 1.7

x 10*2 s71) have the maximal intensityJ hus, as*a result of the separation of a small amount
of aluminum by the graphene shee I atoms in each film perform natural vibrations.
r

But they are often mismatch op and bottom films. At a certain temperature,
vibrations of the carbo@ e graphene sheet (which are chaotic for both films)

produce a repulsive effe@l, As@yresult, the Al atoms leave the surface of the sheet.

Temperature vi the stresses acting in the plane of the films are illustrated in
Figure 42. The‘ @emperature oscillations of the stresses are observed for the Al
film in the s s the temperature increases, the stresses in the films decrease and
ulti ish. ST he extremely low values of stresses for the Al film in the system | are

attai 0 K, and the film itself can exist even at T = 3300 K.

Vi
Th ms in the system Il are preserved on the graphene up to 1300 K, and at 1800
only their remains are observed. The non-zero stresses are observed in such films up to

. The stresses o, and o,, produced by the horizontal forces in the Al films can
be considerably lower (by an order of magnitude) than the stresses o,, produced by the
vertical forces due to small distances between C and Al atoms.
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[ (@) (107 s)

(107 s @

Figure 41. Frequency spectra of individual vibrations of Al atoms in the xy %and bottom
(2) films at 1300 K.

Let us now see how the presence of the metal film affe raphene stressed state.
In the case of the single-side coating of the graphene Sk metal film, stresses o,
(Figure 43a) exhibit a much smaller amplitude spr ompared to the stresses o,

(Figure 43b). Consequently, the interat ting in the “armchair” direction
exceed the forces oriented in the “zig-zag tion. The middle part of the graphene sheet
experiences higher stresses than the edges inthe “zig-zag” direction. As the temperature

increases, the amplitude of the stres g} illation decreases, and the amplitude excursion of
alogous characteristic of the stress o, . At the

quantity o, remains larger t
temperature 3300 K the stess e middle of the sheet generally become even lower
than at the edges in the éase ofthe motion in the x direction.
Due to the ver s, the stress o,, acting in the plane of the graphene sheet
e

exhibits sllghtl mperature behavior as compared to o, and o,, produced by

the hagizental fordes (Figure 43c). The maximal absolute values of the stress o, at T =
300 erved not in the middle part of the sheet, but at the edges for small values of
X. At th erature 1300 K, the high peak of the stress o,, appears in the middle part of

heet, while lower peaks of the stresses o,, are located closer to the sheet edges. The
peak is due to vertical displacements of the closely packed Al atoms. Because of such
displacements, the stress o, in the metal film also decreases sharply.

Stresses o,, in the graphene sheet dissipate under further heating. However, even at
3300 K, the amplitude of fluctuations in the value of o, exceeds the corresponding

characteristics of o, and o, atthis temperature.
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Figur€ 42 Qa) o (b) 0z, and (c) oz in the xy plane of the metal film for systems with the
i the graphene sheet (1), top (2), and bottom (3) Al films on the graphene sheet with the

us, the stability of the Al films on graphene depends on their number. In the case of

A single-side coating of the graphene sheet by aluminum, the metal atoms are preserved

on the graphene surface even at 3300 K. The doubled coating leads to evaporation of all

O Al atoms at the temperature of 1800 K. On the first stage (up to T < 1300 K),
the Al atoms are gathered into a dense flat droplet, reducing the film size predominantly

in the “armchair” direction. The self-diffusion coefficients of Al atoms in the horizontal
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and vertical directions considerably increase at T > 1800 K in the case of the double-sided
coating of graphene with aluminum. The low values at the top side of the graphene sheet
up to 2800 K in the case of the single-side coating are preserved.

OA

60 T . T T

o_(GPa)
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o _(GPa)

x (nm)

%43. Distributions of stresses (a) oz, (b) oz, and (c¢) oz in the graphene sheet over rows of the C

S passing in the “armchair” direction at 300 (1), 1300 (2), and 3300 K (3).

The Al atoms are preserved for a longer time on the top side of the graphene sheet, that
is reflected in the richer and more intense spectrum of individual vibrations of atoms in the
horizontal direction at T = 1300 K. The initial predominant contraction of the metal films
in the “armchair” direction is due to the prevailing the magnitude of the interatomic forces
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in this direction. For the same reason, the absolute values of stresses o, in the Al films at

T =300 K exceed the corresponding characteristics of stresses o, .

However, the highest stresses in metal films are primarily caused by the vertical forces
emerging not only due to mutual attraction of the Al atoms belonging to different films but,
also, due to the interaction between graphene and aluminum. The importance of this
interaction follows from the high initial stress o,, for the Al film coating graphene sheet
only from one side. With such a coating of the graphene sheet, the stresses from the
horizontal forces are mainly concentrated in its middle part.

The magnitude of the stresses caused by the forces acting in the “armchair”
is noticeably larger than the corresponding characteristic for the “zig-zag” direction.
Heating leads to relaxation of the stresses o, and o, ; however, the stres @

of the C and

zy 1
locally enhanced as the temperature increases due to the strong convgrge

Al atoms.
L 2

4.7. NUMERICAL SIMULATION OF HE@ALUMINUM FiLm

ON Two-LAYER % E
The general tendency in the producti @ ec lline silicon solar cells implies the

use of wafers that are as thin as possible’§Ehe efficiency of the solar batteries depends

strongly on the rear cell surface. The rear surfaee in silicon solar cells is often improved by

inducing the rear-surface field. Id is mainly formed due to sintering (in the

temperature range from 1073 t@ in (about 10 um and even 2 pm thick) aluminum
0

films with silicon [313]. -layer graphene has unique electronic properties. They
differ from those of t -layer graphene and bulk graphite due to the parabolic
dispersion of its pari

way as th -layer one. However, its structure has not been investigated
systeppati a@ ripple may lead to charge inhomogeneity (electron and hole puddles)
[31 ical properties of the two-layer graphene are also important because they are
representaties of the crystalline membranes formed by two atomic layers. Let us consider

300 K. The results presented here were obtained [319] on the basis of the model and
lation method corresponding to the technique used for aluminum films on the single-
layer graphene.

The relative change in the aluminum-film sizes is shown in Figure 44. The film begins
to be contracted both in the “zig-zag” (Figure 44a) and “armchair” (Figure 44b) directions
even at the initial temperature (i.e., at T = 300 K). This contraction becomes more intense
when the temperature reaches 800 K. The decrease in the distance between Al atoms at

@e?avior of a single-layer stretched aluminum film on the bilayer graphene with heating
u

\00’
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these temperatures is due to the discrepancy between their initial loose packing and the
metal density corresponding to the condensed state.
In our model, a solid aluminum film containing defects is formed on the graphene

surface at low temperatures. Influence of the defects can be estimated in the simplest way
from the temperature change in the specific heat. It becomes possible since the latter is
easier to measure (in comparison with other properties) when the temperature changes fast
[320]. The isochoric specific heat of the Al film does not increase under heating; i.e., the

influence of defects on the caloric properties was not manifested.

O

(a)

024,
§»,
2

0.4

O
1000
'0.2 T
Jay

<
2

AN

Figure 4
directions.

o O

1000

2000
T (K)

6‘\
S

ive change in the length of Al films in the (a) longitudinal (x) and (b) transverse

he sizes of the metal film in both directions are stabilized in the temperature range

800 < T <2300 K. Further heating leads to the stable increase in the film size in the “zig-
zag” direction and to the oscillating change in the film size in the “armchair” direction.

The temperature changes in the radial distribution function in the Al film (constructed

for the atom located most closely to the center of the graphene sheet) are illustrated in

Figure 45. Presence of a symmetry center is a necessary condition for the correct
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construction of this function. It is seen that at T = 300 K the function g(r), . has a
number of peaks at r < 1 nm (Figure 45a). The peak intensity generally decreases as r

increases.
O
8 . . . . .
(@) \

) | K@"

87) pa

U.o 05 1.0 15 2.0
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igure 45. Radial distribution functions of the aluminum film corresponding to temperatures of (a) 300,
0, and (c) 3300 K.

The film structure in the region of stable film sizes is described by the function

O g(r)a_ at T = 1300 K (Figure 45b). Here, the function g(r),._, exhibits two
pronounced peaks at 0.24 and 0.43 nm. The first-peak position is close to the distance

between the neighboring atoms in the bulk aluminum crystal (0.2489 nm). At 3300 K, the

function g(r),,_, retains only one evident peak (Figure 45c). The peaks at 0.43 and 0.65
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nm are weak. Thus, the increase in temperature reduces the number of well-resolved peaks
of the function g(r),,_, and increases the intensity of its first peak.

The behavior of the mobility of Al atoms on graphene becomes atypical as the
temperature increases (Figure 46). The horizontal and vertical components of the self-
diffusion coefficient D were calculated from the corresponding squared atomic

displacements. The horizontal component D, of the self-diffusion coefficient decreases
as the temperature increases up to 1800 K. The component D, , which describes the vertical
atomic displacements, also decreases until the temperature reaches 1300 K. This behawi
of the temperature dependence of components D,, and D, is due to the decre

distance between Al atoms as well as the hindrance caused by graphene.
the component D, of the aluminum film increases, whereas the value of the"cdmponent

D, fluctuates. Q
At these temperatures, the Kinetic factor is dominant in’cor% ith the residual
influence of the substrate in the horizontal direction. T I splacements of Al
atoms are still hindered due to the attraction by the two. \Xphene. The horizontal
component D, of the self-diffusion coefficient incre ificantly when approaching

the experimental value of the Al boiling temperature ( ). The vertical component D,
increases only after reaching this temperg g@

[
1

(10° cm’/s)

-0.2

© 1000 2000 3000
!® 7 (K)

O

Figure 46. (1) Horizontal (Dyy) and (2) vertical (D;) components of the self-diffusion coefficient of
Al film.
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Figure 47. Stress s\ : .
e@wce of the directions in graphene leads to the anisotropy of stresses in

the i ne, i.e., the stresses o, and o, differ significantly (Figure 47a, b). When

%y

the forc using stresses in the film act in the “zig-zag” direction of the graphene sheet,
thewinitial stresses o, are the lowest ones and have the shortest relaxation time. The initial
! ses in the film increase by the factor of almost 2 in the case where the forces inducing
the stress o, are oriented parallel to the “armchair” direction of the graphene sheet. These

stresses relax slowly. The forces acting in the vertical direction induce the highest stresses
o,, in the Al film. These stresses decrease as the temperature increases as slowly as the

7z

stresses o 2y
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Figurg@8: a@ibution functions of the upper graphene sheet at temperatures (a) 300, (b) 1300,
and

The perature changes in the graphene structure are illustrated in Figure 48. The
radial distribution functions of the C atoms for the upper graphene sheet are presented at

! temperatures. Similarly, to the case of the Al film, the functions g(r). . were

constructed for the single atom located most closely to the sheet center. Many well-
O resolved peaks of this function at 300 K indicate the presence of an ideal two-dimensional
crystal structure. Such structure becomes more distorted as the temperature increases. This

is indicated by the disappearance of the furthest peaks of the function g(r). .. For
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example, almost all remote peaks disappear at T = 1300 K. Only three peaks remain at the
temperature of 3300 K. These peaks are shifted to smaller distances with respect to their
position at lower temperatures. This indicates the presence of very dense atomic packings
in the graphene sheet. The long-range order in heated graphene gradually disappears.

The mobility of the C atoms in the plane of the lower graphene sheet fluctuates at T =
2300 K (Figure 49a, curve 2). This behavior of the dependence D, (T) can be due to

detachment of the single C atoms from the sheet corners. However, even at T = 2800 K,
the D,, value for this sheet becomes low again. The D,, value increases simultanegusly

for both graphene sheets only at 3300 K. It is related to the beginning of fract
edges of both sheets. The function D, (T) increases with the temperature for sheets

more gradually although this increase fluctuates. @
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Figure 49. (a) Horizontal (Dyy) and (b) vertical (D;) components of the self-diffusion coefficient of
the (1) upper and (2) lower graphene sheets.
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At T = 3300 K, the vertical mobility coefficient of the C atoms in the lower sheet
increases faster. Although the fluctuations of components D,, and D, for the upper sheet
are weaker than those for the lower one, the former, overall, appears to be more distorted
than the latter.

We will consider how the stresses o, and o, (formed by atomic rows in the “zig-
zag” direction) are distributed in the upper graphene sheet (Figure 50). Even at 300 K
(curve 1), the stresses in the sheet plane caused by the forces in the “zig-zag” direction are
distributed more non-uniformly than the stresses caused by the forces in the “a ir”
direction. In addition, the stress o, has the larger maximum values as compare

stress o, .

!@' 00 05 10 15 20
» (nm)

O Figure 50. Distribution of stresses (a) oxx and (b) o, in the upper graphene sheet over rows of the C
atoms oriented in the “zig-zag” direction at (1) 300, (2) 1300, and (3) 3300 K.
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Since we use the free boundary conditions, the value of the change in stresses o, and
o,, (when passing from one atomic row to another) decreases as the temperature increases. 0 .

However, the decrease in the value of this change is more significant for the stresses o,

(i.e., when the forces act along atomic rows in the “zig-zag” direction). Q
Our simulation showed that a monoatomic aluminum film on the two-layer graphene \
has the high thermal stability. It is provided by the high-temperature stability of the
graphene structure and high absorption properties of graphene. The Al atoms freely meve
over the substrate surface to form a close-packed mono-layer island. The size of ﬂ
film decreases more significantly in the transverse direction (i.e., the “armChair% n

een

with respect to graphene). Below some temperature, the decrease in the di@b

the metal atoms that are bonded with the substrate) reduces both theghog vertical
components of the self-diffusion coefficient of the Al atoms. HWen the film
temperature is near the experimental value of the Al boiling gempér , both components
of the self-diffusion coefficient increase. The stress caus@e byathe itudinal forces (in

the “zig-zag” direction) relaxes in the Al film with the hi )

The stresses induced by the forces acting in tl%l and “armchair” directions
undergo slow temperature relaxation. There is no eXplicif§gorrelation between the kinetic
properties of the aluminum film and gra sheets)The horizontal mobility of the C

atoms sharply increases at T = 3300 K is in agreement with the behavior of the
function D, (T) for aluminum). The verticalgnobility of the C atoms is rather ambiguous.

The stress in the plane of the n@aphene sheet caused by the forces acting in the

“zig-zag” direction changes ( s the temperature increases more significantly
than the corresponding stress ¢ausedjby the forces acting in the “armchair” direction.

(%
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HEATING OF MERCURY ON GRAPHE]\@

burning the fossil fuels. Nowadays, we have not techng t am uniformly control

Mercury is emitted not only by natural processes but, also, b% ctivities such as
mercury from flue gas emissions by a cost-effective criterio

of the 90% mercury

removal by applying a carbon bed adsorption is very®i rbon is impregnated with
sulfur at the concentration about 10 to 15 wt%, an reacts with sulfur as the gas
goes through the sulfur-impregnated carbog, béd to the mercuric sulfide (HgS).
Activated carbon cannot be used to co cur@at high temperatures, because it is

destroyed at 130°C. For this purpose, a ation of the Pd-based sorbents, which are
resistant up to the temperature of 400°C is preposed [321]. The mechanisms of mercury
removal by the gold sorbents and ic sorbents based on MnO, , as well as, across

vanadia-titania SCR catalyst () ed in [322-324].

The above factors make t he activated carbon for removing mercury from the
industrial plants heavy smoke%g be problematic. Mercury is often present in natural gas,
petrochemical, and refinery feed streams. The mercury level in natural gas can reach
about 1.2 x 1@ lume. Mercury can be removed from the regeneration gas by
condensatio &e mercury level in the feed gas is high. Various, methods (including

ener suming) of purification from mercury have been proposed. There is a method
of r i e mercury levels in the mercury-contaminated material using microwave
energy. hene oxide effectively removes the radionuclides (including uranium,
opium, strontium, and technetium) in water even at the concentration of < 0.1 g/L.
aphene is inexpensive, but it is very delicate because of its thinness and difficultly
A ransfer. It is expected that graphene may be put to work in the large-scale desalination.
Mercury in water has been found in groundwater and wells where it is present in mineral

O deposits or where a volcano has been active. Adsorption holds great promise for mercury
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removal due to the simplicity and relatively low-cost of the method, as well as, its
effectiveness to purify water. Now a better way to remove mercury in drinking water is
filtration using activated carbon that allows removing 95 — 97% of mercury in water.

The molecular dynamics simulation method was used to investigate the removal ability
of the Hg ions from aqueous solution using the functionalized graphene membrane [325].
It turned out that the Hg?* ions met a relatively small energy barrier and under using an
external electrical field, they could pass through the F-pore graphene. It was found that
graphene is an ultrafast water purifier [326]. Filters swell in water, but they retain the ability

to allow water molecules to pass through quickly. It is possible to perforate the gr e ﬂ

sheet with holes only 1 nm wide. The holes allow water molecules to pass t
block the salt. A graphene filtration system could reduce costs while shortin
time to get drinkable water directly from the ocean.

On the other hand, graphite and glassy carbon electrodes are wi
for the mercury film electrodes. Such a combination is possible due inertia of graphite
and glassy carbon toward mercury. This minimizes contamimati ercury film on the
substrate. There are opinions that the mercury film deposit phite substrate does
not consist of a uniformly arranged layer of mercury gbutsitgonsists of an aggregate of very
small mercury droplets [327]. This hypothesis needs%@ horoughly checked. On the

e%iltration

potentials that are more positive should be Hised to oxidize the first mono-layer. In this
context, it is of interest to investig hene wetting by mercury.

Liquid mercury does not hite. Indeed, on highly ordered pyrolytic graphite,
the fresh mercury droplets ha\@tact angle of 152.5° [329]. As any other liquid metals

(with surface tensions an 0.18 N/m) do the mercury does not wet carbon

nanotubes [330]. T e tension of mercury is 0.46 N/m. Nevertheless, wetting and
filling of the ifter afities of carbon nanotubes with mercury take place due to the
electrowettin . e effect of electrostatic interactions on the sorption of
hydro or@ater droplets (7,0 = 0.0729 N/m) was investigated in [332]. The
mer ct angle linearly increases with the curvature of carbon nanotube walls.
Theref e internal surface of a nanotube has a higher persistence with respect to

cury than that of the graphene planar surface [333]. Graphene wetting with mercury

: t been studied.
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5.1. COMPUTER MODELING OF STRUCTURE AND PROPERTIES OF
MERCURY FILMS ON GRAPHENE

Environmental pollution with heavy metals is a global problem [334, 335] due to its
detrimental consequences for health [336]. Composite membranes based on graphene for
the accumulation of mercury have been proposed in [337]. The structure and physical
properties of the liquid mercury—graphene interfaces remain unstudied; meanwhile, the
prospect of using graphene as a filter demands study. Liquids with isotropic pair

interactions encounter vibrational interface structures at temperatures close to r% 0‘

point T_, providing that the T, /T, ratio (where T_ is the critical temperat I
The melting point of the bulk mercury is T, =234 K.

Cold liquid metals such as Hg and Ga have low ratio T_ /T4 d 0.15,
respectively. The MD modeling reveals their non-monotonous d@iles near the
liquid mercury/vapor interface [338]. On the other hand, the integfac has a non-zero
thickness that depends on temperature. Calculation of the &r performed for the
liquid/vapor interface with clear allowance for the dep e 'of the density potential.
However, it did not result in satisfactory agreement experimental data on ionic
and electron density distributions orthogonal to the Stgfa on the reflection coefficient

[339].
Theoretical study of liquids of this €

be reproduced satisfactorily. Fhe s re of solid metals in contact with graphene (e.qg.,
deposited copper films) h ied more thoroughly [269].

On a graphene she@ning 406 atoms, 50 atoms were deposited in a random
manner. The r<§ult' J em was then set to equilibrium in the MD calculations with the
period of 2000 eps (At= 0.2 fs). Interatomic interactions in graphene were

represented dified Tersoff many-particle potential [40]. This potential is based
on nc bond order and its modification is described in Chapter 2. The
Sch eger (Sch) and Silver-Goldman (SG) pair potentials were used to describe the
interacti Hg-Hg (see formulas (13) and (14) in Chapter 2). The graphene—mercury

lteraction was represented by the LJ potential with the parameters from [45]. Bi-vacancies
One of the most widespread defects in graphene. The presence of such defects
remarkably enhances the coupling of graphene with a deposited metal. In the present
model, nine bi-vacancies were formed nearly uniformly on the 3.4 x 2.8 nm graphene sheet
[340]. The hydrogenation of graphene results in slight surface ribbing, which also increases
the linkage between the metal and graphene. Preliminary partial hydrogenation
strengthened the graphene edges and stabilized bi-vacancies. A hydrogen atom was

Qo
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effectively added to each boundary atom (including those in the vicinities of bi-vacancies).
More specifically, an entire CH group was considered in considering interactions rather
than the individual H atoms. This group interacted with C atoms [341], other CH groups
[58], and Hg atoms [342] through the LJ potential. Fourteen CH groups were arranged
along the perimeter of each bi-vacancy. Each CH group was described according to the
monoatomic scheme in [341].

The energy U, ,,, of Hg—Hg interaction in the film (which was set after equilibrating

the system with the potential) was one-third of the bond energy in the Hg, dimer
determined with the same potential [342]. The analogous energies U, ,,, for

potentials and energies of the mercury—-graphene interaction U,,, . are givegsi le 13.
® the Sch

potential. The lowest ones correspond to the SG potential. On the nd, the best
cohesion between mercury and graphene was provided by the L@[ . The worst was

obtained by the Sch potential. Xy
Application of the LJ, Sch, and SG potentials_for ry®yielded metal films of

various structures on graphene. The LJ potential yie packing of atoms, while
N0

the SG potential yields more loose and uniform packingNFhere is a tendency toward the
vaporization of atoms at temperatures K for the SG potential. The
configuration of the H—graphene—Hg-fil obtained with the Sch potential is given
in Figure 51 at the instant 200 ps. At this Mgstant, the graphene had a slight ribbing that
could be detected from the deviatio e boundary of the C atoms from the even row of
H atoms. Note that the latter were ng the initial coordinates of the CH-groups. In
this case, the Hg film was quite rm. However, it did not spread over the entire
graphene surface; rather, j nto an elongated drop that was flattened to graphene.
None of the Hg atoms @vhe other side of graphene through a bi-vacancy, though,
several metal a‘om%t uck in defects. The motion of the Hg atoms to the other side
of the graphene ed for two other potentials, though, these penetrations were less
than 0.08 n on&he Sch potential was the one that was best from the viewpoint of
retai he ms on graphene.

It is seen, that the highest absolute values of the energy U, ,,, were opbtai

Tablés8. Energies U, ,, and U, . of a liquid mercury film on graphene for
three potentials

Potentials
LJ Sch SG
UHngg V) | - 0.0236 | -0.0280 | - 0.0011

Energy

Uy c (V) -0.0154 | - 0.0121 | - 0.0148
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\\m obtained at the instant

Figure 51. The configuration of mercury film on the modifieg,gr, e
200 ps; the positions of H atoms correspond to the coordinatgs oups reduced to one point at the

initial instant. >
Due to the thinness of the film, its d @ pro as determined quite roughly and

revealed no oscillations for the mentioned thiee types of potentials. However, distribution
of the Hg atoms over the graphene surface was neither homogeneous nor uniform in the
considered cases. The greatest ten@oward the formation of dense clusters in a film

was characteristic for the syst using the LJ potential for mercury (Figure 52).
There the first three peak e finction g(r) were the highest and well resolved. A

tighter and more comp re was characteristic of the film obtained using the Sch
potential: only ‘the eaks of the function g(r) were clearly resolved. However,
in this case, the as also shown to be very loose. We see that the first peak of the

fungctron " for the bulk liquid mercury [338]. The four first peaks of this film were

distributed

cury.
e radial distribution function for the film obtained with the SG potential had the

ween the positions of the first and third peaks of the function g(r) for liquid

atest (~ 0.17 nm with respect to the position of g(r),,.s peak) shift of the first peak.

O The emergence of the second peak g(r) of this film only slightly anticipated the position
of the third peak of this function for the film formed using the Sch potential.
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Figure 52. Radialdistribution functions of mercury films on graphene obtained with the atomic
calculatio

Th cificity of the system geometry requires individual consideration of the
izontal and vertical mobility of Hg atoms. The behavior of the horizontal D,, and

5 ical D, components of the self-diffusion coefficient of the Hg atoms is shown in
Figure 53. These components were calculated at the time intervals of 40 ps with different
O atomic interaction potentials for mercury. The component D,, grows only up to n=2. At

subsequent time intervals, the D,, usually stabilized or fell inconsiderably. This behavior
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of D,, is due mainly to the initial sealing of the film and the subsequent retention of its
density. The highest values of D,, were obtained using the SG potential while the lowest
values were obtained with the LJ potential. The Sch potential produced the most stable Q V'S

values of D,, at n >2. In addition, these values did not differ essentially from the D,
value obtained with the LJ potential. The vertical component of the atoms mobility behaved Q
differently for all considered potentials. In all cases, the D, value grew non-monotonously.

Finally, the maximum value of D, was reached with the LJ potential. The minimum value
was achieved with the SG potential.

@

Figure 53. (a) Horizontal and (b) vertical components of the mobility coefficients of the Hg atoms in
mercury films on graphene obtained using the atomic potentials (1) LJ, (2) Sch, (3) SG; n is the number
of the intervals, in which coefficients Dy and D, were determined.
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In this context, the situation is inverse to the behavior of the component D, at high

n. Another feature of the D, (n) dependence was determined by the tendency toward

vaporization from the film of atoms for each potential. For all three our model potentials, *
the self-diffusion coefficients were obtained to be lower than the experimental value of D

(15.9 x 10 m?/s at T = 298 K) for the liquid mercury [343]. Somewhat better agreement

with the calculated values of D =D,, + D, was achieved when D was determined via \Q
non-elastic neutron scattering on the liquid mercury (14.3 x 10 m%s at T = 297 K) [344].

Similarly, to the hydrogenation, a mercury film (that forms on graphene) affectsgt®3D \

structure (i.e., its roughness R, ). In calculations, the R, value increases for th

that form for all three potentials (Figure 54). The highest R, values are ¢ &tic of

graphene with a metal film obtained via the Lennard-Jones interaction.he Fg films

created with the Sch and SG potentials have the similar R, esSthroughout all

calculations. However, at the final step of calculation the Ra‘valg g film (formed

as the result of using the SG potential) becomes lower. \\
0‘

10 4

0 i
@ 50 100 150 200

¢ £(ps)
tio

Figure v@e graphene roughness coated by the mercury films obtained using the atomic
als ,

pote ch, and (3) SG.

R (10° nm)

o

Th s of cohesion between the mercury and graphene atoms are weak compared
Gpones between the mercury atoms. Mercury tends toward its natural boundary angle,
@ g is terminated, and mercury gradually consolidates into individual drops. This
phienomenon is largely reproduced using the Sch potential. A tendency toward drop

OA formation is also observed for the LJ and SG potentials. However, in these cases, there are

considerably more individual atoms on the graphene surface, and each drop has a less
distinct profile. For real mercury, the vaporization proceeds at temperatures above 291 K.
Cohesion with the modified graphene does not allow the Hg atoms to detach from the film
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at distances much greater than atomic one at 300 K. However, the tendency toward the
vaporization of Hg atoms is still observed in model systems and is clearer when using the
SG potential.

O
5.2. MERCURY DROPLET FORMATION ON GRAPHENE SURFACE \Q

Modeling the mercury adsorption on the surface requires exact potentials of the Hg—Hg
and Hg—substrate interaction. Potentials presented as pair interactions are usually ‘\
describe adsorption. The Lennard—Jones potential is one of the simplest of tHese:
parameters of this potential were chosen according to the data on the viscosi Seous
mercury [345]. In this section, we consider the behavior of the mercury fi raphene
when the Hg—Hg interaction is based on the Schwerdtfeger in ntial. All
potentials used are described in the previous section.

A graphene sheet is placed on a copper substrate, whi¢h d@ low C atoms to
move vertically downward [346]. Therefore, the motion o X der the influence of
cluster impacts was completely excluded. The copp atewwas the slice of five atomic
layers of the fcc lattice, and the lattice (100) plane se a surface of the slice. This
surface has a square shape, 10 Cu atoms are located a e edge of this square, and the
' en t of size 3.4 x 2.8 nm containing
Band fully fitted into this square. In the chosen
coordinate system, the graphene sheet had“zig-zag” edges along the X axis and the
“armchair” edges, in the direction axis. Initially, all the C atoms have coordinates
z = 0. The substrate atoms werggfi could interact with the C atoms of the graphene
and the Hg atoms of the film{{347]% Boundary conditions at the edges of graphene were
free. This allows investi ability of edges to external dynamic loads. At the initial

state, mercury was pz n graphene in the form of a thin film. The film of mercury on

graphene was $or separate molecular dynamic calculation in two stages. At the
first stage, t s were placed above the centers of nonadjacent cells of the
graphene. Their logations were such that the nearest inter-atomic distance between Hg and

Ca | to 2.30 A. This distance was calculated according to the density-
func thod [337]. On top of this loose film consisting of 49 mercury atoms, 51
dditional®™Hg atoms were deposited randomly. Then the system, which consists of 100

of Hg and 406 atoms of C, was brought to equilibrium in the MD calculation with a

tion of 1 million time steps (At = 0.2 fs). The graphene contained bi-vacancies or

Stone—Wales defects. The graphene edges were hydrogenated, i.e., the model representing

mercury on graphene was almost similar to the one described in the previous section. Each

Stone-Wales defect is a combination of two contiguous five- and seven-membered rings.

When heating was investigated, the graphene sheet that was used to deposit Hg had six
such defects approximately uniformly distributed over its surface [348].
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It is easy to show that the average rate of the system heating is ~ 10! K/s taking into
account the value of the time step, the calculation time, and the addend for the increase in
the temperature [349]. Under these conditions of incomplete structural relaxation of the
system, it may be superheated. In the case of metals, the superheating is aggravated by the 0 L 4
effect of the electron subsystem, which stabilizes the condensed state. Variations
accompanying the heating of the mercury film on graphene are illustrated in Figure 55. The Q
liquid metal film begins to partially separate out of graphene already at T = 300 K. This \
is reflected in the rise of the film edges over graphene and film thickening (Figure 55a).
The atoms of the central region of the bent Hg film are more strongly bonded e ﬂ
substrate and have average minimum distance (created by 12-18 Hg atoms) T, =
nm.
At 600 K, the Hg film is completely transformed into a dropl acting with
graphene (Figure 55b). In this case, the average distance rc"ji,jg eases, to 0.34 nm.

Further increase in the temperature leads to a higher rise of the m%: he droplet mass
over the graphene surface; for example, at 1100 K, " =%. . As the Hg film

contracts into the droplet, the horizontal compone mobility coefficient of
mercury atoms decreases, while the vertical component asses through the minimum
at 600 K (Figure 56). The smooth decreas terizes the rolling of the film into

y
a dense droplet. The behavior of the com nt D, indicates that the process of droplet

formation ends at T = 600 K. The vertical ility of Hg atoms is somewhat enhanced
under a further increase in the tem and a slight increase in the distance between the

droplet and the graphene surfa@

1
1 D 2

™
3 0 \\\ ul’(b )

1

x ™
(11,77) 3 ?\*‘

30

O Figure 55. Configurations of the “Hg film on partly hydrogenated defective graphene” system resulting
from the stepwise heating at temperatures (a) 300 and (b) 1100 K.
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Figure 56. Temperature dependences of @ontal and vertical components of the mobility

coefficient for the Hg atoms. Q
Vertical (scanned al is) density profiles o(z) of mercury at 300, 600, and
1100 K are presentegsi

re 57. The narrow p(z) profile measured at T = 300 K has

two sharp pea& ggest a predominantly two-layer arrangement of the Hg atoms
on graphen@Nr, at T = 600 K, the density profile widens and shifts upward. The

low i itysef the p(z) spectrum at the edges and the higher density of the intense peaks
int i of the spectrum characterize the appearance of a sphere-like formation, i.e.,
a dropletywith a layered structure. This is evident from a large number of narrow peaks in

arity of the formed structure.
At 1100 K the profile p(z) has a length close to the length of the corresponding profile
O at T = 600 K that indicates the formation of a dense droplet of mercury already at the
temperature of 600 K. Because of the uneven peak intensities of p(z) at T = 1100 K, one

%(z) spectrum. The very close location of a number of these peaks indicates the

can conclude that the upper part of the drop is denser than the bottom one.
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Figure 57. Vertical densi @
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r the liquid mercury on graphene at different temperatures.
The g(r) ragiahdi ution functions (Figure 58) (plotted for the Hg atom nearest to

the center of ma liquid mercury) also indicate the formation of a more compact
strugflre =#1100 K than that at the initial temperature 300 K. The g(r) function

refle e spherically averaged structure of liquid mercury including that in the horizontal
lane, e the p(z) function does not do so. Reduction in the number of peaks in the

function at T = 1100 K suggests the formation of an irregular compact structure.

A e, the distances to the first and second-order neighbors are estimated to be r; = 0.29
nmand r, = 0.48 — 0.57 nm, respectively. The experimental values of these parameters

O for the liquid mercury at 300 K are , =0.31 nmand r, = 0.59 nm [347].
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Figure 58. Radial distribution functions calculated hepliqui rcury on graphene at

different temperatures.

Variations in the wettability that acco y mercury film rolling into a droplet are
evident from the temperature depen of the calculated contact angle 9 (Figure 59). The
initial increase in the 6(T) fungti T =500 K) is due to the predominance of the

influence of film heating ov
known that, as the tem
closer to the flat an
begins at 600 #, it
800 K.

the ffect relevant to variations in its morphology. It is
reases, the blunt contact angle of a droplet becomes
ite"a noticeable rise of the droplet over the graphene, which
argtion from the substrate may only be related to the temperature

600 K ends when seven Hg atoms are still located at distances r from
graphien an distance r,.. = 0.3727 nm. The latter corresponds to the minimum

min

of the LJ potential describing the Hg—C interactions. At 700 K, two such cases are
served, while at T =800 and 900 K, they are absent. However, one and two Hg atoms

< rmin

arise at T =1000 and 1100 K, respectively. The average angle 8 = 127.1°,

ich corresponds to temperatures 900 — 1100 K, may be considered to be the contact
angle of the Hg 100-atom cluster on graphene. This angle is noticeably smaller than the
contact angle for a macroscopic droplet of mercury on pyrolytic graphite (straight line in
Figure 59) [329]. This agrees with the common ideas of reduction in the angle @ with a

decrease in the droplet radius.
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Figure 59. Temperature dependences of the contact angles for mer N e and macroscopic
mercury droplet on pyrolytic graphite; the inset shows the time d e 'of the contact angle 4 for
mercury droplet on graphene at T = 600 K.

The Young—Laplace equation gives the_tel

(the pressure across the interface) and thg @

AP =y (1/R

ions etween the interfacial pressure
0 ature

1/R,), (47)

where AP is the inter-facial pfess erence, y is the interfacial tension, and R, and

R, are the radii of curva
The surface tensi @reaﬂy from substance to substance, and with temperature
for a given subdan@n ral, the surface tension of a liquid decreases with temperature
and becomes critical point. The effect of pressure on the surface tension is
usuall egl@ shape of a drop is determined by its radii of curvature R, and R, .
spherical drop, those are equal. The droplet radius decreases as the
turedncreases. A drop disappears at the critical point because there is no distinct
r interface at temperatures above the critical point. When we have a high
al pressure at small values of R, and R, , then a decrease in the compression of the

under its own weight is observed. This decreases the contact angle 6. This behavior
of the function (R, R,) is not always observed, but it is confirmed for mercury droplets
on the carbon substrate. The inset of Figure 59 shows the time dependence of ¢ at 600 K.
It is seen that the angle 6 has begun to decrease noticeably by the end of the calculation at
this temperature.
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The peak at 120°, which indicates the presence of the main elements of the two-
dimensional structure, i.e., the hexagonal honeycombs, dominates in the angular
distribution of the nearest neighbors in graphene at T = 300 K (Figure 60). Additional
peaks arise in this distribution due to the high density of the Stone-Wales defects (penta-
and heptagonal cells). Despite the fact that 1100 K is not a high temperature for graphene
(its melting temperature is T = 4900 K), its structure has already suffered from obvious

changes. The peak at 120° has become significantly wider. Moreover, the intensities of
peaks at 30°, 90°, and 148° have substantially increased.

\00’

These changes indicate the growth of the defects in the graphene structure at T % \

K. The stresses o, and o,, (that characterize the action of the internal horizmﬁ
in the graphene plane) have close values that weakly vary with increase in m ature
(Figure 61). A noticeable difference between these stresses, which is o =300
K, disappears while approaching the temperature 500 K. The values\@f st o,,,» Which
characterizes the action of the vertically directed forces, havcth@ er of magnitude
as the stresses o, and o, . The function o, (T) comx gions of the fastest
variations, i.e., a decrease upon heating to 400 K an under heating over 1000
K. The weakest changes of o, (T) are observed in wrature range 600 — 800 K, in
which the majority of the droplet mass rise r@e.

10 ' ' ' ' ' -

_Tf -

¢ (deg)

Figure 60. Angular distributions for the nearest neighbors in graphene at a high concentration of the
Stone-Wales defects and different temperatures.
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Figure 61. Temperature dependences of the components @sor in the plane of a mercury-

coated defective graphene sheet.

The roughness R, of the graphene d with the Stone-Wales defects increases
fast with temperature (Figure 62). Because offyertical bombardment by the Xe,, clusters

with the energy 30 eV, the graphe ining vacancies and coated with a mercury film
acquires a roughness. It is clos 00 K without the bombardment [40]. The strong

phene is better preserved at a high temperature (T >
performed in terms of the Sch potential than within the

bond between the carbon

1000 K) when the sim

framework of the S
For mercuﬁ/ ocGated on glass, quartz, or sapphire, the prewetting transition is distinctly

observed. T, ence of the metal-non-metal transition noticeably affects the
ther i tructural, interfacial, and dynamic properties of metals. The
conducti ensity dependence for bi-valent mercury may be divided into three regions.

s a polyvalent metal, which is available for study in the liquid state at low

peratures. The critical point of its vapor is characterized by the following parameters:

1751 K, P, = 167.3 MPa, and p, = 5.8 g/cm®. Mercury has the lowest critical

perature of those known for all liquid metals. This fact is of importance from the point

of view of the precise measurement of the physical properties at high temperatures and
pressures.

0.2 1 A - .
__O——::‘: /'O\\\ i @ \
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Figure 62. Temperature dependences of the roughness coefficient for merc 0 graphene with
respect to Hg—Hg interactions plotted with the use of different model§ x I and Sch potential;

temperature is varied by means of heating and vertical bombardme clusters with the

of a discontinuity in the dependence of efagure Jtifference AT = T, —T,i, (i

energy of 30 eV.
The experimental data on droplet evaporatic@rface indicate the existence

denotes the interface) for the vapor press vap [390, 351]. At a liquid—vapor interface,

the temperature is always higher on the side ofthe vapor. This is explained by the fact that
the high-energy molecules are pri vaporated, while molecules with lower energies
remain in the droplet. Reductigh™in ux of molecules into the vapor phase is mainly
observed at high temperat s%ample, for water at T /T, = 0.84 [352]. The value of
the temperature discontifuity Tor water may be higher than 1400 K [56]. Mercury atoms
are 11 times hgavi water molecules. Another type of interaction characterizes
mercury. It may&o t that a mercury droplet remains stable at high temperatures,

because of duGtion in the flux of Hg atoms into the vapor phase; however, the
char ticifeatures of this process differ from the behavior of water.
tability of a model mercury droplet may also be explained as follows. The
interacti tential between two mercury atoms is, as a rule, considered to be a potential
een the highly polarizable closed shells. This permits very low migration of electron
from one partner to another. Thus, this potential is, to some extent, similar to a
A ential function that describes the interaction between atoms of the noble gases. We have

heating using a calculation similar to that described above but performed in terms of the

O proven (using the Sch potential) the formation of a mercury droplet on graphene under fast
SG potential.



134 Alexander Y. Galashev and Yuri P. Zaikov

It was noted that the model approximations that use the pair interaction potentials to
describe the liquid—gas transition for mercury are rough [353]. Experimental gas—liquid
coexistence curves may be precisely reproduced. This proves that the two-atom curves
obtained for the potential energy from the former principles are supplemented with the
many-body potential. Note that such a potential describes the associative interaction of an
atom with neighboring atoms that altogether form a virtual cluster. The liquid—gas
transition for mercury is distinguished by the fact that the local electronic state changes
from the metal to non-metal ones, because of the weakened many-particle interactions and
decreased average coordination numbers.

According to the calculation in terms of the Sch potential, the Hg film r 0
droplet under heating. By the end of the calculation at 600 K, an almost sp g

1

is formed on graphene, and this droplet remains near the graphene surface 00K
When the SG potential function is used, the distance between the d ene fast
increases up to the temperature 1000 K. No significant separatio atoms from
the droplet takes place in this case. Most likely, the Sch a entials give an
overestimated indirect effect of the electron component Ofyt g interaction. That

leads to the high stability of the liquid mercury withgespeeitonits Vapor.
The forces of cohesion between mercury and oms are weak compared to
the ones between the mercury atoms. Increase jn temperature has been shown to cause
gradual rolling of the film into a droplet ion of the droplet away from the

graphene. This phenomenon is largely re ed using the Sch potential. The horizontal
component of the mobility coefficient of Hg s smoothly decreases in the course of this
process, while the vertical comp nonmonotonically increases after the reduction

reached at the temperature 600
The vertical profile of r@ density shifts upward and widens to a size that
corresponds to the diame ormed liquid metal droplet. Formation of the mercury
droplet is accompani %ction in the domain of the radial distribution function and
a decrease in the n rgand intensity of the mentioned peaks of the g(r) dependence.
Increase in t ure accelerates the formation of the droplet and decreases the
conta glé\ In the angular distribution of the nearest neighbors, the intensity of the main
hich reflects the hexagonal cells) decreases. The intense peaks
correspondigg to the angles 30°, 90°, and 148° arise. The stresses in the graphene plane
at are Caused by the horizontal and vertical forces have close magnitudes in the
idered temperature range. The graphene roughness grows fast with the temperature
reaches the maximum value at 1000 K. The hydrogenated graphene edges are not
damaged significantly under heating to the high temperatures. Thus, under fast heating, the
mercury film on graphene is transformed into a droplet with substantial changes in atomic
packing and physical properties.

4
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Chapter 6

REMOVAL OF HEAVY METALS FROM GRA@

Graphene has unique physical properties and energy-band struetureSylt is possible now
to receive graphene of a small size with the help of vario st s. However, there
is a new technology for graphene film production of the s% cm [354]. Graphene
can be used in different membranes due to its highe ilitypand mechanical strength.
As an absorbing material, graphene is an effective age the case of multiple using.
Consequently, the question arises of graphe @ rom deposited substances. In
addition, there was a need to develop an @ > methd for releasing copper from a scrap

of copper-graphene electrodes used in elgefrochemical devices operating in aggressive
environments. Graphene coating on_copper Significantly (by one and a half orders of

magnitude) increases the metal resij to electrochemical degradation. The copper has
a significant practical interest.
The surface pollutions hgne are removed by ion beam [355]. The bombardment

with the cluster beam b effective method of graphene cleaning. However, it is
important to find t reet bombardment energy to avoid the damage of the graphene
membrane. Md¥ u@amics simulation of plasma interaction on a graphite surface has
shown that t ite surface absorbs the most part of hydrogen atoms when the energy
of thegi id@m is 5 eV [356]. At the same time, almost all hydrogen atoms are
reflgcte e surface at the beam energy 15 eV. Vertical bombardment by the Arg
clusters witiPkinetic energy E, < 30 eV executed in the MD model does not result in the

k of graphene sheet during 100 runs [357]. Graphene is broken at E, =40 eV.

e ion track lithographic method uses the passage of energetic ions through nanoholes
in the mask and subsequent bombing of the graphene sheet only within a limited
nanoregion. It is important to investigate in detail the entire lithographic process to predict
how nanostructures can be produced in the suspended graphene sheet using this method.
The present study will contribute to achieving this goal. Controlled ion parameters obtained
in our simulation will be used to obtain desirable defective structures. No experimental

\00’

&
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studies have been performed so far to produce such cluster ions by irradiating the target
containing graphene. Furthermore, it has been shown that the theory of irradiation effects
for bulk targets does not always lead to satisfactory results for the low-dimensional
materials, such as graphene [358, 359]._It is obvious that an atomically thin target of
graphene requires explicit consideration of the atomic structure [281, 360].

The trace amounts of metals always occur in the natural biosphere. Their presence even
in a low concentration requires rapid oxidation. It is since metals in higher concentrations
and products in low oxidation states can be toxic and dangerous. Unfortunately, the
difference between the admissible and dangerous concentration levels is small [36 :
Such, PbS belongs to the most frequently occurring trace compounds in nature se
in electrical batteries, small arms, X-ray units, and as a pigment in do icWmetallic
mixtures. Detection of industrial lead in the environment is of considera@o ance.
Until now, lead has been determined by various methods such as spec 0 try [363,
364], liquid-liquid extraction [365, 366], turbidimetry [367, 36 electrochemical
measurements [369]. Some of these methods are inaccuratébe f the low limits of
detection and harmful solvents. In recent years, the solid-pha tion has been used
for determination of the Pb traces. The trace amountg,o i ous media are detected

The negligibly small amounts of heavy metal amoved from air and water using
filters with graphene membranes. Howev: the filters should be subsequently
cleaned for removal of a metal deposit. as a low energy of adhesion with perfect
graphene (0.2 eV) [370]; however, the binding,energy of Pb atoms with graphene at a bi-
vacancy boundary is very consider 4 eV) [371]. A heavy metal film can be removed
from graphene by bombardin e Jatter with noble gas clusters [193, 372-374].
Simulation of a cluster bombakdment process showed that the energy transferred upon the
impact should be entirel a critical region near the surface in order to obtain the
maximum effect [375:37%]. The experiment was implemented with the incidence of a
beam of Xe at@ms urface of graphite at an incidence angle of 55°. It was found
that the ener N d to the phonon modes of the surface is approximately 20%
smaller an@ e case of a vertically directed beam [378]. In this case, the Xe atoms

e smooth surface of graphite even at energies of several tens of eV,
of ghe cluster beams used were much lower than the energies of beams in the
oriented to sputtering of a bombarded substance.

ercury is the only metal among the most abundant ones that remains liquid at the

temperature. Study of the mercury adsorption on activated carbon was, as a rule,
carried out experimentally. There is a limited number of theoretical studies concerning this
theme. Steckel [379] investigated the interaction between elemental mercury and a single
benzene ring in order to explain the mechanism, through which the elemental mercury is
bound with carbon. Padak et al. [380] investigated the effect of different surface functional
groups and halogens (that were presented on the surface of activated carbon) on the
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adsorption of the elemental mercury. It has been established that the addition of halogen
atoms intensified the mercury adsorption.

In [381], Padak and Wilcox have demonstrated a thermodynamic approach to the
examination of the mechanism of binding the mercury and its capture in the form of HgCl
and HgCl; on the surface of activated carbon. The energies of different possible surface
complexes have been determined. In the presence of chlorine, the mercury atoms strongly
cohere to the surface. In the case of dissociative adsorption, Hg can undergo desorption,
while HgCI remains on the surface. The compound HgCl, was not found on the stable
carbon surface [382]. Understanding the mechanism of the mercury adsorption e
activated carbon is important for the development of the efficient techno
capturing mercury.

Mercury is one of the most toxic heavy metals, and its presence is due t ination
of natural processes (volcanic activity, erosion of the mercury-contai e nts, etc.)
and anthropogenic activity (extraction of minerals, pollution fr leather-dressing
production, and metallization of objects). Adsorption is comid%ﬁ one of the most
efficient and economical methods of removing mercury fr e rand air. Recently,
graphene membranes began to be used for capturing syp amounts of substances
[383]. The repeated application of graphene in tequires its non-destructive

cleaning from the adsorbates.

The removal of metals from graphen ed by its irradiation by a beam of
rare—gas clusters [193, 346, 372, 373, 3 . The use of cluster beams for the surface
cleaning is more efficient than the applicatiofyof ion beams to this purpose. In this case,
the energy of a cluster grows in pro to the number of atoms in the cluster at the same

focusing systems. Bombardment usilig cluster projectiles proves to be much more sparing
in comparison with the
penetrate the target s
beams will make it

velocity of the projectile and, Q isglossible to avoid large optical aberrations in the

bardment. It is since the cluster projectile cannot

as'an atomic analog. In the prospect, application of the cluster

e to create a number of fundamentally new technologies of the
velop a new generation of ionic sources.

surface cleani
In this c@ present the investigation on the thin metal (Cu, Pb, Hg) film stability
on the noble gas (Ar; or Xe,;) clusters bombardment with the kinetic

energies 5, 20, 20, and 30 eV and incident angles of the cluster beam 90°, 75°, 60°, 45°,

6.1. METHODS AND CALCULATIONS

Below, we present a computer model of a copper film on graphene and the used scheme
of its bombardment by clusters Ar,,. The models of Pb and Hg films on a graphene
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substrate were created in a similar way. The bombardment of these targets was carried out
by the Xe,, clusters. The graphene sheet is placed on a copper substrate, which contained

1000 Cu atoms. The bombing target was built as the model described in Section 5.2. The
target obtained in this manner was subsequently bombarded with icosahedral Ar,, or Xe,,

clusters during 1 ns. A schematic diagram of the inclined bombardment of the target with
Xe,; (Ar;) clusters is shown in Figure 63. The figure reflects the cluster bombardment

of the mercury film on graphene. A similar bombing scheme was used to remove Cu and

Pb atoms from graphene. E

Hg

0 X a ne

Figure 63. A schematic diagram of the inclined rdment of the target with Xess clusters; mesh
nodes define the starting location of inert gas clusterSyat regular intervals, Xe atoms of the destroyed
cluster are removed from the system, an cluster Xeys appears in the next node of the grid.

In the case of vertical bo 6 = 0°) the virtual rectangular two-dimensional 5
x 5 grid covers the graph he virtual grid is lifted over the graphene sheet at a
distance of 1.5 nm. Ev ridgode gives the initial position for Ar,, cluster living 8 ps.
The lifetime ir@lud@ flight and time of interaction with the target. After this time,
the Ar atoms of ed cluster were excluded from consideration and a new cluster
Ar;; was launched fhom a different point cluster sources.

clined bombardment, five starting points for placing the centers of the
ere uniformly spaced apart on a line parallel to the y axis (“armchair”

. This line was displaced to the left (along the x axis) from the left edge of
ene by a distance of 1.5 nm and raised to such a height (in the direction of the z axis)
ovide an effective impact to the copper film. Interval equal to the L, length of the

graphene sheet in the axial direction (the “zig-zag” direction) was divided into 25 equal
segments of length L, =L, /25. Five-point cluster sources moved horizontally forward at

a distance L; at the beginning of each cycle (except for the first). As a result, the graphene
sheet was covered with 125 evenly spaced points for the target cluster impacts.

\00’

4
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The calculations were performed by the classical molecular dynamics method. In this
study, we used three types of empirical potentials describing the carbon-carbon (in
graphene), metal-metal, and metal—carbon interactions. Representations of the interactions
in graphene were based on the use of the Tersoff potential [40]. The Sutton—Chen potential
was successfully used for simulating metallic (Cu, Pb) films on graphene [44]. The
Schwerdtfeger pair potential was utilized for the description of Hg—Hg interactions [45].
The simulation was performed with the Cu—C Morse potential [47]. The lead—carbon,
mercury—carbon, argon—argon, and xenon—xenon interactions were given by the Lennard-
Jones potential [48-51]. The Morse potential was used to describe the inter ns
between the Pb or Hg atoms and the substrate Cu atoms [52, 53]. The interactio ee
the noble gas atoms and the atoms Cu and C was determined by purely repulsi oliere
potential [54]. A similar repulsive ZBL potential was used to describe inter@e ween
Pb, Hg, C atoms with Xe ones [56].

Defects substantially enhance the adhesion of metals to grap N he most frequent
defects in graphene are bi-vacancies. The sheet of grapheneﬁse@ eposition of lead
had four bi-vacancies rather uniformly distributed over it \ aphene sheets with
copper and mercury films did not contain the pointee ogenation was used for
strengthening the bi-vacancy edges and boundaries@groups formed at the edges
and sites nearest to the bi-vacancy center Were@ n accordance with the mono-
atomic diagram [58]. The C-CH and ctions were represented by the
Lennard-Jones potential. The partial fu alization of graphene in the form of the
addition of the hydrogen atoms to its edges ilizes the structure without leading to an
increase in interatomic distances a@wout creating roughness over the entire surface.

The parameters of all the pote@ ed/are given in Tables 1-6.

Q 6.2. COPPER

*
There is surface cleaning after vertical bombardment at energy 5—20 eV.
Bomb e@t e 10 and 20 eV energies gives significant damage of graphene edges
up ta’'kn carbon atoms. The copper film becomes looser, and cuatoms form a

column. Thelgraphene sheet is partially cleaned of copper atoms after bombardment with
e energy 20 eV at the incident angle & = 75°. Graphene is almost cleaned of cuatoms at
gles @ =45° and 8 = 60°. In every case after finishing of inclined bombardment, the
hene sheet together with the substrate is removed in parallel or perpendicular (down)
direction with respect to its initial position. It allowed one to remove copper from graphene
totally only after bombardment at 45°. In the case of bombardment by the method of the
“nap of the earth” flight (incident angle 0°), a big amount of metal atoms is still on the
graphene surface when the emitted cluster energy is 10 eV. However, the number of copper
atoms is reduced at the energy 20 eV (Figure 64).

\00’

4
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1.2
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Figure 64. The configuration of a system “copper film on the grapHene Shee he copper
substrate” bombarded by Aris cluster with energy 20 eV during final acts cycle at the incident
angle 6 = 90°.

At any cluster incident angle, the mobility of Cu n the horizontal plane exceeds
considerably (in order) the mobility of o e al direction. After the first cycles

of cluster impacts, there are high values components, especially, at the incident

Xy
angle & =60° (Figure 65a). It seems reasonable®because the copper film has not yet adapted
to the bombardment. The more int luctuations and significantly higher D,, values

testify continuous fast destru¢tion e copper film during the clusters impacts at the
incident angle 45°. Theﬁ ponents D, of the self-diffusion coefficient of the

copper film have m@ same behavior as D, (n) function (Figure 65b).

Stresses in‘

e of copper film at every bombardment have extensive fluctuations,
& during the last impact series. At all incident angles excluding 6 =

which beco
909, are considerably higher than o, and o,, ones. At & =90°and energy

of 1 , thgfstress components o,,, o,,, and o, for metal film in the horizontal plane

X!
e comparably low values during the whole run (Figure 66a, o,, is only shown). For the

20 eV at the initial target bombardment (n < 10), there are significant fluctuations

of all stress components in the horizontal plane. The o,, component has the most intensive

fluctuations. Such fluctuations at the 20 and 30 eV energy of the bombarding clusters are
connected with impacts of the Ar atoms compressing the film and knocking out Cu atoms.

The fluctuation size of o,, value is further decreased because of metal film loosening in
the vertical direction.
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Figure 65. (a) H x
for seri b@ve ts by Ar, clusters at kinetic energy 20 eV and different incident angles: 1)
I

45°, @) 60 s the cycles each of 5 impacts.

On ontrary, stress distribution in the graphene sheet does not almost depend on
irection of the incident cluster beam. The copper film mainly weakens cluster impacts.
re 66b shows the stresses distribution in graphene between the rows in the “armchair”

direction under the Ar; cluster bombardment with energies 10 and 20 eV at ¢ = 90°.

Because of strong shot-interacting bonds in graphene, there are no essential differences

between stresses values of o,, o, and o, for series of cluster bombardment with

energies 10 and 20 eV. The stresses o, and o, are uniformly distributed in the plane of
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the graphene sheet. For both energies, the maximum o,, stress in this area of graphene

sheet exceeds by 4-7 times the maximum values of o, and o, stresses. It is connected
with impulses transmitted to graphene from the Ccu atoms, which they get because of Q ¢

interactions with the Ar ones.
5 0 T T T T \Q

! kD"
& !
0 I aa/ zﬁ‘_ﬁ\ﬁ_}g._ﬂ-]f_:\.——ﬁ:ﬁ:‘;ﬁ\ﬂFﬁ“*ﬂ-"“‘"""&i‘ -

A TR «
e .

RX4

O Figure 66. (a) o, stress in xy plane of the metal film and (b) o, stresses distribution in the graphene
sheet by the rows of C atoms along the “armchair” direction for bombardment series by Ar,; clusters

at the incident angle 6 = 90° with energies: 1) 10 eV, 2) 20 eV.
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Figure 67. The roughness of the graphene surface at the bombard
sheet with the copper substrate” system by Ar,, clusters at

10 eV, 2) 20 eV, 3) 30 eV.

The graphene roughness increases si
depend on the incident angle and energy

limit significant growth of roughness. The ro

monotonically during bombardme
increase of R, is slow with

Qe
m\xtal film on the graphene
@t gle & = 90° with energies: 1)
Qend of bombardment. It does not

15 Clusters’ beam. Rigid bonds in graphene
ness R, of the graphene sheet rises non-

re 67). When the clusters energy is 10 eV, the
. There are considerable fluctuations of R, (n)

ge of 10 <n< 25 when energies are 20 and 30 eV.

function especially in the
The decrease of the initialgrowth of roughness in the case of energy 20 eV is connected
q

atoms.

6.3. LEAD

with the redugtioa R, value because of the smoothing effect. At the final
bombardment A,

it not tir@

cluster flies rather low over graphene surface and “polishes”

!%vestigation of the influence of the incidence angle of clusters Xe,; on the result of
the bombardment of a lead film on graphene showed that the best degree of purification of
graphene is achieved at the angle 8 = 60° [386-388]. This case is considered in this section.
As aresult of bombardment with the 5 eV clusters, the film of Pb remained on the graphene.
In this case, a small part of metal atoms was knocked out from the film, and the film itself
was bent to keep contact with graphene only in its middle part; that is, the film edges
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became raised. Bombardment with the beam energy of 10 eV led to the complete separation
of a Pb film from the graphene. Only an insignificant part of the Pb atoms was knocked
out from the film, and the major portion went away in the form of a dense cluster.

In general, the similar behavior was also observed in the bombardment with a beam
energy of 15 eV (Figure 68). However, in this case, the major portion of the film was
immediately detached away from graphene to a small distance. Since it was conically
shaped and expanded upwards, it was forced to remain in this position until the end of the
Xe,5 Clusters bombardment.

Figure 68. Configuration,of theylead film—partially hydrogenated graphene system after bombardments
at the incidence apgle ith Xe,, cluster energy 15 eV.

We foum\e further increase in the cluster beam energy did not facilitate the
rem ft ilm from graphene. Thus, as a result of bombardment with the energy
of 2 , thelfilm was not separated from graphene with the loss of a portion of individual
knocke atoms. Two atoms were stuck in bi-vacancies, and they helped to retain the
on graphene by attracting other Pb atoms. The film had close contact with graphene
center. The film edges were elevated. Using the 30 eV Xe,; clusters crushed the

film of lead and pushed several Pb atoms through bi-vacancies. A small lead cluster was
arranged at the front edge of graphene without loss in binding with the base layer. Since
the hydrogenation, the graphene edges remained intact even after bombardment with the
energy of 30 eV.
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Figurg’69. ea@ensity profiles obtained in the course of the cluster bombardments of a target
i t

with ergies; the Level h = 0 corresponds to the vertical mark of the presence of the C atoms
in graph

30eV

%gure 69 demonstrates the vertical profiles of density. Bombardment with the cluster

gy of 5 eV left a sufficiently monolithic film on graphene. Moreover, in the course of
bombardment, the Pb atoms (located in the lattice dimples of the honeycomb type formed
by the C atoms) retained their positions as it is evidenced by the sharp peak at 0.237 nm.
A small number of single atoms descended into bi-vacancies or moved away from the film
as confirmed by the presence of separate low peaks.
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Approximately the same pattern of the arrangement of Pb atoms was observed at 10
eV energy of the Xe,; clusters. The film thickness increased due to swelling under the

impacts of the clusters, and the number of separated Pb atoms increased. At the end of the
bombardment, the film separated from graphene and fast moved away to the distance 0 ¢

greater than 1 nm. The new film position is not reflected in the p(z) profile.
The fast rise of the entire film at the distance r > 0.3 nm over graphene occurred at the Q
energy 15 eV of the clusters bombardment. The density profile in the whole was shifted to \

the right. At the cluster beam energies Ey, > 15 eV, the film was either unseparated from

the graphene (20 eV) or broken into separate pieces (30 eV). At the energy of ﬂ
noticeable number of the Pb atoms were pushed through bi-vacancies, and singléiscat

Pb atoms were present too. Penetration of the lead atoms to the reverse SI hene
was insignificant at energies of 30 eV. In this case, the knocked-put fi moved

away to the distances greater than 1 nm, and they are not seen in the%a(z) psofile.
The horizontal component D,, of the Pb atoms mowity%t decrease as the
wever, the value of

energy of bombarding clusters is increased up to 20 eV (Fm :

D,, sharply increases under cluster energy 30 eV. T to change in the nature
of deformation in the film of lead under the acti cluster beam. The vertical
component D, of mobility of the Pb atoms exhibit significant lift at a beam energy

30 eV, but it manifests a sharp burst a
detachment and fast removal of the major po
the vertical component of mobili
magnitude than of the horizontal

The curves of D, (Ey.) (@nd

gnergy 10 eV. This burst is caused by the
ion of the film from the graphene. In general,
the Pb atoms is lower by almost an order of

w ) for the C atoms in graphene (Figure 71) are
mainly consistent in s}@ alogous curves for the Pb atoms (Figure 70). The
presence of the local under E,, =15 eV at the place of the local maximum in the
curve D, \V hene is the exception. Furthermore, at low energies (E,, < 10

eV) the valﬁfe are even higher than those at the energy E,, = 30 eV when the Pb
dimples produce local pressing and decrease mobility of the C atoms
in the ‘horizontal directions. The burst in the function D, (E,,) at E,, = 10 eV for

hene is impressive the same as that is in the analogous function for lead. This is most

@indicaﬁve of the fact that the impacts of Xe1s clusters, which caused the detachment

A fast withdrawal of the film, arrived directly on the graphene surface. The Xei3 atoms
were scattered upward. The loosely lying Pb film was pushed in the opposite direction and
removed from graphene. An insignificant increase in the value of D, for the C atoms at
the energy E,, = 30 eV is related to the presence of the rigid C—C bonds and absence of
the graphene integrity damage.
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Figure 70. Horizontal ny and vertical D, components of the coefficient of%@oms

obtained as a result of the entire bombardment as functions of the energy of bo ding®Xe,, clusters.
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graphene as fuCN energy of bombarding Xe,; clusters.

study of the evolution of the stresses o, o,,, and o, in the cases of removal of

Pb film from graphene (Ey, = 10 and 15 eV) showed that their smooth relaxation

ed only during the first series of impacts. Already in the course of the fifteen cycles

of impacts, strong changes in the stresses created by horizontal forces (o, and o, ) were

observed, especially, at the final stage. In this case, the stress created by vertical forces (
0,,) increased much more intensively. After 100 cycles of bombardment, the stresses o,

and o, became even more significant. Over the course of this series, the stresses o,

[=]
h

T
D (107 m'/s)
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strengthened almost continuously. In general, the stresses o, , o,, , and o,, in graphene

x ! 7y !
obtained after 100 cycles of impacts were no higher than the stresses resulting from the
five cycles of bombardment. In other words, in the course of the entire bombardment,

increase in the local stresses in graphene was not observed. Note that the value of the
stresses ¢,, created by vertical forces was much greater (by the factor of ~ 2) than the

stresses o,, and o,,, which appeared due to the application of horizontal forces.

7y !

=54

o (GPa)

ZiE

=10 1

=151

Figure 72. Basic stresses (1) o, (2) 0,, and (3) o zpin the Pb film obtained as a result of the

complete bombardment as functions of t y of bombarding Xe,, clusters.

In view of a specific sha kentby the film of lead after bombardment with an energy
15 eV, the final stresses @, anel o,, in the film were considerably different from analogous

ones obtained ajter ents with other energies of the Xe,; clusters (Figure 72). At
the same time, t}\ o o, (Ey, ) hasasmooth shape; that is, the value of o, at Ey,

y different from the values of this stress obtained at other E,,. All

=15 e\Lis @V
thesg(th €5ses have values of the same order of magnitude (in the majority of cases,
the absglutgivalue of o,, is somewhat greater) with the exception of the value of o, at

=15eV.
ependence of the resulting stresses o,,, o, , and o, in graphene on the energy E,,

only partially correlates with the behavior of analogous characteristics in the Pb film
(Figure 73). Only the behavior of the quantity o,, is similar in many respects to that of the

corresponding stress in the metallic film. Here, the dip of the curve of o, (E,,) into the

region of negative values was also observed at Ey, = 15 eV. However, the o, value did
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not reach positive values at E, = 20 eV, as was the case in the lead film. The function

o,«(Ex) Was characterized by a smoother behavior, whereas the function o, (E,,.) for
the Pb film exhibited this property. The function o, (E,.) for graphene exhibited a
maximum at Ey, =15eV. The largest negative stress (o, ) caused by the horizontal forces

in the direction of the y axis appeared at E,, =5 eV, and stress of the same sign from the
vertical forces (o, ) appeared at E,,= 15¢eV.
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Figure 73. Basic stresses (1) o,, (2) azm 0,, in graphene obtained as a result of the complete

bombardment as functions of the e@

arding Xe,, clusters.
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Figure 74. Dependence of the roughness of the graphene on the energy of bombarding Xe,; clusters at
the incidence angles of (1) 0°, (2) 60°, and (3) 90°.
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As arule, the roughness of graphene R, almost does not increase with the energy E,
of the bombardment of a target at the angle of incidence 8 = 60° (Figure 74). The maximum
roughness reached at E,, = 10 eV was caused by the early detachment of the Pb film from
graphene. As a result, graphene directly took a great number of the impacts of Xe,,
clusters. Figure 74 compares the function R, (Ey,) at & = 60° with analogous functions
obtained at incident angles of 0° and 90°, i.e., with the vertical and horizontal directions of
bombardment. The difference in the roughness of graphene subjected to the uniform (in
terms of Xe,; cluster energy and intensity) bombardment with different an of
incidence can be greater than 40% (at E,, = 10 eV). The smooth function R, X%
obtained under low-level bombardment. In this case, the roughness maxim@&

at E,, =15eV. Q
o
6.4. MERCURY \\

At the temperature of 300 K, mercury is in the Ii(melting point T, = 234 K).

If the attraction forces between the Hg atoms excged orces of cohesion of the mercury
film with graphene, the film contracts int le rder to investigate the opportunity
rolling the film into the droplet, we ca t the MD calculation of the Hg film on
graphene at T = 300 K using 10 million§time steps in the absence of the cluster
bombardment. As a result of this ca ion, a drop of mercury on the graphene sheet close
to a spherical shape was obtain is,£ase, a substantial part of the lower surface of the
drop (that is in contact with{grapene) was flat. Thus, the film of mercury (that was
simulated based on the er interaction potential) has a tendency to roll into a
drop. The cluster bo ent’using 125 impacts with the angle of incidence 0° did not

ched

lead to any signific oval of mercury from graphene at all energies of Xe,; clusters

in the range . As a rule, more than half of the Hg atoms after the completion
b%t etained near the graphene, as before it.

ent at the angle of incidence 45° was considerably more successful [63,

his case, the beginning with the energy of the beam equal to 15 eV, graphene

s almost completely cleaned off the mercury. Only single atoms could remain connected

e graphene sheet; moreover, the majority of these atoms were retained at the edges

e sheet. The remaining atoms of Hg were scattered far beyond the limits of the

graphene sheet predominantly in two directions (in the horizontal direction at a sharp angle

to the axis ox, and upward). As a rule, the Hg atoms were knocked out from the film one

by one and less frequently in the form of dimers and trimers. However, at the energies of

the cluster beam Ex. > 15 eV, there was always a drop of mercury separated from the
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graphene. Increase in the angle of incidence of the Xe;; clusters to 60° led to the removal

of mercury from graphene at the energy of the beam of 10 eV (Figure 75). A subsequent
increase in the energy of the cluster beam at 6 = 60° did not give the desired result: graphene
was not cleaned off the mercury.

z (nm)

imperfect graphene sheet after bombardment by aagam of Xe,, clusters at the angle of incidence 60°

and the energy 10 eV.
Figure 76 shows the depe he mercury internal energy U, and the energy

of mercury-graphene interagtio “ng ON the energy of the incident cluster beam at angles
@ =0°, 45°, and 60° is seen from the figure, from 3% (in the case of E,,=5¢€V) to
1% (Ey 215 W ergy of the cluster beam is transferred to mercury. Hence, from
97% to 99% .efpt energy is scattered in the graphene and substrate. This result
agreesgiith the data of [392]. Rebound velocity demonstrates that graphene absorbs a
conside nt (up to 97%) of the energy of the impacting particle.

The ideg’of using graphene for the energy dissipation of indenter was proposed in
93]. The mercury film on graphene has the highest U, value, i.e., it has the lowest
@ ty when the bombardment is carried out at the angle & of 0°. However, in this case
the energy U, has the smallest value, i.e., the Hg film is more strongly bound to
graphene than at the angles of incidence 6 = 45° and 60°. Attenuation of the bond between

the Hg film and graphene (when the energy of the cluster beam increases at the angle of
incidence 6 = 0°) begins at E,_ = 15 eV. The bond of the Hg film to graphene disappears

for almost all energy values at the angles 6 of 45° and 60°.
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Figure 76. Dependence of t@ion energy (a) Hg—Hg and (b) C—Hg of mercury film laying on
c

graphene on the e‘nerg ter beam at various incidence angles of the Xe,, clusters: (1) 8 = 0°,
(2) 6=45°and (3)G=

a@ incidence of the xenon clusters increases, there occurs an increase in

iffus 101 coefficient of mercury atoms; especially, this is noticeable moving from

the angle 6 2745° to the angle 60°. The lowest value of the self-diffusion coefficient of Hg

st is observed under the vertical bombardment with the energy 5 eV of Xeis clusters
k

e 77). At energies E, >10 eV and at the angle of incidence 8 = 0°, there is a very
dependence of the self—diffusion coefficient on the energy of the falling clusters.

A The similar weak dependence is manifested in the entire range of cluster energies at
O the angle of incidence 6 = 45°. At the angle 6 = 60°, the D(E,.) function has the deep

minimum at 15 eV. The origin of this minimum is most likely connected with the fact that
the bombardment with such energy of clusters provides the faster formation of a droplet
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from the mercury film. The Hg atoms can be kicked out only with difficulty from this film.
Except for this specific feature, no significant changes in the behavior of the coefficient of

self-diffusion is observed under the variations of the energy E,, with the angle of incidence
0 =60°.

Dependences of the stresses on E,, in the graphene plane caused by the horizontal
(Figures 78a, 78b) and vertical (Figure 78c) forces exhibit a complex behavior, which is
different for different angles of incidence. As arule, the stresses o, created by the vertical

forces are noticeably higher than the stresses o, and o,, that appear due to the actien of
at

the horizontal forces. At cluster energies E,, (that lead to the detachment of t?@ i
of Hg atoms from graphene), the stress has relatively low values. Recall th oeeurs
energies E,, >15eV at the angle of incidence 45° and at E, =10 eV %’9 =60°.

The roughness R, of graphene increases continuously in the, course of cluster
bombardment. The inset in Figure 79 gives a representation of t nction variation
in time in the case of bombardment with the energy of Xeig¢l eV at the angle of
incidence 0°. The bombardment has a significant effect & ness of graphene. The
magnitude of R, increases by 20 — 40%, even as ar the bombardment with the
energy of clusters equal to only 5 eV; the effect i§,strofgest at the angle of incidence 60°.
The form of functions obtained under dif a f the energy of the Xe clusters is
shown in Figure 79. It is seen that the bombar@ment at the angle 6 = 45° leads to the lowest
R, Values. Thus, after this bombardment at thedbeam energy equal to 30 eV, the R, value

proves to be below the appropriate cteristics that correspond to the angles of incidence
of 0° and 60° by 9.6% and 11.8%, r ively.

e v
-
o N EEE LR o
2 A A
0

EXE (eV)

Figure 77. Self-diffusion coefficients of the Hg atoms calculated for the cases of the bombardment of
the target at the angles of incidence (1) 0°, (2) 45°, and (3) 60° depending on the energies of the cluster

beam E,,.
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re 78. Components of the stress tensor in graphene ((a) o, ,

(b) o, (c) 0,,) obtained for the

cases of the bombardment of targets at the angles of incidence (1) 0°, (2) 45°, and (3) 60° depending on

the energies of the cluster beam E,, .
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Figure 79. Roughness of graphene obtained as a result of bom s of the target at the angles of
incidence (1) 0°, (2) 45°, and (3) 60° at the energies of the ¢ r o ; the inset shows the
change in the roughness of graphene in the cour b ment of the target by Xe,, clusters at
the angle of incidence 0° and at the energy of t r beam of 15 eV.

6.5. EFFECTIVENESS O G@STER BOMBARDMENT METHOD FOR

REMOVI Y METALS FROM GRAPHENE

All graphene-b ices must unavoidably be electrically contacted to the outside

world by metab JGraphene films can be made by catalytically decomposing the
hydrocarbon % over thin films of copper. Wrinkles in a graphene film have a
i 'm@ ectronic properties by introducing strains that reduce the electron
e final product must be a single-layer graphene film. Graphene-based
uld be used to capture carbon dioxide from certain industrial processes, such
coal burning, and there to reduce greenhouse emissions. Graphene could remove cheaply
sily salt from the seawater. With properly sized holes, graphene sheets may be able

rve as all-purpose filters.
The present study is expected to provide predictive design capability for controlling
the surface patterns and stresses in nanotechnology products. For example, the improved
understanding could help to make biocompatible surfaces for medical devices. When the

argon ions hit the copper surface, they penetrate it knocking away the nearby Cu atoms like
billiard balls in a process that is akin at the atomic level to melting or evaporation.
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We carried out the bombardment of graphene by the argon clusters with low energy in
the way not to damage the graphene when cleaning from the metal. The cluster
bombardment with significantly higher energy can cause sputter of material with covalent
bonds as observed when Si is bombarded with 15 keV C{, [394]. In this experimental

work, the incident angle is increased from 0° to 60°. Hill and Blenkinsopp [394] observed
a higher sputter yield of Si at 45° than at normal incidence angle. The molecular dynamics
simulations [395] of the bombardment of a silicon crystal with Cg, are used to understand

|
However, for the angle of 45° the MD simulation more energy is deposited near the s
creating the larger Si yield [395]. Thus, the incident angle of 45° is, also, the WJ rable
at sputtering the material with a covalent bond under irradiation of -energy ion
beam.
Because of its plasticity and due to a large loss of atoms the %ﬁ the copper film

*
relax rather quickly (especially o, ). Local stresses in gr h\ n order slowly due
e

to the presence of the hard bonds and do not disappear he bombardment. This
indicates its crystalline nature. The presence of the %ses even in thermodynamic

equilibrium is a characteristic feature of ordinary thr sional crystals. Instability of

carbon atoms in the projectile become deposited in the substrate by forming the S&

two-dimensional crystals with respect to t t of atoms in the third dimension
is well known and experimentally ex in a rippled graphene surface. Cluster
bombardment of the target greatly enhancé§ythis instability and ultimately leads to the
surface topography characterized large (with respect to the R, value of non-

bombarded graphene) roughne
Calculations using the de@nctional theory for the main crystallographic planes

of a number of metals g, Au, Cu, Pt, and Al) predict weak binding to

graphene [396]. Ho ere is a group of metals such as Ni, Co, Pd, for which
substantially sto g@ing occurs due to hybridization between graphene and d -metal

states. Therefore, ults obtained here for the Cu-coated graphene are also valid for
the cl b@ment of a graphene sheet with deposited noble metals or aluminum. At
the sam , 1L 1s not critical how the metal is placed on the graphene sheet. However,
the ene the cluster beam necessary for graphene cleaning may require some

justment due to significant differences in masses of the elements.
is of interest to compare the results of the study of removing the films of copper and

(by the bombardment with clusters of rare gases) with the present investigation of the
graphene purification from mercury. The different mechanisms of the detachment of these
heavy metals from graphene during the irradiation of the target by a cluster beam should
be noted. In the case of the bombardment of the copper film with Arys clusters, separate Cu
atoms are knocked out [193, 372, 373, 346, 384, 385]. No regime of bombardment led to
the separation of rather large fragments of the Cu film from graphene.

O

and interpret the puzzling experimental results [394]. At both incident angles, all %rjhe ﬂ
u

Qo
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When the lead film is bombarded, separate atoms are also knocked out, but the
prevailing mechanism of the removal of the metal from graphene is the separation of
islands of the Pb film from the substrate [397]. Only being detached away from graphene,
the island experiences a transformation from the two-dimensional to the three-dimensional 0 *

structure.

Mercury is separated from graphene in a different way. The unique behavior of Q
mercury is due to its liquid state and poor wetting the graphene; as a result, the Hg film has
a tendency to roll into a drop. For this reason, both separate atoms and droplets of

significant size are separated from graphene in the course of bombardment. S ﬂ
emphasize that it is namely a drop that is torn off rather than an island W\

dimensional morphology.
There are several other differences in processes of the removal of th@f eavy

metals from graphene. Thus, the film of copper is not completely graphene
even under the energy of the beam 30 eV at the angles of incidenc d 60° [193, 373];
and the most efficient method is removal using the cluster bom%n at the angle 6 =
45°, In the case of lead, the most efficient procedure can i as irradiation by a
cluster beam at the angles of incidence 0° and 60°. Iq thi phene was completely
cleaned of metal at energies of the beam 10 and 15 %

The complete cleaning was also achieved a, the 6 = 45°, but in this case, the
energy of the cluster beam required wa eV. The greatest effect from the
bombardment of the mercury—on—grapheng,tafget is obtained at the angle of incidence of
45°, At this angle, graphene is cleaned of at all energies Ey, > 15 eV. A less stable

cleaning effect was achieved at the @" @ of incidence of 60°. In the case of the angle of
incidence 0°, no significant re@ mercury from graphene occurs in the range of the

beam energies 5 — 30 eV. Thds, theiremoval of different heavy metals requires different
conditions for bombard occurs via different mechanisms.

To check the ¢ of the results, we also conducted calculations with another
pair potential *for clry and another potential describing the mercury—graphene

interaction.@ —HQ interactions were determined based on applying the potential
i

ilvep and Goldman (SG potential) with the parameters given in [46]. Here,

i results close to those where the SCH potential served as the potential

function forgnercury. In the calculations that applied the SG potential upon bombardment,

Hg film was faster transformed into the drop and was separated from the graphene. The

ete mercury removal from graphene was only achieved at the angle of incidence 45°

N 5 xe > 15 eV. When using the Morse potential with the parameters given in [398] for the

representation of Hg—C interactions, mercury under the bombardment was separated from

graphene more difficulty. The complete cleaning at the angle # = 45° was achieved at the
energies Ey, >20eV.
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Incident angle 8 = 45° is the most effective one for graphene cleaning of copper by
bombardment with the argon clusters. Cluster beam energy should be no less than 20 eV.
The stresses in the copper film relax fast due to its plasticity and due to a large loss of
atoms. Local stresses in graphene relax rather slowly due to the presence of the hard bonds
and do not disappear even after the bombardment; this indicates its crystalline nature.

Cluster bombardment of the target greatly enhances this instability and ultimately leads
to the surface topography characterized by a large (relative to the R, value of non-

bombarded graphene) roughness. To use such a cleaning method, it is important to protect
graphene edges because they can be strongly damaged. If it is possible to execute a

bombardment, then the “nap of the earth” flight method becomes the most eff
The total cleaning can be obtained with emitted clusters energy 20 eV angshi
graphene edges in such a cleaning method are less damaged. The predi
nanopattern evolution during cluster bombardment can guide a

processes.

We studied the bombardment of a Pb film on graphen c%mth energies from
5to 30 eV. The best cleaning effect was achieved at Ey, = Q& e Pb film can also be
removed (on point contact) for the cluster energy 1 ation of the higher beam
energies is ineffective because of pushing the Pb a bi-vacancies where they are
firmly stuck. The hydrogenated edges of gr. 0 N@E acquire noticeable damage even
after the bombardment with 30 eV clus like*€0pper, the prevailing mechanism in

the process of lead removal is the detachifient of the major portion of the film from
graphene rather than the knocking the separate Pb atoms. This is evident from the
analysis of the density profiles of @em and the energy dependence of the mobility
components of Pb atoms.

The bombardment of e gfter the removal of the Pb film leads to a considerable
increase in the verticaleq€omp@pent of mobility of the C atoms. As a rule, stresses in
graphene were no ted in the course of bombardment. The highest stresses
occurred in th? @ilm of lead (which increased its vertical size and took a torch
shape) are t &) the action of both the vertical and horizontal forces. In this case,

increas@®in the intérnal stress was also extended to graphene. The graphene subjected to
dire dment with 10 eV clusters acquired the greatest roughness due to the rapid
remova e Pb film.

The behavior of the system “mercury on partially hydrogenated graphene” has been
i igated under irradiation by the beam of Xe,, clusters with energies 5 —30 eV at the

angles of incidence 0°, 45°, and 60°. Over a wide range of energies (Ey, > 15 eV), the

almost complete removal of mercury from graphene was only achieved at the angle of
incidence of 45°. The mercury film, which has a tendency to become rolled up into a drop,
is separated from the graphene in the form of single atoms, dimers, trimers, and spherical
droplets. In the course of the bombardment, the mercury exhibits a weak cohesion with

O

Qo
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graphene. The smallest change in the components of the Hg atoms mobility under variation
of the cluster beam energy occurs at the incidence angle 45°. At the energies of the cluster
beam under consideration, the stresses in the plane of graphene caused by the vertical
forces noticeably exceed the stresses created by the horizontally directed forces regardless

irradiation with the beam of clusters at the angle of incidence 45°. The hydrogenated edges
of graphene do not suffer from noticeable damages at all the energies investigated and at

all the angles of incidence of the clusters bombardment. 6 ﬂ

the angle of incidence. The roughness of graphene increases noticeably in the course of
cluster bombardment. The lowest roughness is demonstrated by graphene subjected to \Q

Qo
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Chapter 7 \Q
S
FORCED MOTION OF LITHIUM ION IN VICI@&F
GRAPHENE AND SILICENE MEM%

In graphene, the Fermi level is localized between t ’sx ical conic zones that
contact the Fermi level at six spaced points called the D ;The latter are localized
on the edges of the hexagonal Brillouin zone. In the @ y of these points, the zero-
excitation energy operates. Graphene has the linear engrgygspectrum of the Dirac type near

ar tRese points means that the charge

According to calculations, t is completely reflected from a barrier and the
electron—positron pairs ar the barrier [401].
In contrast to the case of zero-mass Dirac fermions for which the barrier is totally

transparent in ‘he mal incidence, the probability of charge transfer from non-
iSBelow unity and depends on the Brillouin zone index [402]. Thermal

zero-mass carrie\

transitign pr@babilities (proportional to exp(— KT E ) depend only on the E, height of
b

the s. Bhe quantum tunneling probability through the same barrier depends not only

on the Height of the barrier, but also on its width d . The probability P of tunneling for

al incidence is approximately proportional to exp(—2kd) [403], where K is the wave

or (oriented in the direction perpendicular to the barrier). The electron energy is
proportional to k: E, =hw=7nkc, where C is the light velocity. Hence, the dependence

E O P(d,E,) exponentially decreases with the potential-barrier width and height E,. As

applied to our model, the paradox lies in the fact that due to the small d of graphene for
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all really observed k values, the value of P is close to 1 for any ion contacting with
graphene. However, the physical transfer of a charge carrier does not occur under its
collision with graphene and the carrier retains its electrical properties.

The functionalized graphene sheets were used in the lithium-air batteries to provide the
high electrochemical capacity (~ 15000 mA-h/g) [404]. However, since preparation of
graphene electrodes with 2D geometry is very difficult, these electrodes are made of
hierarchical porous graphene with the 3D geometry. During the discharge, the strong large
tunnels present in electrodes provided the fast access of oxygen from environmental air

(solid—liquid—gas) are maintained. The deposits of reaction products (such as 4,

and the small pores in walls served as “ways out” for oxygen. Thus, the three-pha@ ﬂ
2

the carbon electrode eventually block the oxygen access and limit the ityQef the
lithium-air battery. The open 2D structure of the electrode in this bat Id¥be more
efficient if there were the necessary gaps between graphene sheetsthat arg,stable during

the electrode charge-discharge processes.

The presented model shows the diffusion of Li* ions i g a@)de of the lithium-
air battery where oxygen supplied from air serves in f& cathode. The battery
discharge produces Li>O». The percentage of oxygeini the air is not very high. The
oxidation reaction does not also produce free oxygefyio . Hence, the model assumes
the absence of the negative ions. The cathodig seStare beyond our consideration. The

proges
interaction of carbon materials with h @ was*€onsidered earlier in application to
hydrogen storage in solids [58]. The encoura@ing results were produced by functionalizing

graphite basal planes (graphene) witiézdroge atoms. Hydrogen was adsorbed uniformly

over the whole graphene surface, entually produced a stable material [405].

At present, it is known clusters represent a wonderful material for
hydrogen storage [406]. tuge of hydrogen interaction with lithium clusters was
studied both theoretically experimentally; in particular, the possibility was
demonstrated for h jon of the lithium clusters [407]. The MD density functional
simulations [4 @Wn that the hydrogen atom passes from the graphene layer to
the lithium e 00 K and atmospheric pressure. Under this, the binding energy
exce e @onding energy of the hydrogen atom in the graphene layer.

ent study, we consider the possibility of charging a planar graphene electrode
in the lithi air battery representing two functionalized graphene sheets with six different

is with the planes impermeable for Li* ions. The boundary conditions operating on the

sions of pores.
: @He basic cell of the model represents a rectangular parallelepiped elongated along the

O

planes correspond to reflection of the elastic balls from a wall. In its middle part, the
parallelepiped is divided into parts by two parallel membranes of defective graphene.
The size of the graphene sheets was 3.2 x 2.8 nm. Each membrane contained 6 or 9 pores
of a certain size, which were distributed approximately uniformly over the graphene
sheet. Figure 80 shows the types of membranes used. The pores in the upper membrane

Oo
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were shifted by a value not exceeding the graphene lattice period in order to prevent the
direct vertical crossing of two membranes at once by the Li* ion. The upper and the lower
membranes could be of either identical or different types.

v (nm)

Figure 80. Modified graphen
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rs of basic cells with different types of membranes. Thus, each
asidivided into three chambers, i.e., lower, middle (between two graphene

per ones with the equal height of 0.6 nm. An additional calculation has

iS'gap provides the best way for rectifying the trajectory of the Li* ion in a

der the effect of a constant electric field with the intensity of 10° V/m.

At the initial instant, by means of a random numbers generator, the lower part of the
as filled with 10 Li* ions each with the electric charge of +1.0€e, where e is the
entary electric charge. The directed motion of ions (upward) was provided by the

—10e at its upper base. Each of these charges was created by 10 identical point charges.

OA positive electric charge of +10€ at the lower base of the cell and the negative charge of

Such a virtual capacitor acted on the model cell during the first 4 million time steps At =2
x 1071 s. This process will be referred to as “charging.”
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Table 14. Versions of a membrane set in the basic cell (types and number of
vacancies and number of C atoms in the lower and upper membranes) and
stationary temperatures
Versions 1 2 3 4 5 6
Type and number | mono- bi- tri- bi- tri- hexa-
of pores in the vacancies vacancies vacancies vacancies | vacancies | vacancies
lower membrane | 9 9 9 9 9 6
Type and number | bi-vacancies tri- hexa- bi- tri- hexa-
of pores in the vacancies vacancies vacancies | vacancies | vacancies
upper membrane | 9 9 9 9 9 6
Number of C 397 388 379 388 379 370 @ ﬂ
atoms
in the lower
membrane
Number of C 388 379 370 388 379
atoms in the
upper membrane
T (K) 3115 3125 312.8 311.6 3 298.8
L 4

To perform further randomize of the ion transport i N used the effect of
migrating electric charges (positive at the lower ba s d negative at its upper
as achieved by means of a
harges on each time step. After

that reached the upper base lost

random numbers generator, which changed the p
the “charging” period (4 million time ste
their charge. Then, for the next 8 milli steps, we monitored the behavior of the
system in absence of the electric charges at thg ends of the cell and under the presence of
a constant electric field with the i ity of 10 VV/m that transferred the still remaining
Li* ions into the opposite directi
Transportation of the Li*flionstthrough pores in membranes was put under special
control. The membrane ¢ ssed by an ion only through a point (on the membrane
fective radius of one or another pore. The ion could find a pore
electric charges on its perimeter. The charges were

plane) within the circle.o

by the presenege o actional

ascribed to bo s. The equal number of C atoms was randomly chosen among
the boundar@ each pore. The number of CH groups corresponded to the number

of itg'nea bors (of C atoms) to the pore center. Thus, we had 3 such bonds for
mon cangles, 4 for bi-vacancies, 5 for tri-vacancies, and 6 for hexa-vacancies. The CH
roup escribed according to the mono-atomic scheme [58]. The positive charges of

roups and the negative charges of C atoms free of hydrogen at the pore edges were of
uctuating nature preset by the random numbers generator.

The maximum charge value for the CH group (+ 0.35¢ ) created the Coulomb potential

for the Li* ion motion. This value corresponded to the energy barrier for the diffusion of a

Li atom on the graphene sheet over the vertices of the C atoms [408]. Calculations by the

density functional method suggest the alternating-sign nature of fluctuations of the charge
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of atoms near the graphene-sheet pores [409]. In our model, the fluctuating charge of CH
groups and C atoms varied in the interval — 0.35< g, <0.35¢.

The Tersoff potential was used for describing the interatomic interactions in graphene
[40]. The Coulomb interaction was present between all electric charges in the system, i.e.,
the Li* ions, wandering point charges on cell ends and fluctuating charges located in the
pore vicinity. Furthermore, the Li atoms and ions experienced the LJ interaction with the
potential parameters taken from [410]. The LJ potential (parameterized in [58, 411]) was
used for describing the interactions between CH groups and, in the Li —C pairs too. The
LJ interaction was also realized between the following pairs of atoms: C—CH an 5
CH. The parentheses in the superscript point to the possibility of charge disapp(nc

».2

=
L

i

X
=

U

Figure 81. Sc ics'9f the (a) membrane and (b) basic cell: (H) CH groups represented by the united
atom e; @atoms are omitted; ellipses indicate bi-vacancies; signs “+” and “~” are positive and
negative , and the arrows in dashes show Li* ion drift.

Th derate removal of liberated heat from the system was accomplished according

t Berendsen scheme with the binding constant © = 4 fs [62]. The basic-cell diagram is
n in Figure 81. One of the graphene membranes used is shown schematically with C
atoms not highlighted at the top. The pores in the upper membrane are shifted by a distance
no larger than the graphene lattice period to avoid direct vertical propagation of the Li* ion
through two membranes at once. The lower and upper membranes could be of either
identical or different type. Thus, each of the six basic cells was divided into three chambers

4
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with identical heights (0.6 nm): lower, intermediate (enclosed between graphene
membranes), and upper.

The best result of Li* ion passage through membranes was achieved in version 4
(Figure 82). In the latter case, 9 of 10 ions have reached the upper base of the cell after 4 0 *
million time steps, and only the lower membrane hindered one ion to do it. In the worst
version 2, after 4 million time steps, 6 Li* ions found themselves immediately at the upper Q
base and one ion has just penetrated through a pore in the second (upper) membrane, 2 ions \
have passed the first membrane, and one ion was still in the lower chamber of the cell. At
the end of the “charging” process in other versions, 7 Li* ions were present in th r \
chamber and the largest number of ions (two) still stayed in the lower cham&

Li" to

membrane combination (version 1). The latter fact is explained by the diffic
pass through mono-vacancies.

100000

O Figure 82. A basic cell with membrane combination of version 4 at different instants; numbers
correspond to the number of time steps.
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Figure 83. (a) ori}and (b) vertical components of the Li* ion mobility coefficient for versions 1-
6 of te'mem s listed in Table 14.
Th lity coefficients of Li* ions in both the horizontal (D,,) and vertical (D,)

ess or n = 5 (Figure 83). Note that the interval values of D

tions have the tendency to decrease after the first million time steps of the “charging”
and D, change at an

Xy
A even higher rate. However, at the initial stage of “charging,” the coefficient D, can either

increase or decrease for different versions of the combination of graphene membranes
(Figure 83a). The coefficient D, at this stage of “charging” increases in four of six cases

[412]. Only version 2 exhibits a stable decrease in the D, value. A weak short-term
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increase of this coefficient is observed in the initial calculation stage for version 1.
Obviously, the initial rise of the coefficients is related to the fact that ions acquire certain
energy. It is stipulated by the mutual repulsion. In addition, the expansion of the ion
migration volume takes place due to their ability to pass through the membranes.

The subsequent stable decrease in these coefficients is caused by a gradual reduction
of the available-for-migration volume due to the approach of ions to the upper cell base

and the low probability of their motion in the reverse direction. The largest D, values and

the smallest D, ones were revealed for the system with the membrane set of versi

Here, the highest mobility of Li* ions in the horizontal directions is combined
lowest mobility in the vertical one. The antipode of this version is version 4
minimum ion mobility in the horizontal directions is compensated by the hi ility
in the direction perpendicular to the membrane plane. The mutuak.c of D,,

and D, values is observed for the other versions of membrane cogabifations too [413].
The relationship between the throughputs of the mem rﬁ\ S

. 1
by the time dependence of the mean level z,,, = =

Is also confirmed

Z, is the ion coordinate

and n, is the number of ions) of the lift of Li* ion stem (Figure 84). Here, the
highest mean lift of ions in the cell was d f embranes of version 4, while the
lowest one was observed for versions 1, 6. In all cases, the highest point of the ion
lift is near the end of the “charging” time (i.84 4 million time steps). Having reached the
upper negatively charged plate of t
should be electrically neutraliz
upper wall of the basic cell

ion

The “charging” Q model indicated the cessation of the virtual external
“capacitor.” The “c%;’ s feasible when the external “capacitor” is used and unfeasible
when the dc el ith the strength of 10% and 10* VV/m is applied. In this case, ions
have re ain@w ower chamber near its walls rather than move upwards through the
discharge” process began with switching on the dc electric field E =
ing the reverse ion motion. It is worthy to note that after the ions that reached
Il base lost the electric charge and acquired the status of atoms. They inherited

t ndency of cluster formation.

n all cases, without exception, the Li atoms in the upper chamber were agglomerated
into clusters after 12 million time steps (Figure 82). As a result, this made it impossible for
them to pass through the upper membrane in the reverse direction (downwards). The
formed clusters always had contact with the graphene. Rather fast (within 1.8 million time

rnal “capacitor,” positively charged lithium ions
he charge flow. Therefore, the contact with the
acdompanied by removal of the electric charge from the

steps) during the “discharging”, a small decrease in the z,, value was observed. Two
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million steps after the end of the “charging,” the dependence z, (t) is shown by the

horizontal lines in all the cases under consideration. This is due to cluster formation by the
Li atoms in the upper cell chamber and the ion adhesion to the graphene surface.
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Figure 84. Mean lift level of Li* IOQ@ cell for versions 1-6 of the graphene membrane sets.

Among six membran
graphene sheets contai@canues Moreover, the close-to-equilibrium distribution

of bi- vacanC|e
straight- throug
resulted in t

study, the most efficient was the pair of two identical

was shifted by ~ 0.2 nm in order to prevent ions from the
ftwo membranes at once. The loss of electric charge by Li* ions
ion of a lithium cluster insensitive to the electrostatic directing force.

constant electric field, the Li* ions “adhered” to membranes due to their
to graphene.

ctors complicated the “discharge” process in the device under consideration.
ions moved along very short back trajectories. In the “discharge” period for the
ntly permeable membrane pair, the Li* ions exhibited the lowest mobility in the
izontal directions and the highest mobility in the vertical direction. For inefficiently
working membrane pairs, the inverse situation was also true. The average level of vertical
travels of ions in the system can be also used in assessing the efficiency of membrane pairs.
The time dependence of the latter level makes it possible to determine the extent and

duration of the “charging” stage.
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7.1. PASSAGE OF DEFECTIVE GRAPHENE CHANNEL BY LITHIUM ION

Electrochemical devices for energy storage include batteries, fuel cells, and
supercapacitors. Graphene has high electric conductivity and strength, and

supercapacitors based on it could find wide application in portable electronics. Porous
graphene-based nanostructures with large surface areas could be used for their
manufacture. However, the optimum pore size and distance h; between stacked graphene

sheets remain undetermined. A simple statistical estimate was found in [411] on_the
minimum distance h, between two parallel graphene sheets that is favorable for th i ﬂ
&ns, IS

of the metal ions without interference from the molecular force field. For lithiu
value was 0.50 nm.

According to [411], the forces of attraction and repulsion agti placed
between sheets of graphene compensate one another in the interpla ing range of
0.50 nm, and the ion moves in the gap as a free particle. Ingeal er, the relief of

the molecular force field of a graphene sheet is not flat: hﬁo he ion to perform
micro vibrations during its motion and deviate from

electrostatic field. The ion is strongly inhibited in th

So, the considerable force is required to ove e theyresistance of the molecular field.
Such force can be created by an electric fi hi ength.

The h value must be determined in gorous dynamic model for each value of the
field strength. Functionalization allows us to'¢hange the physical properties of graphene.

With its metallization by the Iithiu%harge transfer occurs from Li to C resulting in a

C

modified graphene that becom tain hydrogen [408]. Due to the presence of the
dangling bonds, hydrogen ads@ can occur near defects present on the graphene or on
its edges [58].

The adsorbed h
+0.21e [406]. Real

in graphene creates the electrical charge approximately of

ne usually contains defects, near which the electrical charges

appear and rggain can create additional obstacles for the motion of the Li* ions

betwe h%e e sheets. Contact between Li* ions and C atoms in graphene is
necessar unctioning of the graphene anode.

s, the’problem is posed to determine the shortest distance between sheets of perfect

aphene, on which Li*ions would move with minimal interference in a constant electric

@ithout losing contact with C atoms and, thus, being slowed by the graphene.

he interactions in this model were described by the same potential functions as in the

previous section. Our sheets of graphene contained 406 atoms and were rectangular in

O shape at 3.4 x 3 nm (the sheet had 14 atoms along each edge). The high capacity of the

electrode is achievable upon the fast motion of electrolyte ions. Therefore, the self-
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diffusion coefficient of the ion would lay within the range of 1072° to 1072 cm?/s [434]. In
preliminary computer experiments with the gap of 0.50 — 0.65 nm between the graphene
sheets, we showed that this effect was achieved starting from a value of electric field
intensity close to 10° V/m. A constant electric field with the intensity of 10® V/m 0 L 4

accelerated Li* ions along x axis oriented along the “zig-zag” direction of the graphene
sheets. The graphene sheets were arranged in accordance with Bernal laying (ABAB...) in Q
exactly the same manner as in the bulk graphite. The gap of value h, was set between these

two parallel sheets of graphene.
Two series of calculations were performed that corresponded to schemes 1-2 afid 4
(Figure 85). In the first series, a Li* ion at the initial instant was in front of the gagltha

formed by the graphene sheets. The distance o . [414] from the front t@ f the
gap (with the yz plane passing through the front edges of the shee . nm. The
initial position of the center of the ion in the second series of calculati“ wa&t the internal
point near the entrance to the channel. *

Each series included four calculations with duration x I me steps At =1 x

10716 s with different values of hg . Values of h = 0.50, 0;%and 0.65 nm were used.

For both series, the initial location of the ion corres he height of hg [2.Att=0,

the ion was in front of or right near the middlesg late channel formed by the “zig-zag”
rows of atoms of the lower graphene me '@ Figtre 85).

The interaction between parallel grapheng sheets falls fast as the distance between them
grows and almost completely disap in the”investigated range of distances (0.50-0.65
nm). Under this, the Li* ion was no move in the inter-planar gap. This was because
the strong covalent bonds acti ane of the graphene allowed only slight warpage
vibration of sheets durin n of the Li* ion. Affected by the Van der Waals
interaction with close-pagked @atoms of graphene sheets, the Li* ion decelerated.

Before leaving @ I, the ion passes over the length of the graphene sheet during

0

~—~

100 ps when th% a 0 or 0.65 nm wide. Coming out of the channel, the ion does not
travel too fa s instead, it is attracted to the lower sheet of graphene, indicating that
there ds"atangible dnteraction between C atoms and the ion (Figure 85).
ies of the Li* ion in front of a flat graphene channel and the motion under the
effect o nstant electric field with the intensity 10° VV/m are shown in Figure 86. For
ection of the transverse oscillations during the ion motion, the scale on the vertical axis
s stretched about 4 times. When the gap was 0.50 nm, the ion was unable to enter the
A nnel. Its motion is described by looping trajectories directly in front of the channel.
Increasing the interplanar gap to 0.55 nm drastically altered the ion motion pattern. The
O translational motion became dominant. With small smooth oscillations, it reached the
opposite end of the channel, where the C atoms slowed it. Then it performed an oscillating

translational motion in the opposite direction.
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Figure 8 me of the atoms arrangement at t = 0: (1) view of the frontal plane; (2, 3) side view (on

e—lithium ion system configuration at the instant 100 ps and hy = 0.60 nm; the electric field
sity is directed along the x axis; initially, the Li* ion is located at the front of the yz plane outside
the channel.

%@s) of the external and internal location of Li* ion in channel, respectively; (4) flat channel of

The resistance from the C atoms finally exceeded that of the inertia of the decelerated
ion, preventing it from leaving the channel. The motion of the Li* ion along the channel
under the constant electric field was due to the presence of the energy barrier to inertial
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motion at both the entrance and exit of the channel. Further increasing the gap (to 0.60 nm)

allows the ion to travel over the length of the channel. Low-frequency quasi-periodic

oscillations are superimposed on the translational motion of the ion. The magnitude of

these oscillations is much larger than before. The trajectory of the ion leaving the channel 0 L 4
is deflected downward. Further expansion of the gap (to 0.65 nm) does not appreciably

alter the path of the Li* ion in the channel. In this case, the ion performs aperiodic \Q

oscillations and flies upward upon the channel.

——— @ 4
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O 3
Figure 86. Trajectories of thellithitgg ion in a flat channel of graphene with the gap (1) 0.50, (2) 0.55,
(3) 0.60, and (4) 0.65n

*
The deceler& t of the relief of the molecular field becomes apparent at the

instant 100 ps. i* ion inside the gap traveled only 0.40 and 1.18 nm in the direction
of thé"electr d with the intensity 10° VV/m when the gap was 0.50 and 0.55 nm,
resp y.JIf the starting point of the ion trajectory lies within the channel when the gap

is 0.60 e Li* ion passes through the channel for100 ps. When the gap was 0.65 nm,

Ngyion remains in the space between the sheets and changes its path of the motion before

Q g the channel. From the standpoint of effective control of the ion motion along the

channel and application of the constant electric field with the intensity 10° V/m, it is the
most expedient to use the gap of 0.60 nm between the sheets of graphene.

Let us now consider the effect the gap has on the kinetic and mechanical properties of

the graphene sheets themselves when the ion is outside the flat channel at t = 0. The initial

localization of the ion within the channel leads to the identical conclusions. Considering
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the geometry of the system, it is advisable to investigate the behavior of the horizontal D,,

and vertical D, components of the mobility factor of C atoms in graphene separately. The
values of these components at different values of the gap are shown in Figure 87. As the Q ¢

gap increases, a component D, for the lower graphene sheet grows continuously (Figure
87a, curve 1), while the dependence D, (t) of the top sheet (curve 2) has the minimum at \Q

hg =0.55 nm.
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%87. Coefficients of the (a) horizontal and (b) vertical mobility of graphene atoms in the (1) lower
and (2) upper sheets forming a flat channel; at t = 0, the Li* ion was at the front of yz plane of the

channel.

In general, the horizontal mobility of the atoms in the top sheet of graphene is greater
than in the lower one. There is both a reduction in the horizontal mobility of the atoms in
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the upper graphene sheet and the slight decrease in the vertical mobility of the atoms in the
lower sheetat h, =0.55 nm. At this size of the gap, they are compensated by a considerable

increase in the value of D, for the upper graphene sheet. In this case, the strong .
fluctuations in the atoms mobility indicate that the Li* ion finds it difficult to move within 0

the interplane gap. When h, =0.60 nm, the vertical mobility of the atoms of the lower and Q
upper sheets of graphene approach each other most strongly. \

The average values of D, and D, for these sheets are somewhat lower than for h =
0.65 nm. The low values of D, for both graphene sheets (at relatively high v ‘\

D,, ) begin at the gap size of 0.60 nm and are maintained at the gap of 0.65

conditions are favorable for the ion motion within the channel. Conseque the gap of
h, =0.60 nm may be considered optimal for the motion of the Li* graphene

channel.
Q.
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Figure 8 ribution of strain o,,(x) averaged over both sheets of graphene along axis x (“zig-zag”

tion) coinciding with the direction of the electric field strength at the gap (1) 0.50, (2) 0.55, (3)
d (4) 0.65 nm.

combined) along the x axis (the “zig-zag” direction) is shown in Figure 88 for four values
of the inter-sheet gap. Increasing the gap slows the rate, at which the Li* ion enters the
channel (due to weakening the attraction of C atoms). The decelerated ion is deflected more

OA Distribution of the greatest strains o, in the graphene sheets (lower and upper
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strongly by the molecular force field. This results in more enlarged fluctuations of o, at
the entrance of the channel when h, = 0.60 and 0.65 nm. For the free two-layer graphene,
the fluctuations of function &,,(X) do not exceed 50 GPa [304, 319, 374]. This range also

fits the oscillations of function &, (X) when the Li* ion moves between the graphene sheets

with the gap h, = 0.50 nm. Increasing the gap leads to increased fluctuations. In the range

of x = 1.1 nm at h; = 0.55 nm, particularly strong fluctuations are observed due to the

considerable deflection of the Li* ion upward. The ion is decelerated near the exi% 0‘
he

channel further strengthening the o,(X) fluctuations. The optimum size t
between the planes does not prevent moderate stains from arising in the gr ets.

Let us note the main differences associated with changes in the lg e initial
point of the Li* ion trajectory. The vertical mobility of the carbon at is algost identical

for both ways of introducing the ion. The horizontal mobilitygf ers appreciably
only at the smallest value of the gap, i.e., when h, =0.5 Bo bilities have lower

L i0h is outside the channel
s are generally not strongly

on is when hg =0.50 nm where

values for both the lower and upper graphene sheet
at the initial instant. Strains that arise in the graph

dependent on the location of the Li* ionatt=0. The e

stronger positive strains emerge at the e n ative strains (as strong as the first
ones) arise at the exit when the Li* ion is in@duced into the channel.

7.2. MECHANICAL QRMAL PROPERTIES OF SILICENE

their three-dimensi ms. This is because there are fundamental differences in
the definition 8F h@s guantities. For example, there are only two elastic constants
for 2D mateg tead of three ones for the bulk Si. Two-dimensional materials are
%
6

It is obvious that th@ical properties of 2D materials are harder to compare to
for

expe to uch higher mechanical strengths than the bulk ones [415]. It was
estalli ] that free-standing silicene would be unstable under a compressive bi-
axial straindarger than 5%. When the strain is larger than 17% [417], the strain energy

nical response under a uniaxial strain has also been computed [416, 418-421].
The strain created in the autonomous silicene along directions “zig-zag” and
“armchair” directions could lead to different responses. Moreover, the Poisson ratio is
isotropic and constant for the low strain (below 2%), but further decreases (increases) for
the “armchair” (“zig-zag”) strain [419, 420]. The molecular dynamics method was used to
calculate the elastic stiffness (50.44 N/m for “zig-zag” direction, and 62.31 N/m for the
“armchair” one) and the ultimate strength (about 5.85 N/m) and the ultimate strain (about

ses sharply with the strain increases, and this corresponds to the yield point.
\ A

A
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18%) of mono-layer silicene [422]. Additionally, the effective bending stiffness of silicene
(38.63 eV per unit width) was calculated indicating that its corrugated-like structure
increases the bending rigidity compared to the similar system of graphene.
Molecular dynamics finite element methods (sometimes known as atomic-scale finite 0 L 4
element methods) were used to determine the mechanical properties of silicene [423]. The
silicene sheet contains 4 032 atoms and has approximately a squared shape. The sheet Q
lengths are 16.116 and 16.316 nm in the “armchair” and “zig-zag” directions, respectively. \
Figure 89 shows that the tensile response in the “armchair” and “zig-zag” directions of the
pristine sheet is rather different up to the fracture points. The magnitudes o,, an i 0‘
the figure denote the nominal axial stress (engineering stress) and nominal axXial Strai

(engineering strain), respectively.
Silicene exhibits brittle fracture with a fast destruction process and a dr@ stress—

strain curve as shown in Figure 89. The process of destruction e Silicene sheet is
accelerated in the presence of the bi-vacancy in it. In this case, t struction of the sheet
occurs somewhat faster when uniaxial deformation is ,c3tzie in the “armchair”

direction. The Young modulus is determined from the firs of the stress—strain
curve at ¢, = 0. At a given axial strain, the axial streS§ \71g-7zag” direction is slightly

higher than that in the “armchair” one. The 2D @ lus is estimated as 60.0 and
ioms, 1

59.7 N/m in the “zig-zag” and “armchair” ectively.
| I | I
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O Figure 89. Stress—strain curves of the pristine silicene sheet under the uniaxial tension in the “armchair”
and “zig-zag” directions, as well as, defective silicene sheets under the “zig-zag” and “armchair”
direction [423].
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Figure 90. Variations of the Poisson ratio versus axial strain for th&& ective silicene

It follows from Figure 90 that at a given axial stra to the fracture, the Poisson
ratio of the defective silicene sheets is almost equal taythat of the pristine one. Note also
a higher than that in the “armchair”

that the Poisson ratio in the “zig-zag” direg
one. This means that under tension in tf -zag” direction the decrease in the sheet
length in the transverse direction is higher thamythat under tension in the “armchair” one.
The main results can be prese go- as follows. The fracture strength is significantly
reduced by a single defect. Onesbi 6 y in the sheet center reduces by 18 — 20% the
fracture stress and 33 — 35% the fracture strain. Uniaxial stress—strain curves of pristine
and weakly defective silice s are almost identical up to the fracture points. This
leads to the almost u d Young modulus. At a given axial strain prior to the fracture,
the Poisson ratie 0 ective sheet is almost equal to that of the pristine one.

The ther Ivities A of the free-standing silicene and silicene supported on
amor s SI10; shibstrates were predicted in [424] in the temperature range from 300 to
900K usj MD simulations. After obtaining the temperature gradient and heat flux

q, the thekmal conductivity was calculated according to the Fourier law as

=—(/ (OT / 0x) . Dependences A/ A,(T) are shown in Figure 91. It is seen that the
al conductivities of the free-standing and supported silicene both decrease as the
perature increases, but that of the supported silicene has a weaker temperature
dependence. The presence of the SiO- substrate results in a large reduction up to 78.3% at
300 K of the A coefficient of silicene. Thus, the free-standing silicene and that on the
substrate exhibit completely different thermophysical properties. The estimated value of
the silicene melting point is 1500 K [388].
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Figure 91. Variation of the thermal conductivities of the free-stan ed silicene in the

“zig-zag” and “armchair” directions with temperature; the therma ctijties are normalized against
Ao=48.1W/m K, which represents the thermal conductivity ofifi @ ¢ silicene in the “armchair”

direction at 300 K [424].
Since silicene cannot be separated fr S te, on which it was obtained, it is

expedient to investigate the possibility o silicene together with the substrate. In this
connection, it is not necessary to consider Mydetail the physical properties of the free-
standing silicene as is done in a lar ber of papers devoted to the study of the silicene
properties. Of course, the mec stability of silicene is important for its use as the
anode material. Nevertheless, (it is reasonable to investigate the silicene on the substrates
on which it is obtained. y in this combination, the silicene can find use in the
very near future. Thegéo her€, we do not consider in detail the mechanical properties of

) 4
Su

the autonomous sil was done for graphene.

7®QMOTION OF LITHIUM ION THROUGH FLAT CHANNEL

OF PERFECT SILICENE

lectric fields on the atomic scale are characterized by much higher values of field
gth than the usually applied fields. Inter-atomic forces used in molecular dynamics
simulations are ultimately determined by the properties of electrons, according to which

the atomic units are chosen. The atomic unit of electric field strength is the E, /ea,=
5.14220652 x 10 V/m, where E, = 4.35974417 x 10718 J, the Hartree unit, e is the

elementary electric charge, @, is the Bohr radius. Studying multiple electron scattering as
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well as the electron momentum transfer was implemented in the SrTiO3 ceramic. It results
in determining the quantitative characteristics of the atomic electric field [425]. The
maximum field strength near the oxygen atoms as measured by a probe was 4 x 10** VV/m
and that near Ti and Sr atoms was 10*2 VV/m. The measurement accuracy is determined by
the microscope resolution.

Similarly, to the case with graphene, it is natural to consider silicene as a potential
material for application in the lithium-ion batteries. The almost 4-fold swelling in the bulk
of a crystalline silicon anode ultimately results in its degradation during the lithium ion
intercalation—deintercalation cycles. Analysis showed that a change in the volume
mono-layer and bi-layer silicene (because of full lithiation) increased by 13
respectively. Besides, silicene is restored to the initial state after delithiati ke
crystalline Si [426].

Mobilities of Si atoms and distributions of the main stresses i earing in
the course of the lithium ion motion along the silicene channel eealculated in [427].
Interactions in silicene were represented using the Tersoff o% 8]. The Morse
potential was used to describe interactions between the &” onging to different
silicene sheets [429], as well as, to represent interactionssisetween the Li* ion and Si atoms
[425, 429-431]. Here, we consider the case of reconst % of 4 x 4 surface area. A unit
cell in this silicene structure (contained in the rhamb gure 92) includes 18 Si atoms.

Six Si atoms in the unit cell are shifted to ta 0.074 nm normally to the surface
while other Si atoms are located on a com nitial) plane. Such a silicene sheet structure
is close to the silicene surface observed on t g(111) support [432].

While atoms bulging from the | surface in the upper bi-layer silicene sheet are

shifted upwards, the atoms in t et are projecting downwards. We used 6 values
of distances between the silicgpe shgets: 0.50, 0.55, 0.60, 0.65, 0.70, and 0.75 nm. These
distances essentially ex tance of 0.2481 nm between the sheets of bi-layer
silicene with the AB _pac obtained in calculations using the density functional theory
[433]. Howeves, &@t f distances covers the range of clearances used for studying
the motion of " the electric field between the graphene sheets [414] and through

the porous gfaphe embranes [412].

i€Ene sheets containing 406 atoms are rectangular of size 5.5 x 4.7 nm (14
atom ach sheet edge). High electrode capacity is attainable when electrolyte ions
move fa herefore, the self-diffusion coefficient of the ion would be in the range of 10~

0713 cm?/s [434]. In the computer experiments [414] with the clearance of 0.50 — 0.65
etween the graphene sheets, we showed that such an effect is obtained starting with
the electric field strength of about 10° VV/m. The initial location of the ion corresponded to

the height of h, /2. Att =0, the ion was located across from the hollow formed by rows

of the Si atoms of the lower silicene membrane closest to the sheet middle (Scheme 1,
Figure 92). Despite the fact that interaction between the parallel silicene sheets
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decreases fast (as the distance between them increases) and becomes weak in the distance
range under consideration (0.50 — 0.75 nm). However, under this, the Li* ion motion in
such interplanar clearance is not free. This is related to the fact that strong covalent bonds 0 *

acting in the silicene plane adopt only insignificant corrugation of the sheets when the Li*
ion moves. When the Li* ion is affected by the Van der Waals forces from close-packed Si \Q

atoms of silicene sheets, its motion becomes slower.
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Figure 92. Schemes of arrangement of atoms at t = 0: (1) frontal view of plane, (2) side view of plane
with the Li* ion before the channel; (3) top view of the 4 x 4 silicene structure at the initial instant; open
circuits are Si atoms displaced normally to the surface, solid circles are Si atoms in the initial plane; an
outline shows a unit surface cell of the silicene sheet; electric field strength is directed along the x axis;
at the initial instant, the Li* ion was located before the yz plane outside the channel.

A® x (nm)



182 Alexander Y. Galashev and Yuri P. Zaikov

The electric field strength of 10° V/m proved to be insufficient for the Li* ion to enter
the planar channel formed by silicene sheets with the clearance of 0.50 nm. In this case,
the ion having walked for some time in front of the channel entrance descended and passed
on the outer side of the channel to its exit in the direction of the field (axis x) interacting
with the Si atoms of the lower sheet. Then it leaves the exit behind and went forward and
upward. After long walking around the entrance, the Li* ion finally entered the channel at

h, = 0.50 nm and at the field strength 10* V/m. However, its slow motion inside the channel

was limited at reaching coordinate X = 0.8 nm, near which the ion remained at t = 100 ps.
When the field strength was increased to 10° V/m, the ion spent half the assigned ti
searching for the possibility to enter the channel. Entering the channel, the ion advanc
almost the same distance (0.8 nm) along the x axis, changed its direction king,
and having passed along the y axis, and exited the channel.

The Li* ion could not pass the whole channel in the field di

this case, when the ion reaches the exit at the oppqsite

channel moving along a straight line forward nz@a ds. Increase in the clearance to
0.75 nm under the same field strength (102 a ielded such effect: the ion walked
in the channel during the whole period o S.

2
-4 0 X (nm)

O Figure 93. The trajectory of the Li* ion motion in a planar channel formed by silicene sheets at the

clearance 0.70 nm and electric field strength 10° VV/m: (1) the initial point of the trajectory, (2) the
final point.

4
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Figure 94. The configuration of the system of “the lithium ion in bj:la %obmined at the
instant 100 ps under the electric field strength of 10° V/m with the cléara een the sheets of

0.55 nm.
As a rule, the ion remains within the channel Tt riod under consideration. A

typical configuration of the system “Li* iongmbi-layer sificene” obtained at the instant 100
ps is shown in Figure 94. The Li* ion fo uch stronger bond with silicene than with
the graphene. The predicted behavior of theglithium ion is to pass the whole sheet in the
direction of the applied electric fiel leave the channel on the opposite side from the
entrance. In this case, this occurs atiméicihigher field strength (10° V/m against 10° VV/m)
and greater clearance (0.70 n i .60 nm) comparing with the intercalation of an ion
into the bi-layer graphen field strength of 10° VV/m and clearance of 0.70 nm
are determined as the optiu lues for the lithium ion motion in a planar silicene anode.

Energy U Q‘ thm n of the Li* ion with silicene depends directly on the position
of the ion in the sili annel or beyond it. Therefore, the value of U indirectly depends
on the electrj rength determining the motion of the ion in the channel. Figure 95

4
* (nm) 6

owever, the motion in a narrow channel proves to be very constrained and occurs at
ficiently high interaction energy U. Having overcome not more than a quarter of the
channel length in the x direction and experiencing significant fluctuation in energy, the ion
leaves the channel up to the instant 80 ps. From this instant, the potential energy of the ion
becomes zero. Considerably lower values of the ion energy U are obtained for the channel
clearances of 0.6 and 0.7 nm. In the case of h, = 0.6 nm, the low energy values are

4
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preserved during the whole time of observation of the system, since the ion does not leave
the channel for 100 ps. At h, = 0.7 nm, the Li* ion remains in the channel only for 40 ps.

During this time, it passes the whole channel length. Its potential energy becomes zero

when t > 40 ps.

U(eV)

Figure 95. Interaction energy of the lithium io cene at the electric field strength of 10° VV/m

and clearance hy between the layers: (1) 0.5 nm, (2).6 nm, and (3) 0.7 nm.

T 1 1 1 1 1
al

hg (nm)

Figure 96. Self-diffusion coefficient of the Si atoms in bi-layer silicene: (1) in the top layer, (2) in the
bottom layer, (3) average for both layers.
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The self-diffusion coefficients D of Si atoms do not depend on the Li* ion velocity or
field strength E. Mobility of Si atoms in the bottom silicene layer almost at all h, is higher

increases from 0.50 to 0.65 nm is due to the slackening of the mutual influence of the

silicene sheets with the h, rise. The sharp increase of D value under the rise of h; from Q
0.65 to 0.70 nm is due to sufficient enhancement of the channel ability by Li* ion, and, \
therefore, due to an increase of the intensity of the ion interaction with Si atoms. Since the

Li* ion does not leave the flat channel with h, = 0.75 nm during its motion famthe ﬂ

than that in the top layer (Figure 96). Decreasing the Si atoms mobility as the clearance 0 .

observation time, the ion covers more than half of the silicene area and decelerates the
atoms. Therefore, the average mobility of Si atoms decreases but insufficie

As it is seen in Figure 97, behavior of the horizontal components of Si obility
is analogous to one described above. According to quantitati and its
components, it is precisely the horizontal mobility of atoms is thegfacter determining the
behavior of Si atoms. This fact can be explained by the existe riented covalent
bond between silicon atoms. \

N\
R
S

- -
-~
-
-

D_(10° m’/s)
(@
»

X
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re 97. Horizontal components of the self-diffusion coefficient of the Si atoms in bi-layer silicene:
e top layer, (2) in the bottom layer.

A The presence of the Li* ion creates additional stress in the silicene. This is mainly
reflected in the considerable enhancement of the stress component o,, that grows by tens

of times. In the silicene free of the Li* ion, components o, , o,,,and o, are of about the

same order of magnitude. Figure 98 shows the distribution of the analyzed stresses over
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elementary areas elongated along the y axis in the case of intercalation of the Li* ion in bi-
layer silicene with the clearance of 0.7 nm. As seen from distributions in the figure, the
direction of growth of stresses is strongly reoriented towards vertically directed forces z. It
is seen that the big stress surges o,, correspond to the middle part of the sheets. The peak Q *
stresses o,, are still lower than similar surges of the corresponding stress appearing during
the motion of the Li* ion through the channel formed by the graphene sheets [412]. \Q

Dependence of the character of stresses o,, insilicene along the y axis on the clearance
(in the case of the motion of the Li* ion at the field strength of 10° VV/m) can be sgem in
Figure 99. The stress peaks o,, can appear on both edges of the silicene shx “

e low

direction y normal to the field strength. These oscillations are signific
clearances (h, = 0.50 and 0.60 nm) and undergo a decrease by half at h =@\

10

L 2
Z Nt /\/\.»\ \ \\\

o (GPa)

-3

./

r

-10

x (nm)

Figure 98. Distribution of stresses (ox, 6y;, and o) in the silicene plane in the case of intercalation of
the Li* ion at the field strength of 10° VV/m into the planar channel with the clearance of 0.70 nm;
elementary areas are elongated along the y axis.
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@SS o, in the silicene plane at the field strength of 10° V/m at

clearances between tht@ ttom layers (1) 0.5 nm, (2) 0.6 nm, and (3) 0.7 nm; elementary areas
i

Oﬁg&
ial ro ess R, (corresponding to the profile formed by the bi-layer silicene

servedT432] profile of the bi-layer silicene on a silver support proves to be unstable, as

s the silicene leaves the support. As the Li* ion moves inside the planar channel, R,

5 s fast and reaches relatively stable values already for approximately 20 ps. However,
these values are lower than the initial roughness characteristic for the silicene formed on

the Ag support. Further, at 40 ps, R, somewhat decreases (up to 11%) in the case of small

clearances (h, =0.50 nm) and increases (by ~ 3%) for the larger clearances (h; = 0.70 nm).
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0.02 T T T T T T T T T

0.00

t (ps) %
Figure 100. The roughness of the bi-layer silicene for intercalation o \ at the field strength of
10% V/m and clearances between the layer (1) 0.5 nm, and (

The silicene sheets were exposed to the constan field with the strength of 103
— 10° V/m. The clearance from 0.50 to 0. farmed between the silicene sheets.
The ion completely passes through the channel in the field direction at the field
strength of 10° VV/m during100 ps, if the cleafance is 0.70 nm. In other cases, the ion either
passed around the channel or left thesigter sheet space in the direction differing from the

direction of the field or were stuck i annel. The roughness of silicene (corresponding
to the case of the Ag suppoit) co tely disappeared even before the ion enters the

channel. When the ion n% the channel, the R, magnitude assumes a new value

lower than the initial
the silicene sheets.

The ion channel corresponds to the periods of negative values of the
silicene-Li ifiteraation energy. The mobility of the Si atoms tended to decrease as the
cleay@nce 4 s to 0.65 nm and then grew drastically under the further clearance
imilar behavior was characteristic of the horizontal mobility components of
the silicene sheets. When the ion moves along the channel, significant

f ation in the stresses o,, (exceeding by tens of times fluctuation of stresses o,, and

lue changes in time and depends on the clearance between

#,) appear in the distributions along the length and width of the silicene sheets. The

location and range of the strong fluctuations of o,, depend on the clearance between the
graphene sheets.

@”
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7.4. NANOSCALE SIMULATION OF PENETRATION OF LITHIUM ION
INTO DEFECTIVE SILICENE

The use of silicene as an anode material implies its separation from the substrate. This
operation will inevitably lead to the appearance of the different types of defects in silicene.
In this connection, it is important to know how the mechanical stability of defective silicene
will change and how the presence of a defect will affect the interaction of silicene with the
lithium ion. These issues have not yet been considered. This problem can be solved by the
method of classical molecular dynamics, which (unlike the ab initio calculations) makes,it
possible to trace the motion of lithium ion through the two-layer silicene both hgffzo ally
and vertically during the essential time interval. The surface area and pgresityyof the
material are two important physical quantities, which significantly affect t@i'ency of
future devices. It is expected that in the two-layer silicene the st eféCts such as
poly-vacancies possibly create additional ways for the lithium pa rough planes and
its mobility will be increased. Intercalation of the lithium i® i% two-layer silicene
usually causes deformation, which extent does not exce & . The deformation
extends to the same distance when the lithium ion i et the silicene sheets.

Therefore, it is of interest when the Li ion can pass % of approximately this length
in the silicene. The electric field (10° V/m) used @J was chosen empirically. This
field cannot have a significant impact on th m f the electron orbits of atoms and,
consequently, cannot make changes to th Jely used inter-atomic interaction potentials.
We investigated the diffusion of lithium in the two-layer silicene with the AB stacking,
which has a lower binding energy eV) than silicene with AA laying (- 5.25 eV) or
a monolayer silicene (- 5.13 e

These calculations were p&kformed by the classical molecular dynamics method [436].
The Tersoff potential arameters [428] is taken for representation of the
interactions in silij@ interaction between the Si belonging to different sheets of

silicene is desctibe orse potential [429]. The interactions between the Li* ion and

Si atoms are e the Morse potential, also [430, 431]. Various periodic structures
are ob iCene on Ag(111) such as 4 x 4, (2V3 x 2V3)R30°, (N7 x V7)R19.1°,
and 13.9° [15, 437, 438]. Almost all experimental studies confirm that Si

licene form a buckled honeycomb lattice.
ply the 4 x 4 model of silicene since its validity was confirmed by various

wmental methods including the non-contact atomic force microscopy, scanning
el

ing microscopy, angle resolved photoelectron spectroscopy, and low energy electron
diffraction [432]. In addition, the atomic structure of the mono-layer 4 x 4 silicene occupies
the largest part of the surface of the epitaxial silicene on the substrate Ag(111) [439].
During the entire calculation, the average height of the protrusions produced by the Si
atoms in the model was kept with a good degree of accuracy. A slight difference (< 0.005
nm) in the height of the buckles, as well as, the horizontal dimensions of the reconstruction

O

4

Oo
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(determined by different silicene models) obviously cannot greatly affect the result of the
simulation. According to that, the h, gap between the silicene sheets exerts the main

influence on the result. It is the value of h; and the electric field strength that determine 0 .

the channel capacity
The estimated concentrations of mono- and bi-vacancies in silicene obtained on Q
Ag(111) can be quite high such as 4.4 x 102 cm and 5.0 x 103 cm?, respectively [32]. It \
means that there would be one defect in every 2 nm? area. The large concentration of the

point defects (together with easy diffusion and coalescence of the vacancy defegts)

correctly explains a low stability of silicene in the experiments.

Study of the Li* ion permeation through the pores of the Si-membranes |s&
in the presence of the gap between the silicene sheets h, = 0.2481 nm. In f the

Li* ion motion in the flat channel under the action of the longitudi i d, the gap
was h,= 0.75 nm wide. Perfect silicene sheet had the size of xg1nm (taking into

account the size of Si atoms) and contained 300 atoms. Ni % i r defects were created
approximately evenly with the displacement of 0.1 — 0.2% x and y) direction for
different sheets of the silicene with the mono-, bi-, this @ -vacancies. The silicene
sheet contained 291, 282, 273, and 246 atoms in ea gS€ Cases.

Study of the vertical (perpendicular to he membrane) Li* ion transport
through silicene sheets was performed or each set of membranes. Twenty
points for the initial arrangement of ions Weke placed almost evenly over the silicene top
sheet (Figure 101). Each test was carried out¥or the new location of the ion and had a
duration of 1 million time steps. t cases, during this time, the ion successfully
overcame the double-barrier i f silicene membranes containing mono- or poly-
vacancies. The average ti ion to overcome silicene obstacles was determined
based on these tests. Onfyi suceessful tests were taken into account.

In the case of t iz@ptal ion motion, two sheets of silicene contained the same set
of defects, an&% s similarly moved by the longitudinal electric field with the

intensity of Initially (at t = 0), the Li* ion was located at coordinates x = 0.198
nm, 245 nmjli.e., it was slightly pushed into the silicene channel. In this case, each
run ration of 1 million time steps. Necessary conditions for preserving the
morpho f porous silicene were created by securing its sheet edges.

Consider first the situation where the direction of the electric field vector is
dicular to the plane of the silicene membrane. Suppose that in this case, the pores

ear in the form of single vacancies. The lithium ion initially moves in the direction of
the field. Figure 102 shows the ion passage through the pores of the two-layer silicene.
Here, the open circles marked with numbers 1 and 2 refer to the original location of the ion
and the location immediately after its overcoming the two-layer membrane, respectively.
The top layer of the membrane is shown in the figure by dark beads and the lighter beads
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present the bottom layer. Note that the ion overcomes a considerable distance in the space

between the layers from the entrance place being on the upper layer to the exit point on the

lower layer. The residence time in the inter-layer space, in this case, can be a few

picoseconds. The first ion diffuses over the surface of silicene until it finds a position to Q L 4
enter the flat channel. Then, the ion leaves the channel when it finds a vacancy in the lower

layer. It has a complex trajectory that ends with an exit from the channel. Replacement of Q

the defects leads to shortening the path, which the ion overcomes inside the two-layer \

silicene, and the time of overcoming these obstacles reduces.

vacancy

Figure 101. The scheme of the successive passage of Li* ions through the silicene membranes in a
constant electric field; initially, the ion is placed in the next adjacent site, which is in the plane over
membranes and starts moving due to existence of the field strength E; the ions that have passed both
membranes are removed from the system, as well as, the ions that cannot pass through the upper
membrane during 100 ps.
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(nm)

-

8 i

)
Figure 102. Drift of the lithium ion through the bi-layer sili Qane with single vacancies; circle
1 shows the original location of the ion, circle 2 reflects the ionYacation immediately after the passage

i
through the membrane; the arrow shows the str to e applied electric field.

Constructions created by nature are sometimes used in engineering. In fact, the model
we use is similar to the crude mode e cell membrane. Some channels open or close in
the neurons and muscle cells are_i pohse to changes in the charge passage across the
plasma membrane. The activeftran is also possible, for example, to pump molecules
or ions through a membr heir concentration gradient.

Starting the motionfkom @ne of the 20 points evenly distributed over the silicene
surface, the Li;ion always able to pass through the bi-layer silicene membrane. In
some cases, thr e timing (mainly for the membranes with single vacancies), the
ion was mo gm the surface of the top sheet of silicene and non-penetrating through

it. xam ch a trajectory is shown by the curve “b” in Figure 103. The curve “a”
sho trajectory when the Li* ion after a short motion passes through the bi-layer
silicen brane. The arrow shows the direction of the electric field intensity.

he mean time (t) which the Li* ion needs to overcome each of the silicene layers,

own in Figure 104. It is seen that the mean time (t) for passage of the first (upper)

layer has a substantially larger value only in the case where the silicene sheets contain
mono-vacancies. The similar trend is observed in the second (bottom) layer. The ion
passage of the second layer of silicene in the presence of bi-and tri-vacancies requires a

much longer time than that in the presence of hexa-vacancies. At the same time, the (t)
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value of the inter-layer ion drift in the presence of the bi-vacancies in layers is only slightly
higher than that in the case of tri-vacancies presence in silicene sheets.

-I‘(Inn)

Figure 103. Two trajectories (a, b) of lithium ion der tRe influence of the electric field E; 1,

the “a” trajectory, 1, 2 correspond to the “b” path

1" are the ion motion start points; 2, 2" reflect ion [oCation after 100 ps; points 1, 2 refer to

—A— upper layer
- -A- - bottom layer

II III aY

Type of vacancies

O Figure 104. The mean time of the lithium ions passage through the first and the second layer of the two-
layered silicene; the numbers on the x axis denote the type of defects in the membranes: | mono-, Il bi-,
111 tri-, IV hexa-vacancies.
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When the Li* ion moves along the channel, it “clings” to silicene sheets and slows
down in the channel. Moreover, the Li* ion in the silicene channel easily moves in the
opposite direction with respect to the applied electric field. The Li* ion passes through the
entire length of the channel and leaves it when the gap h, =0.80 nm and when the silicene

is perfect or has mono- or bi-vacancies. The ratios of roughness and potential energies are
shown in Figure 105 where the corresponding characteristics with the upper indexes “vac”
and “per” designate the defective and perfect silicene, respectively. These characteristics
are determined at the longitudinal motion of the lithium ion between the silicene sheets
with the gap of 0.75 nm.

13— . . . . . —1 K
1 & -pot energy
1.24 ¥ -roughness M 1°
L L1y v ’\\%1.
s 1.0+ -1.0
| A A
N

1

R vac/R per
USivac/USiper

0.9 - -0.9

0.8 0.8

I11 v
of vacancies
Figure 105. The ratio of roum tential energy of porous silicene to the values of perfect

silicene during the lithium longitudinal motion in the channel; the numerical designation is similar to
that in Figure 10@

With incieasi e pore size, the potential energy of the system increases while the
aver ughnes$) passes through the maximum, which falls on the system Ill. Thus,
borders ri-vacancies are the most vulnerable to displacements perpendicular to the

plane of eaclt membrane.
Figure 106 presents the similar relative characteristic for the self-diffusion coefficient
toms in two identical silicene sheets with the gap between the sheets of 0.75 nm. In

ost all cases, the ratio DY/ DP*" is larger 1, i.e., the mobility of the Si atoms in the
membranes with pores is greater than that in the perfect silicene sheets. It is true with
exception of the lower membrane with single vacancies. In this case, the mobility of Si
atoms decreases due to changes in its relief and the reduction of the force of interaction
with Li* ion drifting in the space between silicene sheets.

O

Qo
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Figure 106. Ratio of the self-diffusion coefficients of Si atoms @ eets of porous silicene to the
corresponding characteristics of the perfect silicene with lith ofgitudinal motion in the channel; the
numerical designation is similar to that in Figure

The peak mobility for the lower shee ilicene corresponds to the membrane with
bi-vacancies. In this case, the ion passing al the lower membrane transmits to the Si
atoms more energy due to frequ lisions with atomic boundaries of bi-vacancy
compared to other cases unde ion. The ion “glides” along the surface of this
membrane for much shorter ti

In connection with the qUestions considered here, it is important to know the stresses
appearing in the sh@ ilicene, between which the lithium ion moves. The average

s process in the plane of the perfect silicene sheets are: of" =0.22

,and o )7 =0.75 GPa. The strongest stress (o' ) appears because

e force directed perpendicularly to the electric field strength vector.
Figu 7 shows the relative average stresses acting in the defective silicene sheets when

ithium 10N moves between them. It is seen that, as a rule, the weakest stress ( o,, ) in the
ive silicene is amplified, but more significant stresses (o,, and o, ) are weakened.

uch particularly strong decrease is observed for the o, stress that is associated with the

increase in the freedom of the ion motion in the z direction due to the presence of the poly-
vacancies.
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Figure 107. Change of stresses acting in the plane of silicene,sheg es of appearance of mono-
and poly-vacancies in them; the numerical designation is similg atin Figure 103.

Silicene is a much less durable materia
especially, when silicene has a large n
lithium ions motion around it under the in ce of the electric field. The Li* ion motion
between the sheets of silicene requires the application of a much stronger electric field 10°
V/m than the field 10°V/m. The lat eded to move the ion along a flat channel formed
by the sheets of graphene [4 ium ions motion is more controlled when they
move along the graphene changel than the silicene one, where the ion trajectory covers a
large area of the silicengsheefyf414]. In the case of silicene, the Li* ion inputs easier in a
flat channel. Howe ion usually is stuck in the silicene channel even when the

rapRene [412]. Its stability is not high,
s with respect to friction and the

channel has a suffi Iyflarge value of h, and significantly, higher values of the applied

electric fiel

reu
V:QT@SS of the “zig-zag” direction (0.22 GPa) appearing in the perfect
silic espnot exceed 5% of the stress limit, which is installed in silicene under uniaxial

tension . However, in the presence of the mono-vacancies, this stress achieves 13%
e corresponding stress o, . We cannot make such a comparison if there are larger
-vacancies in silicene because of the lack of data on the ultimate stretching. Note that

the o, calculated value has some decrease for silicene with poly-vacancies. Stresses o,

and o, initially decrease as defect size increases, but for silicene with hexa-vacancy, they

increase. At the same time, the o, stress (in the case of the hexa-vacancies presence in

silicene) decreases substantially compensating for the increase in the values of o,, and
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o,, . Redistribution of stresses in silicene containing hexa-vacancies is associated with
increasing the symmetry of defects and the change in the role of various Si-Si bonds. The

o, stress (caused by the action of forces directed parallel to the plane of silicene and

perpendicular to the electric field strength vector) is the most significant among the other
stress components acting in the plane of the silicene sheet. As expected, the creation of the
vacancy defects leads to the strongest decrease in the stress caused by the action of the
vertical forces. For all types of defects, the stress in silicene is more than 2 times lower

than that for the pristine silicene. Thus, a change in the mechanical properties % ‘\
I ("

The passage of lithium ion through a two-layer porous silicene membrane in

defective silicene is not critical for its use as an anode material.
&
field was studied. Moreover, the ion forced motion was studied along a flat rmed
i 1

by sheets of porous silicene. Mean transit time of the ion through thg si brane in
the transverse electric field is reduced under increase of the pore s icene. Under

o |4

motion in the space between silicene membranes and is ex:
the gap bounded by the silicene sheets. The simulation
silicene are more stable than tri- and hexa-vacancies.
ion strikes onto the boundaries of the pores at much
other poly-vacancies.

The presence of a sufficiently large of the mono- and bi-vacancies in silicene
allows monitoring the charging/dischargingfakocess of the electrode. However, coarsening

the size of defects, i.e., replacemen the mono- and bi-vacancies by the tri- and hexa-
vacancies makes correspondin /@ uncontrollable. The o, stress caused by the
electrostatic force eE is greatly enh@anced when the lithium ion moves in the flat channel
ets. There is a redistribution of the stresses existing
during the motion of ion in silicene when the defect symmetry coincides with
the symmetry @f th -dimensional structure. The most significant stress is produced by
the transverse foxr ing parallel to the plane of silicene and perpendicular to the electric

field strengthlvect@r™®T he results of the present study may be useful in the development of
the sillicen esign for the lithium-ion batteries.

RX%

fain‘their shape under frequent
gvalues of the D coefficient than







Chapter 8

APPLICATION OF SILICENE ON AG(111) SU E
AS ANODE OF LITHIUM-ION BAT

TS
8.1. STRUCTURE AND STABILITY OF DE X%JCENE ON

AG(001) AND AG(111) SU

Defects have often been a dominant factor in t two-dimensional materials.
ate”some types of defects, such as

materials for specific applications 0]. For example, the creation and elimination of
the point defects provide a mean e the local structure, to change the thermal stability,

well known that two-di i aterials with defects are excellent membranes for
separation of gases [443 .

The structyre @e etics of point defects in the free-standing silicene was
investigated in x 442-445]. For example, Ozcelik et al. [442] investigated the
atomistic méchani of self-healing the vacancy defects and found that in silicene the

energy gaine ng formation of new Si-Si bonds becomes the driving force for the
reco tion. Gao et al. [441] systemically investigated the structure, energy of
formati havior during the migration, as well as, the electronic and magnetic properties

ical point defects in silicene including single and double vacancies. VVacancy defects
d during local structural changes significantly decrease the silicene thermal stability
45].

Previously performed studies provided a deeper insight into the diffusion of the
vacancies in silicene. As a rule, they were focused on the analysis of the mechanisms of
formation of the single-, double-, and triple-site defects. Recent experimental studies have
revealed that a large number of defects in the form of clusters with more than three missing
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silicon atoms are observed in scanning tunneling microscopy images [25]. Although the
investigation of many-atomic vacancies is of fundamental importance for understanding
the formation and operation of layered materials, the mechanisms of their nucleation are
far from being fully understood. This problem was solved by Li et al. [446] using the
method of calculation within the framework of the density functional theory with emphasis
on studying the reconstruction, coalescence, and diffusion of vacancy defects in the free-
standing silicene. These authors also investigated the adsorption and diffusion of silicon
atoms on the silicene layers and found that such adsorption process can enhance the

stability of the system and open a significant part of band gaps in silicene. Until nov% ﬂ

ere
e
Nevertheless, namely those substrates, on which silicene can be obtained e ntally,
are of particular interest.
It seems to be promising to change the electronic structure of §ili

of defects in it. Vacancies or multi-vacancies can be created in sili
ea

have been no studies carried out on the stability of the defective silicene onﬁ
I

creation
means of the ion
edges of vacancies
onic properties of

bombardment. The uncompensated bonds of silicon atoms logate
(multi-vacancies) attract electric charges; thereby change,t

silicene. Negative charges retained at the edges of v i the formation of the n-
type regions, whereas positive charges near these de rm the p-type regions. It is
possible to form the p- and n- type transitions gn the,same silicene sheet, having both
negative and positive charges at the edge anej he number of electric charges on
each defect can be controlled by varyi size of multi-vacancies, for example, by
changing over from the mono-, bi-, and tri-vagancies to hexa-vacancies.

If the silicene cannot exist as ependent phase, application of this material in

directions in the practical applicatiofi of silicene is that it has been used as an anode for the

practice is possible onlytogethecé ubstrate supporting it. One of the most important
lithium-ion batteries. Thi

ed with the high theoretical lithium capacity of silicon

(6 lithium atoms per_silicen atom), the relatively small change of the volume (13% and
24% for the sipgle wo-layer silicene sheets, respectively) during the lithiation of
silicene, and t reconstruction of its structure because of delithiation [447].

the stability of a two-layer silicene saturated with mono-, bi-, tri-,

he model and the main interactions in the system were similar to those described in

ion 7.5. The Morse potential was used to describe the interaction between the silicon

and silver atoms [429, 449], and the interaction between the Li* ion and Ag atoms [52,
431]. The Morse potential used for the representation of these interactions is shown in
Figure 108. We used the single cutoff radius of interactions r,, = 0.5 nm. Taking into

account the cutoff radius of interactions, each silicon atom could interact with silver atoms
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from no more than two surface layers with the distance between the silicene sheet and the
substrate r,s; =0.27 nm [432].

2

@(r) (eV)

0

0.2

Figure 108. The Morse potential describing the i
Si between the silicene layers.

ionty(1) AG-Si, (2) Li-Si, (3) Li-Ag, and (4) Si—

The model under consideration implies t x 4 surface reconstruction. The unit cell
of this rhomb-shaped silicene stru ntains 18 Si atoms. Six Si atoms of the unit cell
are displaced by 0.074 nm nor surface. Other Si atoms are on the same (initial)
plane. The initial structure of ene sheet was close to the silicene surface observed
on the Ag(111) substratgf[4 he Si atoms protruding above the initial surface in the
upper sheet of the bi ilicene are displaced upward, such atoms in the lower sheet are
displaced do a erformed a number of calculations for choosing the optimum

distance h, silicene sheets. According to calculations within the framework
of th sit

ional theory, the gap h, between the two-layer silicene sheets with the

AB ing @mounts to 0.2481 nm [433]. In the case of the longitudinal displacement of

e Li* 10f, we used the values of hg| =0.75, 0.80, and 0.85 nm.
ine defects of the same type were created approximately uniformly. Wherein for

erent sheets in silicone a displacement by 1 — 2 nm in each direction (x and y) was
performed. The two-layer silicene was located on the unreconstructed Ag(001) and
Ag(111) surfaces of the fcc silver crystals. The silver atoms were 3.84 times heavier than
the silicon ones. Consequently, the velocities acquired by silver atoms in collisions with
silicon atoms had to be lower by the factor of 3.84.
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Therefore, with good accuracy in calculations, we restricted ourselves to an
approximation of the interaction, but not the motion of the silver atoms. In a number of
molecular dynamics calculations, the minimum value of the electric field strength was
chosen. Therefore, starting from this value, the lithium ion could pass through the entire
graphene channel in the direction of the applied electric field and leave it through the
imaginary back surface. This condition is satisfied under the electric field strength 10° \V/m.
Such an electric field cannot have a significant effect on the parameters of the electron
orbits of atoms and, consequently, cannot introduce changes in the widely used potentials

of the inter-atomic interaction. ﬂ
In the case of the gaps h, = 0.75 and 0.80 nm, the Li* ion was always s&”

channel formed by the defective silicene. The Li* ion did not leave the sili nels
containing bi-vacancies for the gap h, = 0.85 nm during the entire calculati he other
cases with this gap, the lithium ion passed through the silicene ch cated on the
substrates of both types for the time interval 7 — 38 ps. Dlglng n, the absolute
velocity of the lithium ion u,,, was, on the average, equa cm?V-1s?onthe
Ag(001) substrate and 3.51 x 10 “cm?Vistonth \ In an aqueous solution

at the temperature of 298 K, the Li* ion has, on th the absolute velocity u,, =

jon, the lithium ion motion had a
is motion could be observed for the

3.88 x 10* cm? V-1 s7L. In all the cases undg
diffusive character. The ballistic chara @

gaps h, >1nm.

-layer silicene with bi-vacancies on the Ag(001)
s) is shown in Figure 109. It is seen that, during
splacements of silicon atoms occur both in the top

The general view of the syste
substrate” after 4 000 000 time ste
the calculation, the significanterti

and bottom silicene sheets? thy to note that, under changing from silicene with
mono-vacancies to siliCere hexa-vacancies, the magnitude of the displacements
increases. Theéimi is observed for the system with the Ag(111) substrate. For

both substrates,& rearrangements of silicon atoms in the planes of the top and
bottom silicehe s

chematic of the trajectory of the Li* ion motion through the channel [450] is shown
inF 10 for (a) ideal silicene and (b) silicene filled with mono-vacancies. The gap
value i nm. Points 1 and 2 correspond to the places where the Li* ion enters the

annel and exits it. When the silicene sheets forming the channel are perfect, the
sportation of the ion moving horizontally under the action of a field occurs almost
rectilinearly, and the Li* ion easily passes through the channel (Figure 110a). With mono-
vacancies in the silicene, the trajectory of the ion in the channel is crooked, and the Li*
tends to exit the channel through the vacancies (Figure 110b).
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Figure 109. The configuration of the “two-layer silicene on the \b rate” system obtained at
the instant 400 ps.

Two coordination spheres limited de i
function. The radial distribution fun D f each defective silicene sheet
(irrespective to the substrate type) has a lo ntensity of the peaks reflecting the presence
of the nearest neighbors and next-to-nearest neighbors as compared to the corresponding
RDF for perfect silicene (Figure 1®‘e calculated RDFs were obtained by averaging
over the last four-time interval ration of 100 ps, i.e., over the period accounting
for 1/4 of the total molec nampics calculation. For comparison with the RDF of the
perfect silicene on the@) substrate, Figure 111a shows the function g(r)g; g
obtained for t@e p@ el of the free-standing silicene [451]. The Lennard-Jones

fitted from the molecular dynamics simulation data with the

potential paramx
Stillinger—v@ ntial function [452].

tionWgegion of the radial distribution

¢ den the “planar” silicene is 24% higher than the density of the perfect
silic mulated on the Ag(001) substrate in our study. The molecular dynamics
simulati s demonstrated that the positions of the first peaks of these functions are very

e to each other. But the position of the second peak of the radial distribution function
planar silicene is shifted by 2.5% toward the short distances. Figure 111b shows the

F of the bottom silicene sheet with tri-vacancies on the Ag(001) substrate. The second
peak of function g(r) of the perfect silicene has a “shoulder” on the right, which is smeared
for the RDF of the defective silicene. Formation of the shoulder and a significant

broadening of the peaks indicate substantial vertical displacements of silicon atoms in the
model.
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icene sheets filled with mono-vacancies; the gap value is 0.75 nm.

e 110. Trajectory of the Li* ion motion in the graphene-silicene channel: (a) defect-free silicene,

We introduce the following notation for the systems under investigation: | defect-free
silicene, 1l silicene with mono-vacancies, 11 silicene with bi-vacancies, IV silicene with
tri-vacancies, and V silicene with hexa-vacancies. The relative decrease in intensity of the
first peak of RDF &, = (gl' -g; )/ g, (where 1 is the number of the peak and j denotes the
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system) increases slowly under changing over from the silicene with mono-vacancies to
silicene with bi-vacancies and tri-vacancies and increases fast for the silicene sheets with
hexa-vacancies (see insert in Figure 111b). The similar characteristic for the intensity of
the second peak of this function behaves in the opposite way: it decreases monotonically
upon changing over from the systems with mono-vacancies to silicene with hexa-
vacancies.

15 1

10 4

8y

15 4

e
. 0.1 -2,
II m v Vv

Type of defects

0 . .
0.2 0.4 0.6
!@ 7 (nm)

O

Figure 111. The radial distribution functions: (a) (1) perfect silicene on the Ag(001) substrate (averaged
over the silicone sheets), (2) free-standing planar silicene [451], and (b) silicene with tri-vacancies on
the Ag(001) substrate; the inset shows the characteristics of decreasing intensity of (1) the first peak
and (2) the second peak of the radial distribution function.
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Figure 112. Relative r%e of (1) bottom defective silicene sheet, and (2) top defective silicene

sheet on the (a) A &

) Ag(111) substrates.

la ghness R;* /RS of the defective silicene sheets with different types

of v les Is shown in Figure 112. The roughness of the defect-free silicene at the initial

per

ate is denoted by R,

. The data obtained for the systems with the Ag(001) substrate are

ted in Figure 112a, and the results for the systems with the Ag(111) substrate are
onstrated in Figure 112b. It is seen from the figures that in all the cases under
consideration, the roughness of the defective silicene rises above the level of the initial

per

roughness of the perfect silicene (R}* /R};" > 1). It should be noted that due to the atomic

interactions and appearance of corrugation, the roughness of the perfect graphene also
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increases slightly. Moreover, the roughness of the perfect silicene on the Ag(001) substrate

is lower than that on the Ag(111) one.
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Figure 113. Dynamics of the hexa-vacancies collapse in the bottom silicene sheet supported by the

Ag(111) substrate.
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In the tests with the Ag(001) substrate, the roughness of the top silicene sheet, as a rule,
is lower than the roughness R, of the bottom silicene sheet, except for the silicene sheet

with bi-vacancies. In the case of the Ag(111) substrate, the roughness of the defective
silicene sheets are approximately equal to each other, and only for defective silicene with

hexa-vacancies, the bottom sheet is characterized by a higher value of R,. Thus, on each

of the silicene sheets regardless of the type of silver substrate, the tri-vacancies and hexa-
vacancies lead to a larger roughness as compared to mono-vacancies and bi-vacancies.
Dynamics of distraction the hexa-vacancies in the bottom silicene sheet is illusttated
in Figure 113. At the initial instant, this bottom sheet of silicene contained seven(si
hexa-vacancies and two bound vacancies of the same type. For 200 ps on t
silicene, two doubled multi-vacancies and seven single vacancies of diffe

formed. For 400 ps two vacancy clusters were formed on the top and bett s of the
sheet under consideration. Each of the clusters combined eight largéyand Il vacancies
of different types. The similar structural rearrangements ocgurr potly the bottom and

top silicene sheets in the presence of vacancies of differe Gen raIIy, we observed
the fragmentation of multi-vacancies into smaller ones a ubsequent coalescence

into vacancy clusters.

The average internal energies Ug, i, obtained forili sheets in each of the systems
are shown in Figure 114. Figure 114a pres e fesultsobtained for the systems with the
Ag(001) substrate, and Figure 114b il the systems energies with the Ag(111)

substrate. In both cases, there is the tenden@y toward an increase in the internal energy

U, as the vacancies size incre the silicene sheets. The main difference in the
behavior of the energies Ug, g a@ems with substrates of different types lies in the
fact that this characteristic for'the silicene with bi-vacancies on the Ag(001) substrate has
a very low value. This walue 1§,even less than the internal energy Ug, g, of silicene with

mono—vacancie‘s or@ ical substrate. The energies of the perfect silicene and the

silicene with bi-vacancies on the Ag(001) substrate are lower than the
correspondi lugyfor silicene on the Ag(111) substrate.

Verni presence of the tri- and hexa-vacancies in the silicene sheet, the ratio
bet € €nergies changes to the opposite one. For comparison, Figure 114b shows the
estimat ue of the cohesion energy of an endless silicene band that does not have a

trate [448]. This value is significantly higher than the internal energies U, obtained
r study for the perfect silicene on both the Ag(001) and the Ag(111) substrates. It
should also be noted that the values of U, considered here for silicene are substantially

higher than the experimental value of the energy obtained for diamond-like silicon (—4.63
eV/atom).
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Figure 114. A@r nal energy E of silicene sheets on the (a) Ag(001), and (b) Ag(111) substrates

inth ct for systems (1): (1) silicene and (2) silicene band, and in the presence of the
defe mano-, (111) bi-, (IV) tri-, and (V) hexa-vacancies.

e honeycomb structure. This especially occurs in the silicene with multi-vacancies.
e 115 shows the distribution of stresses along the length of the channel with the gap
of 0.75 nm in the bottom silicene sheet containing hexa-vacancies and located on the

O Ag(111) surface. The patterns of stress distributions in the top and bottom sheets of silicene
in all the cases under consideration are similar to each other. It is in the presence of hexa-

2 he presence of the Li* ion in the silicene channel leads to a gradual destruction of the
r
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vacancies in the silicene sheets where the strongest local stress o, was obtained in

calculations with the gap of 0.75 nm.
The observed surges of the stress closer to the middle part of the length of the silicene
sheets are caused by the presence of the lithium ions in these regions of the channel. It is

less than the stresses o, and o, induced by the horizontal forces.

worthy to note that the stresses o,, caused by the vertical forces, as a rule, are considerably \

o (GPa)
L)
.\
D
T
_:—'-'-'_'-'-'-'_'-'_‘-‘l
2 ]
-‘\H.
4
__'-'-"_(—FFI.
/.‘
“-\\ .
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Figure 115. Distribution of stresses (1) ox, (2) oz, and (3) o3 acting in the plane of the bottom silicene
sheet containing hexa-vacancies and located on the Ag(111) substrate when the Li* ion moves in a
planar silicene channel under the influence of the electrostatic field.
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imumm absolute values of the local stresses in the bottom silicene sheets located on the
substrates when the Li* ion moves in the planar silicene channel under the
electrostatic field: (1) defect-free silicene sheets and (11-V) silicene sheets with (I1)

e maximum absolute values of the stresses are shown in Figure 116. The values are

ained as averages over the time macro step (10 ps) for all the silicene channels under
investigation. It is seen that the orientation of the substrate surface has a more expressed

influence on the value of |‘7zz|max , especially, in the presence of the mono- and bi-vacancies

in the silicene sheets. The highest value of |O'ZZ|W is reached in the perfect silicene on the
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Ag(001) substrate. The maximum absolute value of |GZX| is also reached on the same
substrate in the presence of the hexa-vacancies in silicene sheets. Moreover, the presence

of hexa-vacancies in the silicene sheets is characterized by the maximum value of |0,

(which is approximately the same for both substrates). The external action is transmitted
by the Li" ion to the silicene sheet when the electrostatic force acts along the x axis.
However, the maximum stresses appear in the silicene sheet due to the forces acting in the
perpendicular direction (along the y axis) and leading to its compression. The strained two-
layer silicene has the positive Poisson ratio.
The VDD method is necessary to compute the atomic charge distribution of aﬂ I
0

There is no need to measure the amount of charge Qa associated with a parti mA,
because Qa directly monitors how much charge flows due to chemical int s out of
(Qa> 0) or into (Qa< 0) the Voronoi cell of the atom A. The lit on in the
flat channel formed by silicene sheets is associated with the tran art*of the charge
from the ion to the surrounding Si atoms. Figure 117 showsbthe iguration of the
system “perfect silicene on the substrate Ag (001)”, whiclyis ed by the sphere of

radius 0.65 nm centered around the Li* ion location.at thewgstant When the ion is near the
middle of the silicene sheets. In addition to the Li*,i0 % 5i atoms entered the sphere.
Moreover, 14 of them belong to the lower sheet of s
attracted, and 2 atoms were caught from h

The numbers in Figure 117 point to t arges assigned to particles in absence of the

ion (Figure 117a) and in its presence (Figure®l7b). At the instant, for which the figure is
calculated, the lithium ion lost 8.3®charge that passed to the surrounding Si atoms.

In this case, the charge redistripugi@m touched all the atoms in the selected region. Under
the influence of the ion, the cRargesiof most of the Si atoms have become more positive,
but there are also atom arge has become more negative. Atoms of the upper

sheet weakly bound tg,th ms’of the lower sheet of silicene reduced their negative charge
under influenceof t @ jon. The presence of defects in the silicene sheets, as a rule, leads
to an increase. i \J ber of Si atoms near the Li* ion. For example, when defects are
hexa-v am@ mber of Si atoms entering the sphere of radius 0.65 nm around the
ion i . Increasing the number of Si atoms in the sphere is due to the attraction
of both sheets nearest to the ion. This is caused by weakening the bonds
ms Si in the defective silicene. The approach of the Si atoms to the ion leads
t increase in the transfer of the ion charge to the Si atoms. In the presence of the hexa-
ncies in the silicene sheets, the lithium ion transfers for Si atoms 81.5% of its original
charge at the given time. The residual charge of the lithium ion becomes comparable with

the charge of the individual Si atoms. The nature of charge redistribution (caused by the
presence of the lithium ion in both cases of defective and perfect silicene) is the same type.
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igure 117. The VDD charge distribution in the spherical neighborhood (R = 0.65 nm) of the lithium
i tion point under: (a) absence and (b) presence of the Li* ion at this point; the point is closest to

idpoint of both perfect silicene sheets; the numbers near the depicted atoms indicate the
magnitude of their charges.

The silver substrate has a significant effect on the stability of the two-layer silicene
sheets, especially, in the cases where the silicene contains vacancies and multi-vacancies.
It is of interest to compare the behavior of silicene contacting the metal with the
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corresponding behavior of graphene. It is obvious that, as in the interaction of graphene
with a metallic surface (for example, copper), the influence of a close contact between the
materials should be mutual. In the case of the copper/graphene contact, the metal film is

and o, [269]. In

graphene, relaxation of the stresses is much slower than in the metal [312]. The components
of the stress tensor of the copper film (that reflect the action of forces on the horizontal
pad) have a fundamentally different behavior in the cases where the film is located on the
single- or two-layer graphene [281].

subjected to considerable stresses, the greatest of which are o

XX ! xy'

\00’

If you want to remove the copper film from graphene, then, for this purpo@ ﬂ
e

advisable to use a cluster argon beam directed parallel to the plane of the gra

[193]. In this case, the destructive effect on graphene will be minimal. De, i n the

field of application, it is necessary to choose one or another technology duction

of nanomaterials [453]. The identification of structural defects beco motg reliable with

increasing density of free bonds [454]. The diffusion consid@ e processes of
g

formation, interaction, and migration of defects can occ a’ the type of relay-
race transfer of the free bonds. L\\

Stability of the system, in which there is no chem ilicon atoms on the silver
surface, is very low. The tendency toward the sp - on creates a prerequisite for
displacement of the silicon atoms of multila i in the direction perpendicular to
the plane of the material. The results ok study have demonstrated that the

silicene sheets weakened by the presence oftfie vacancy-type defects initially are deformed
due to the vertical displacements of the silicon atoms. This is facilitated by the Li* ion

interaction with the silicon atoms. er, the Si—Si bonds are further weakened, and a
gradual destruction of point gdefe gins to occur. Small defects, namely, mono-
vacancies can be healed wi fopmation of new rings consisting of silicon atoms, as a
rule, with an odd numbeg of Tigks. Large multi-vacancies change in their shape and size,
thus, provokingac inthe structure of the entire graphene sheet where the honeycomb
structure transﬁ amorphous one.

The p ayer silicene on the Ag(001) substrate has a lower energy as

its a Iogue on the Ag(111) one. The creation of a large number of tri- or
s In the silicene can lead to the inverse relationship between the energies of
5|I|cene hese substrates. The structural rearrangements occurring in the two-
ensional system do not substantially affect the form of the radial distribution function
silicene. The influence of substrates primarily manifests itself in the enhancement of
vertical displacements of the silicon atoms. However, expansion of the gap between the
silicene sheets and the motion of a Li* ion between them in the presence of an external
electric field also significantly change the horizontal projection of the two-dimensional
structure of silicene.
The energy characteristics of silicene on the Ag(001) and Ag(111) substrates differ
only slightly from each other with the exception of the system with bi-vacancies, for which
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the Ag(001) substrate is more preferable. The Li* ion motion between the silicene sheets is
associated with the strong local fluctuations of the stresses acting in the plane of the silicene
sheets. Moreover, in the majority of cases, the stresses generated in the perfect silicene
dominate over the corresponding stresses in a defective silicene. The main exception in 0 *

this pattern is the defective silicene with hexa-vacancies, which is characterized by the
most significant stresses o, on both types of substrates. Investigation of the charge
transfer from the Li* ion to Si atoms showed that the larger the size of the poly-vacancies,
the more charge can be transmitted to Si atoms during the ion motion along the channel.

It is easier to control the Li* ion motion under the influence of an electric fiel 4

planar channel formed from a free-standing silicene than in a two-layer siligéne
located on the Ag(001) or Ag(111) substrates. In this case, the vacancy-t@ S are

also better preserved in the silicene. Q

8.2. COMPUTER STUDY OF ATOMIC MS OF
INTERCALATION/DEINTERCALATION OF IN A SILICENE
ANODE ON AG(111) S

Silicene anodes can be constructed on
way is to make an anode on the same sl on Which the silicene was obtained. The
main substrates for production of the siliceRg are still silver ones, and the silicene sheets
are obtained on the Ag(111) substrateglhus, asthe object of investigation, we chose a two-
layer silicene, which is located on 11) substrate.

The silicon enables long li -energy storage resulting in a significantly longer
lasting battery. If in the ure under consideration during charging the lithium
ions fit into the gaps eefythe silicene sheets, the process known as intercalation.
Penetrating into the \ Li* ion quickly acquires an electron and becomes a neutral

@ne reverse process (deintercalation), the Li atoms discharge

atom. In the ¢
electrons an@&rm of ions rush to the cathode.
jo

presence of a substrate. The simplest

st ty of available lithium-ion batteries consist of two electrodes connected
by adli ctrolyte. This electrolyte makes it difficult to reduce the size and weight of
the bat dditionally, the electrolyte is subjected to leakage; so, the lithium in the

posed electrodes then encounters with oxygen in the air and undergoes self-ignition.

ization of the liquid electrolyte composition to extend the LIB life remains

A allenging. The LiPON (lithium phosphorus oxynitride) is an amorphous glassy material
that can be used as an electrolyte material in thin film lithium-ion batteries.

O In this section, we present results of the study of processes of intercalation and

deintercalation of lithium ions occurring in a plane silicene channel. Moreover, we describe

the determination of the kinetic properties of Li ions and atoms in the channel and
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investigation of the effect of the defects on the stress distribution in the lithiated silicene
sheets on the Ag(111) substrate.

Lithium ions are efficiently transferred and electronically isolated in a lithium-ion
battery. The scheme of a typical lithium-ion battery with liquid electrolyte is shown in
Figure 118. To improve the battery, the liquid solvent and polymer separator should be
replaced by the solid electrolyte. When using silicene on the metal substrate as an anode
material, the metal part of this structure should not directly connect to an external electrical
circuit. The contact with the circuit must be carried out only through the silicene. In
addition, the metal substrate must be isolated from the electrolyte. Metal (in this case”
is present only because silicene cannot be separated from it. Although the pres

Ag substrate can increase the electron transfer rate to Li* from the silicene. ithium-
ion batteries, capacity fade occurs over thousands of cycles limited by slow hemical
processes, such as the formation of the solid-electrolyte interpha i negative
electrode, which compete with reversible lithium intercalation. gradation is

often the limiting factor in developing new electrode materiads b ical Li-ion batteries
necessarily exhibit slow degradation over hundreds or thotsands,o les.

.Li

SEI layer Electrolyte

(Reducing Agent) (Oxidizing Agent)

Figure 118. Schematic of a typical state-of-art of the lithium-ion battery.
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Such slow capacity fading usually arises from irreversible electrochemical processes.
Initially, the SEI formation protects the electrode against solvent decomposition at large
negative voltage, but over time, it leads to a gradual capacity fade as the SEI layer thickens.
However, the formation of the SEI is not the only problem when finding new anode
materials for LIB. It is very important to know how thin-film silicon materials on substrates
will behave themselves when intercalating with lithium. Theoretical understanding of the
processes occurring at the anode will assist the design of high-performance batteries. The
model used in the theoretical analysis should be as simple as it can be without neglecting

important effects. ﬂ
The interaction potentials and overall dimensions of the system, as well
and type of defects are described in Section 8.1. Atoms of the substrate wege Imgnobile.
0

The Ag-Ag interaction was not considered in the model. The electric fiel
the Li* ions that have the electric charge 1e, where e is the ele
The Coulomb interaction acted between two lithium ions when t roduced into
the channel or were removed from it by pairs. When tw@ior%\t oduced into the
channel simultaneously, the distance between them was less t 1 nm. In this case,
the interaction energy between two-point elementar snot more than 1.44 eV,
The work on moving an elementary point char% distance of 1 nm along the
field force line exceeded this value by more than,2.5 timeS*and was equal to 3.69 eV. The
binding energy of lithium with the silic per Li atom and shows small
variation with respect to the Li content, the barriers for Li diffusion are relatively

low typically less than 0.6 eV [427]. The results of the molecular dynamics simulation
performed with the selected potentmicate the adequacy of the model used [427, 436,

448]. The height of the silice Ah and the Si—Si bond-length L can vary for
various reasons. For example Gthe r@asons may be: the interaction with the substrate, the
presence of the defectsefespeeially large ones) in silicene, the silicene interaction with

adatoms and metal i n the present simulation of lithium adsorption on silicene, the
value of Ah m% m 0.64 (for perfect silicene) to 1.44 A (for silicene with tri-
e

ly on
¢ charge.

vacancies) al ue of L changes from 2.30 to 2.44 A. These values of L agree well

with altes of the average Si-Si bond length for Siswo nanoparticles in the vitrified

(0.2 an amorphous state (0.236 nm) [453]. The calculated adsorption energy for

the lithi ilicene ranges from 2.27 to 2.52 eV/Li (depending on the location of the Li

). The average length of the Si—Li bond is 0.265 nm, which agrees well with the data
455].

The electric field strength directed along the x axis during intercalation of Li* ions was
10® V/m. About such electric field strength is achieved by using the LiPON film with the
thickness of ~ 30 microns as a solid electrolyte to create the working voltage of 1.5 V in
the LIB [456]. To observe the similar effect in a silicene channel having the length 4.7 nm,
it was necessary to increase the gap width to 0.75 nm and the electric field to 10* V/m
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[448]. The lithium ion migrates along such a channel and at the electric field strength 103

V/m, but in this case, the ion cannot overcome the energy barrier to exit the channel.
Simulation of the intercalation process consisted in the periodic single or double

emission of the Li* ions from points with the random Y coordinates on the line having

constant coordinates X =0.198 nm, z =0.375 nm. In other words, the line of initial points
was near the channel entrance with a slight shift inward at the height hg / 2 . The endpoints

of the line were inside the channel at the distance of 0.2 nm from the coordinates of the

extreme silicene atoms, which limit the extent of the sheets along the Y direction. Thgyion ﬂ
ing'the

000 time steps. In the case of the uniform lifetime (10 ps), the ion succeeds in
advantageous location on the surface of the silicene and staying there unti f the
time allotted to it. lon would not have this opportunity if the lifeti ochastic
variable. q ‘

Until the maximum filling of the channel with lithium, the i%i d in the channel
during the entire lifetime (10 ps), mainly, because it could t& the barrier created
by the attracting interaction of other atoms. When the lithi converted to a Li atom
(after a set time of 10 ps), the nature of its interaction W er atoms (Si and Li) does not

change, but the electric field no longer had any influ Oft it. In other words, the Li* ion
transition to an atom means a change in it ricicharge from +1 to O (every 10 ps) that

moved under the action of the constant electric field with the strength 10° V/m d@)

does not affect its interactions that are n d to the presence of the electric charge.
After every 10 ps, anew Li* ion is launcheg into the channel. This procedure is repeated
until the ions could find a place in t nnel. The limiting number of intercalated lithium

increase the number of Li at@ms above this value were unsuccessful since the Li* ion
eventually either left th utward or did not enter the channel at all. For the
channels formed by the defectiVe silicene, intercalation and deintercalation were carried
out by inserting io into the channel and removing them from it, respectively. At the
end of the intercxa e obtained a system, in which the electrically charged particles

atoms turned out to be 39 in the Ei hannel from the perfect silicene. All attempts to

(ions) are ¢ bsent.
alation, the charged particles were again in the system: one ion in the
case afhel formed by the perfect silicene and two ions in a channel with the defective

silicene S. The process of lithium deintercalation was carried out when the direction of
lectric field was reversed and the modulus of its magnitude was increased to 10* V/m.

rder of appearance of ions in the system also has the inverse order, i.e., the last Li*

ion that has been got into the channel became the first one, etc. The lifetime of the ion

O remained the same, i.e., was 10 ps.
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The ion always left the channel during its lifetime without the accompaniment of
lithium atoms. In a separate series of calculations, it was established, that such a character
of the inverse process is not related with the order in the sequence of the atoms conversion
into the ions. It was shown that a change in the order of exit of the ions from the channel
did not lead to any new result. Therefore, when the choice of the outgoing ions was made
randomly, each ion came out from the channel alone without the accompaniment of other
atoms.

Figure 119 shows the configuration of the “Ag-Si-Li” system referring to the instant
390 ps at the final filling by lithium the channel formed by sheets of perfect silicene.
this time, 39 lithium ions were introduced into the channel. All intercalated Li ar,

visible in the figure because the silicene sheets are shown as transparent. It is,sg at not
all Li atoms are adsorbed by the silicene. Four Li atoms were found outsi @ hannel,
one of which is found at a considerable distance from the lower s iliCene. It is
clear that in the process of deintercalation, each of these atoms turpiig,intc”an ion freely
leaves the system. At the same time, the external Li atoms4will eCt the location of
other lithium atoms in the channel. In addition, the arrangemen e four atoms is such
that they cannot interfere with the escape of othepsion the channel during

deintercalation. Therefore, these four Li atoms local e the channel were removed

from the system before the deintercalation procegs be

.
Electrolyte

‘@ ® 3 ‘$°

X (nm)

Figure 119. The channel formed by perfect silicene sheets on the Ag(111) substrate after the
intercalation process of lithium.
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The procedure for liberation from the “extra” Li atoms was also carried out for the
silicene channels containing the mono- and bi-vacancies. In these cases, prior to
deintercalation, 5 and 15 Li atoms were removed from the system for channels with the
mono- and bi-vacancies, respectively. It is seen from Figure 119 that the top sheet of the 0 L 4
silicene adsorbs the overwhelming majority of Li atoms. This is the result of the influence
of the metal substrate since in absence of a substrate the number of adsorbed Li atoms by Q
each silicene sheet is approximately equal. \
The complete filling of the channel with lithium led to the highest height of the dome
formed by the upper sheet of silicene. The highest dome was formed for sheets e ﬂ
perfect silicene. Deformation of the silicene sheets leads to the increase of spac
for filling the channel with lithium, which in the case of perfect silicene 45%.
Strong deformations of the silicene sheets on the Ag(111) substrate c@ 0 the
structural rearrangement of the vacancy-type defects in silicene. F silicene

with defects, magnitude of the vertical deformation was reduced, as, the volume of
the inter-sheet space decreased. The horizontal (along the qui%e ical (along the z
0

axis) profiles of lithium density in the silicene channel are U8ua same type for both
the perfect silicene sheets and ones with various vacanc ects. For example, Figure
120 shows the corresponding profiles of numerical% the case of the presence of
the bi-vacancies in silicene.

The values of x and z are calculated f e of the channel (x = 0) and from
the level of the lower sheet of silicene (z n this case, 64% of all Li atoms are more
“tied” to the upper sheet and only 36% to lower one. Depending on the size of the
defects, from 15 to 40% of Li ato join” to the lower sheet of silicene lying on the

distribution of the Li atoms alohg théz coordinate is much larger than the initially specified
interval between the si ts (0.75 nm). This is due not only to the strong
deformation of the sigg eets but, also, to the escape of the individual Li atoms through

Ag(111) substrate, and from @ %gatoms “adjoint” to the upper one. The range of
g

the bi-vacancies b sheets boundary. The region at the half-width level of the
channel is fre

111) substrates changed the lithium density profiles. In this case, the

the chanfel. The shape of the vertical density profile indicates that the middle part of the
C el is not free but is most densely filled with the Li atoms. The Li atoms are not densely

acent” to the upper sheet of the silicene but leaving a small free gap near it. This is
because there is a stronger attraction between the Cu and Li atoms than between the Ag
and Li ones. The results of MD simulations show that the vacancy defects are better
preserved during lithiation in the silicene located on the Cu(111) substrate than on the
Ag(111) one.
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(a) P Lion Ag(111)

30 LionCu(111)

Frequency (%)

P Li on Ag(1 8
LionC 1)

with bi-vacancies on the Ag(111) a bstrates.

Let us consider in m etail pehavior of the defects and attachment of the Li atoms
to silicene sheets by the@é of a silicene channel having mono-vacancies and being
fully filled Witﬁlit@ investigated configurations refer to the instant 0.51 ns (or 5.1
x 10° At). The x ions of the upper and lower layers of the channel cut by the mean

(z=h;/2)plan hown in Figure 121. The view is from the side of the plane z=h; /2

Figure 120. Horizontal (longitudinal) an profiles of lithium density in the silicene channel
11

ertical channel size after lithium intercalation. There are 8 cavities in

each siliceng'sheet. Their sizes exceed the size of any cavity formed by the six-link rings.
The bottom sheet contains two largest cavities, which boundary is formed from 23 and
patoms. 13 and 10 Si atoms bond two largest cavities of the top sheet. Their size is
ificantly inferior to the size of the largest cavities of the bottom sheet. That is due to
the interaction of this sheet with the substrate. There are 8 rings in each sheet. The number
of links in them exceeds 6 and 12 five-link rings. The upper and lower parts of
the channel have equal volumes, but the number of Li atoms in them is different: 27 Li
atoms are in the upper part and 20 Li atoms are present in the lower part. Four Li atoms are
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outside the gap (formed by silicene sheets) and are not included in the xy channel
projections.

o W Siatoms
51 top silicene sheet : i
Li atom

(| I — : :
. s a x (nm)
O Figure 121. The xy projections of the upper and lower sheets of silicene with mono-vacancies on the

Ag(111) substrate, at the instant of complete lithiation (51 lithium atoms were adsorbed on the
silicene surface).
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Figure 122. The internal energy of lithium atoms in the process of intercalati @
deintercalation (right) in various flat silicene channels; Ny; is the number of I|th
of lit \'; filling the silicene

ided into two parts by a
alatlon into the gap between
he reverse process of the lithium

The change in the specific internal energy

channel with Li atoms is shown in Figure 122. The
dashed line. The left part of the flgure shows the lith

cies”.
ercalations of the first 1-3 lithium atoms give rise to

mono-vacancies — silicene wi
In all the cases consi

the energy (U) burst. Tis is*due to the structural perturbations produced by the high-

energy Iithiumdon@) reely moving through the channel. Under further increase of
the Li atoms j el, the growth of the (U) value is replaced by its decrease. This

mspinding to the Si ones of the upper and lower sheets of silicene.
jon of the silicene sheets and their binding to lithium are factors acting on the

isdu

2"are mono-vacancies in the silicene sheets. It is obvious that it is easier to deform the
sheets of defective silicene than that of the perfect one. However, when the silicene sheets
contain bi-vacancies, the Li atoms bind to these defects more easily and are held by them.

As aresult, the <U > fluctuations, in this case, turn out to be minimal, but the “Si-Li” system

as the whole proves to be more strongly disordered in comparison with the cases of the
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perfect silicene and silicene with mono-vacancies. The minimum value (U ) for saturation

of the channel with lithium is observed for paired sheets of the perfect silicene, and the
maximum value for the silicene sheets with bi-vacancies.

The deintercalation process is also accompanied by jumps of (U ) but not as strong
and fast as during intercalation. These oscillations are mainly associated with the
destruction of the Li structure in the silicene channel during deintercalation. In the case of
the perfect silicene, the (U) energy retained its low value after the channel became

value begins to increase after approximately 30 lithium ions are removed from

because the residence time of the ion in the channel increases. This mak

disperse lithium ions in the channel by the applied electric field. Jhesegl f a fast
lithium ion with Li and Si atoms is even stronger than that in a pe 0 unchanged

energy <U > Such collisions destroy the structure of the ‘$i-l@e and lead to an

increase of the (U) magnitude. \\

during intercalation and

The behavior of the D self-diffusion coefficient
deintercalation of lithium ions into silicene channels4s,s in Figure 123. Dependencies
|\ th?ﬁ

completely free from lithium. However, when the silicene sheets have defects,
Sy
le to

D(N;), where N_; is the number of atg annel, are presented for: (a) the

flat perfect silicene channel; (b) the formed by silicene sheets with mono-
vacancies; (c) the channel constructed from'Silicene sheets with bi-vacancies. The vertical
line divides each of the figures (a)—(ehinto the left and right parts. The left-hand parts of
the figures represent the process ithium ions intercalation into the flat silicene
channel. The right-hand parts ures reflect the Li* ion deintercalation process. In
the case of the channel f eets of the perfect silicene, the limiting number of Li
atoms filling the chann . The silicene channel with mono-vacancies was able to
hold a maximlw of, s, and the channel with bi-vacancies could contain no more

than 71 Li atom (@) and (b), the lithium ions were intercalated and deintercalated
one by onef sequentially, while in the case (c), sequential pair intercalation and
dein ati e simulated. In other words, in the case (c), simultaneously two Li* ions
ente e channel and emerged from it.
In f the cases (a)—(c), the self-diffusion coefficient of Li atoms decreases as the
nel is filled with these atoms. The strongest fluctuations of D magnitudes are observed

initial part of the channel filling with Li atoms. It is since the Li* ion has a higher
velocity, which is lost when the ion collides with the Si and Li atoms. We note that the D
value increases by an order of magnitude in both processes when passing from the channel
formed by the perfect silicene to the channel formed by silicene sheets with the mono-

Qo

4
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or bi-vacancies. This is due not only to achieving the greater freedom of motion in the
presence of the defects in the silicene sheets but, also, to weakening the interaction of the
Li* ion with Si atoms in the presence of the mono- or bi-vacancies. The smoother
attenuation of the coefficient fluctuations during the lithium ions intercalation in the case
(c) is due to the simultaneous action of two ions on the channel walls and on its contents.
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e 123. The coefficient of self-diffusion of lithium atoms in the process of intercalation (left) and
calation (right) in silicene channels characterized as: (a) perfect, (b) with mono-vacancies, (c)
bi-vacancies; removal of the lithium atoms that are outside the channel before the start of
deintercalation is marked in the figure by dashed lines and dot-dash lines.

At the initial stage in the cases (a) and (b), the Li* ion deintercalation occurs without
large changes in the D coefficient of lithium atoms. However, when about a dozen or two
dozen Li atoms leave the channel, fluctuations in the D magnitude become large. This is
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due to increase of the Li* ion velocity in the freer channel, and, consequently, also, by the
ion stronger collisions with Si and Li atoms. The paired exit of Li* ions
from the channel in the case (c) occurs without amplification of the coefficient fluctuations
D at the final stage of deintercalation. This is due to the effect of a paired and smoother

action of the Li" ions on the Si and Li atoms.

The following comparison gives an idea on the magnitude of the ion lifetime (10 ps).
Helium is the nearest chemical element to lithium in the atomic mass. Helium is a mono-
atomic gas at T = 300 K. If we consider the motion of the He atom in the identical channel
as the thermal motion of an atom in a gas, then its average arithmetic velo€itygsi

RT . . :
V= —8 , where R is the gas constant, T is the absolute temperature, &mass
\/ U
@a

of 1 helium mole that at the temperature 300 K will be 1260 m/s. §he, n travel
at this velocity for the time of 10 ps the distance 12.6 nm, which is approxWmately 2.7 of

the channel length. If we assume that D = %VZ =107 cm? s,’& ean free path A of

the He atom is 0.024 nm.
The method of statistical geometry based on the @on of the Voronoi polytopes

has found wide application to analyzing the strugture“ef iffegular systems, for example, a
simple fluid [457]. In our case, we use thi 0 nalyze the structure of the region
filled with lithium atoms embedded in th ne channel. We calculated two types of the
VP distributions using the statistical geometry method. In both cases, the VP were
constructed for Li atoms. However, e first case, only Li atoms could be neighbors of
Li atoms, and in the second ¢ atoms and Si ones forming the silicene sheets
could be neighbors of Li atom§, TheSe distributions are shown in Figure 124 in the case of
complete filling of the ch atoms. The channel was constructed using the perfect
silicene sheets. In the.ca annels formed from sheets of the defective silicene, the

The first ighbor formation (only from Li atoms) leads to the appearance of
the large number @fpolyhedra with 4 — 6 faces (about 44%), and the maximum of this
distributi onds to n = 5. The number of the VP faces (n) increases being in
atoms; the Si atoms are also regarded as neighbors. The maximum of the n-
distribu is shifted to n = 9. The distribution of faces by the number of sides (m-
speetrum) also turns out to be different in the presence of neighbors of the first and second

s. In the m-spectrum obtained in the analysis of the first type VP, the faces withm =4
(31%) dominate. The main maximum of the m-spectrum for the second type VP still
remains at m = 4, but the share of quadrilateral faces decreased to 25%. The inclusion of
the Si atoms into the geometric neighbors slightly affects the shape of the #-distribution.
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ibution of the VP with respect to the number of faces (n), distribution of faces by the
and distribution of angles (8) formed by the nearest geometric neighbors; the VP

e sheets on the Ag(111) substrate; the neighbors were created either by Li atoms or by

The o,, component is the most significant and reflects the stresses acting in the plane

RX%

of the silicene sheets due to forces directed along the z axis. Here, in the calculation of the

O_ZZ

stress, the elementary areas stretched along the y direction (“armchair”) are

considered. Consequently, the stresses are investigated along the x direction (“zig-zag”).
Filling the channel with lithium does not lead to significant increase of the stresses in the
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sheets of silicene. Quite the contrary, the principal stresses in the sheets even slightly
decrease. Here, we will consider the stresses averaged over both sheets of silicene. Stresses
o,, arising at different stages of the process of the lithium intercalation in flat channels

from the perfect silicene and silicene with vacancy-type defects are shown in Figure 125. Q ¢
The strongest bursts of the o,, stresses are observed for the perfect silicene sheets.

These stresses slowly decrease over time. However, at the time when the channel is filled
with the limiting number of Li atoms, the maximum value of o,, approaches to the

corresponding value of o, for silicene with mono- and bi-vacancies. At the initial stage
of filling the channel with lithium, the o, stress for silicene with bi-vacanci

lowest values. The weakening of the oscillation intensity of o, is caused %ation
of the kinetic energy of Li* ions as the channel is filled with Li atoms.

4

4 i
perfect, N =2

- - - mono-vacancies, NLi=2 i

7 N bi-vacancies, N, =2 J

c_(GPa)

perfect, N =39

- - - - mono-vacancies, NLi=48
----- bi-vacancies, N, =64

0 X (nm)

Figure 125. Distribution of o, stresses in sheets of the perfect and defective silicene forming a flat
channel on the Ag(111) substrate at the initial, intermediate, and final stages of intercalation.
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Figure 126. Dist@uti sses in sheets of the perfect and defective silicene forming a flat
ifls]

fFate at the initial, intermediate, and final stages of deintercalation.

channel on the Ag(@d1

A initial e of lithium deintercalation in the channels under consideration, the
stronges sses appear in silicene sheets with bi-vacancies (Figure 126). As a rule,
when the lit@ilum deintercalation passes through, the bursts of the o, stress are amplified.

deintercalation. This peak falls on the middle part of the length of the channel,

%ongest local stress o,, is observed for the perfect silicene at the final stage of

A ere the ion stays for most of its lifetime. Increase in the stresses in the channel walls
during the deintercalation process is caused by an increase in the kinetic energy of Li* ions
when the channel is free from Li atoms.

Here, we have investigated the effect of the vacancy type defects on the lithium fill
ability of the channel formed by silicene sheets, as well as, on the structural and kinetic
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properties of lithium. It was found that the defective silicene on the Ag(111) substrate is
rather stable when the channel is filled with lithium. The peculiarity of silicene is that when
the temperature rises, the vacancy defects result in local structural changes of the silicene
lattice reducing the number of dangling bonds near the defects [458]. They reduce the
thermal stability of silicene considerably. We also observed a rearrangement of the
defective structure of silicene, which, as a rule, ended at 100 ps. Instead of the vacancy
defects, the five-link rings and rings of eight or more links were formed that created defects
in the form of a hole. Such structural rearrangements were observed even when only one

Li* ion moves along the graphene-silicene channel [450].
The initial distance z_ between the lower sheet of silicene in the channﬁ t

Ag(111) substrate was 0.27 nm. During the lithium intercalation, this dist INgreased
by 59%, 43%, and 50% for the perfect silicene and one with the mono- ar@cancies,
respectively. In the case of the Cu(111) substrates, the similar incr INthe distance z,

was 20%, 19%, and 11%. Thus, silicene is much more dista#€ed Tgom the Ag(111)

substrate than from the Cu(111) one. In this case, the in a’ i -Si becomes even
weaker. The attraction between Li and Si atoms beca isive. As a result, the

“adhesion” of Li atoms to the silicene sheets occurr pace in the middle of the
channel appeared. The copper substrate has the 4at effect the silicene atoms.
Therefore, the channel is filled with the Li a @nly, but a small gap appears near
the top silicene sheet.

A wide set of VP types classified by the number of faces and a wide range of faces
differing by the number of sides indicates, in géneral, the irregular packing of Li atoms in
the silicene channel. Regardless W@i atoms are included in the number of the nearest
neighbors, the @-distribution 45™c erized by the presence of several big peaks.
Moreover, in the case of t i@ of VP construction, the number of peaks (5 ones) in
the #-distribution is evengreater than in the second case (4 ones).

If the number in the O-distribution is greater of two, then the structure in
guestion has fehtur stallinity [346]. A certain crystalline order in the packing of Li
atoms is cre xe some of the Li atoms occupy locations above the centers of the
hexa c@med by Si atoms. Thus, in both ways of considering the geometric
nei I atoms packing in the channel is represented as quasi-crystalline, i.e.,
irregula ith elements of local regular placement of atoms.

When the channel is slightly filled with lithium, the stress o, in sheets with the mono-

specially, bi-vacancies is even lower than in the case when the channel is formed by
perfect silicene. This decrease can be almost twofold for the silicene sheets with bi-
vacancies. However, when the channel is almost densely packed with lithium atoms, the
difference in stress o,, for sheets of the perfect silicene and one with defects is erased.

Stresses o,, observed in silicene sheets during the lithium intercalation and
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deintercalation have the similar values. However, if the lithium intercalation decreases
stresses with time, in the case of the deintercalation, on the contrary, they increase.

As arule, the creation of the vacancy-type defects (mono- and bi-vacancies) in a two-
layered silicene reduces the stress appearing during the lithiation/delithiation of the silicene
channel and increases the limiting number of intercalated lithium atoms. However, when
the strength of the two-layered silicene decreases, the magnitude of vertical displacements
of Si atoms increases, which leads to a decrease in the velocity of lithium ions along the
channel. Deformations of the silicene sheets caused by the presence of a silver substrate

substantially reduce the capacity of Li atoms in the channel, and, consequently, red e
capacitance of this electrode. It possible to improve this situation by at least twi
to use a substrate of another material better non-metal, for example, graphit use an

expanded multilayer silicene as an anode design when the layers of silicene eriodically
reinforced with a material stronger than silicene, for example, gra

The stresses caused by the lithium ions motion in the channel e deposition of Li
atoms are much lower than the tensile strength of silicene. The i ocal stress o,
appears in the perfect silicene upon delithiation of lithium . It is much less than

the ultimate stress (38.7 GPa), which is installed i er the uniaxial tension
[459]. The number of lithium atoms obtained at
constructed from silicene having the mono- and hi €s increases in comparison with
the case of intercalation of lithium in the e perfect silicene by 1.2 and 1.8
times, respectively.

Analysis of the detailed structure (revealed based on the construction of Voronoi
polyhedra) indicates the presence general regularities in the arrangement of the Li
atoms in the perfect and defecii e channels. Similar structures are formed when

lithium is deposited on silicefg regardless of the type of defects present in the silicene
sheets. These stmctures@m y ordered, since, some Li atoms “settle” opposite the

centers of the hexa ells. Thus, the nature of the inter-atomic interaction of Li-Si,
and Li—-Li is déeisi r the location of lithium atoms in the channels.

the main stresses arising in the intercalation and deintercalation
proce are serious enough to produce strong structural rearrangement of
ato tive silicene. Therefore, the two-layer silicene on the Ag(111) substrate

is not very stlitable for use as the anode of a lithium-ion battery. Instability of defects in

e silicene on a silver substrate is the main problem for the use of such a structure as the

@ of a lithium-ion battery. Solving this problem can give impetus to the creation of
generation of LIB.

From a practical point of view, it is important that the vacancy-type defects in silicene

O sheets are stable. They increase the adsorption capacity of the flat channel and,

consequently, lead to an increase in the charge capacity of the silicene anode. However,

the Ag(111) substrate does not prevent strong deformation of the silicene sheets and, thus,
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has a destabilizing effect on the stability of the vacancy-type defects in silicene during the
lithium intercalation and deintercalation.
In further studies, it is necessary to investigate the behavior of the two-layer silicene
on other substrates under the operational conditions of the lithium-ion batteries anode. Q *

Since the energy barrier for lithium atoms is not large, they can easily penetrate into the bi-
layer or multi-layer silicene. Silicene is a good anode material for the lithium-ion batteries Q
with a large capacity and low lithium migration energy barriers. However, the free-standing \

form of silicene is unstable virtually requiring the substrate support. The theoretical

estimate of Li adsorption performed in our investigations will be important for com

with the results of future experiments. It seems natural to obtain experi

quantitative characteristics of the lithium electrochemical deposition on silic ted on
the metal substrate. The maximum value of the ratio of Li/Si atoms and t i gap

between the silicene surfaces are of the greatest interest if the an d in the
form of parallel plates coated with silicene.
Qe
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Chapter 9

PROSPECTS FOR THE USE OF SILICENE-C
ANODE FOR LITHIUM-ION BAT

h-g?) than graphite (372 mA-h-g?) [427]. lon transport.i e through the structure
enhanced by diffusion channels and in-plane silicon V @ the silicene sheets [448,
450]. This creates conditions for silicene successfu ation as an electrode. Superior
electrical conductivity and packing densit cellent structural integrity (due
to the high flexibility of the silicene she W one to create the large volume changes
of lithiated silicon compounds [436, 460].
Nowadays, silicene has not ye n obtained on a copper substrate. However, the
copper films on various silicon su have been investigated many times [461]. For
example, a quantitative analy ardness results shown that the copper films have
much higher hardness th bulk Cu. The maximum hardness observed with Cu
on Si (110) is 2.5 GPa @e film thickness on different Si substrates depends on the
hardness, textu‘e, a the grain boundary. In general, finer microstructures attribute
partly in the me operties of the thin film. Dislocation density, grain size, and film
thickness its C& a huge factor contributing in the hardness.
iff f obtaining thin copper films on silicon is due to the high penetrating
po copper atoms in silicon. To prevent copper diffusion, barriers are necessary.
Polycry: e tantalum and amorphous tantalum nitride films can act as such barriers
]. The stability of such barriers against copper diffusion is very good, since, according
equilibrium phase diagrams, no Ta—Cu compounds are expected. It is well known
that placing chemically different atoms in close proximity results in the migration of atoms
in order to reduce the total free energy and establish equilibrium [374]. As a rule, the atomic
migration is due to the presence of the differences in concentration, the presence of the
negative free energy of the reaction, the use of an electric field, the presence of the thermal
energy, generation of a strain gradient, or combination of some or all of these factors.

*
The silicone nanocomposite provides much higher%@ciw (~3500 mA.
S

\00’

'
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Meanwhile, carbon analog of silicene-graphene can be grown on a copper substrate. It
was found that diffusion of the single copper adatoms on the surface of graphene oxide
occurs extremely intensively as a result of spatial and energetic disorder inherent in the
substrate [464]. Growing the graphene by CVD on metals (notably copper and nickel
[465]) is currently the most promising way to achieve low-cost scalable graphene synthesis.
The substrate preparation quality and other process parameters affect properties of the
carbon films obtained at different pressures and temperatures on the copper foil and copper
films. Large single-crystal domains of graphene can be produced on a copper substrate.
Dissolving metallic foils after CVD growth is commonly employed to transfer gr
sheets from metals to other substrates [465] producing the long structurally W&

S

graphene. Adhesion of the graphene in combination with the copper film,®
1:

3

thermal and dynamic stabilities of this system was investigated in [193, 26

At present, the most of lithium-ion batteries use graphite powd material.
Graphite anodes meet the voltage requirements of the most com athodes and
are relatively affordable, extremely light, porous, and durable. , Silicene has great
promise as a novel anode material for high-performance . Battery packs can
contain several series or parallel strings of manygindivi lls. It is necessary to
understand completely the lithium adsorption, diffusio apacity on the inner surface
of a bi-layer silicene and, therefore, the prospects,of s as an anode material for high-
performance LIBs. To do this we carrie h cular dynamics calculations and
studied the lithium adsorption, diffusion ity, intercalation and deintercalation. The
lithium intercalation and its deintercalation®in a flat silicene channel were studied by
considering various LiSi, combin including using perfect silicene, as well as, one
with defects in the form of mQ -, -, and hexa-vacancies. These studies fully take

into account the dynamics of the diffusion processes that occur when the silicene channel
is filled with lithium, w, ost always excluded in studies based on the first-

principles calculatio DFT.
The Tersoff po@w h the parameters from [428] was taken for representation of

interactions in e copper substrate atoms interacted through the embedded atom
potenti 4@ teraction between Si atoms belonging to different sheets of silicene
Morse potential [429]. The Li-Li, Li-Si, Li—Cu, and Si-Cu interactions

by the Morse potential as well [430, 431]. The copper substrate was formed

) planes of the corresponding crystal and contained 1536 atoms. Atoms of the
S rate were immobile; so, the Cu—Cu interaction was not considered in the model. The
ric field acted only on the Li* ion having the electric charge 1e where e is an
elementary electric charge. The model and method of filling the channel with lithium

corresponded to those described in Section 8.2. In particular, the gap h, between the

silicene sheets was equal to 0.75 nm. The electric field during intercalation was 10° V/m.
The process of deintercalation of lithium was carried out when the direction of the electric
field was reversed and the modulus of this magnitude was increased to 10° V/m.
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Structural analysis of small objects can be carried out using the statistical geometry
method [467] based on the construction of the VVPs. We construct VVPs for Li atoms, and
geometric neighbors are chosen only of the Li atoms.

To define the intercalation potential of lithium into silicene, whose computational cell
contains p silicon atoms (Si, ), we take into account the following two electrochemical

reactions of silicene and lithium:

Silicene: Si, +Li" +e” < LiSi, 48)

Lithium: Li < Li" +e". ZK (49)
@Li

By introducing the equilibrium potential of silicene (@) ang!lit ), we

9
)Q\p , (50)
(@ 61)

species X. As a result, we receive the

obtain the following equations:

Silicene: pu(Si) + u(Li*) —e @(Si

Lithium: z(Li) =

where £(X) is the chemical potentia
intercalation potential measured from,the redoX potential of metallic Li

D[Si, — LiSi 1 EP o 2, =[ pu(Si) + p(Li) - u(LiSi )]/ e. (52)

The calculations :é@ LiSi ] were performed based on the SIESTA program

using the ab infitjo d@potential on the basis of density functional theory (DFT) [468,

re 127 as a thin web to show all the Li atoms deposited on the channel
n that the arrangement of Li atoms in the channel is not uniform. The first

469].
T 'Ii@annel on the Cu(111) substrate after complete intercalation with lithium

y than the second half: 33 Li atoms have a coordinate x < 2.6 nm and only 15 Li

s are located in space with the coordinate x > 2.6 nm. In the middle part of the

lower sheet of silicene, convexity is observed with respect to the substrate, and the

concavity is in the same part of the top sheet. A significant narrowing of the channel in the

middle part makes it difficult for Li* ions to pass the channel and limits the channel filling
with lithium.

Ef of the channel along the direction of the x axis is filled with Li atoms much more
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Figure 127. Channel formed by silicene sheets no-vacancies, on the Cu(111) substrate after the
intercalation process of lithium.

The horizontal and vertical prof @3 ithium density in the silicene channels are rather
inhomogeneous (Figure 128). Bagase of perfect silicene, a high value of the lithium

density is reached at the entrance t@ the silicene channel (Figure 128a). This is due to a
strong deterioration of nel patency as it is filled with lithium. The value of the
lithium density at t inlet decreases when defects of the vacancy type are present
in the silicene $hee iddle part of the channel (under the Li ions motion along the x
direction) tu \ e much more populated when there are defects in the silicene.
More i@i icene channel with bi-vacancies, the increased lithium content is
observe e channel exit. The vertical density profile in the perfect silicene channel is
divided jntogthe lower and upper parts (Figure 128b) separated by the gap 0.15 nm. Here,
effect of the substrate proves to be stronger than in the channel with defects. In the
part of the channel, 58% of the total amount of precipitated Li atoms is concentrated.

ever, in the channel with defects, the gap disappears. In the presence of the bi-
O vacancies in the silicene sheets, the density of lithium in the middle part of the channel is

even higher than near the walls. The number of Li atoms in the lower part of the channel
decreases to 53%.
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—— Mono-vacancies
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NLi

Figure 128. Horizontal (longitudinal) an ical profiles of lithium density in silicene channels on the
Cu (111) substrates.

er)of lithium atoms intercalated in a silicene channel
rates for various types of vacancies in silicene

Table 15. The maximu
on silver and co

ofjvacancies in silicene sheets Substrate type
Ag(111) | Cu(111)
39 48
ono-vacancies 51 67
Bi-vacancies 71 86
Tri-vacancies 79 60

Hexa-vacancies 42 23
!@he maximum number of Li atoms embedded in the silicene channels with different
types of vacancy defects is given in Table 15. Here, we also compare the results of lithium
O intercalation in the cases of the silicene channel on the Ag(111) and Cu(111) substrates. It
is seen that in variants suitable for the real use, (i.e., for the perfect silicene and silicene
with mono- and bi-vacancies) the number of Li atoms embedded in the channel is
significantly larger when the silicene sheets lie on the copper substrate. Calculations for
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channels with tri- and hexa-vacancy showed non-viability of these structures due to the
significant structural rearrangements in the silicene and beginning of the destruction of its
sheets.

5 T N I ! I N I I

. . |
top silicene sheet ° Si atoms
@ Liatoms
- O U UV UV- W W W W- W
. . O A

¥y (nm)

et Q@ siatoms
@ Liatoms

x (nm)

Figure 129. The xy projections of the upper and lower sheets of silicene with mono-vacancies on the
Cu(111) substrate at the instant of complete lithiation (67 lithium atoms are in the channel).
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-vacancies.

et us consider in more detail behavior of the defects and attribution of the Li atoms
to the silicene sheets by the example of a silicene channel having mono-vacancies and fully
filled with lithium. The investigated configurations refer to the instant 0.75 ns (or 7.5 x 10°

At). The xy projections of the upper and lower layers of the channel cut by the mean (z =
h; / 2) plane are shown in Figure 129. The view is given from the side of the plane z =
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h; / 2. Here, h; is the vertical channel size after intercalation of lithium. One of the

mono-vacancies of the lower sheet was transformed into a large hole, which, apparently, is
manifestation of the destructive effect of the copper substrate on silicene. There is
transformation of some mono-vacancies into cyclic formations of the oval form containing
from 7 to 9 Si atoms in the upper sheet. Eight mono-vacancies of the bottom sheet and
seven mono-vacancies of the top sheet though were deformed, but as the whole have kept
the initial form. The upper and lower parts of the channel have equal volumes, but the
number of Li atoms in them is different: 37 Li atoms are in the upper part and 30 Li atoms
are present in the lower part.

During the intercalation, the total energy U,; of the resulting packing of Q

atoms decreases (Figure 130). In addition, a particularly fast decrease in lue Uy,
occurs before the introduction of approximately 20 lithium ions. q , there was
a gradual decrease in the value of U, with increasing number ofdithiumyatoms N, in the
channel both in the case of the perfect silicene and silice ong- and bi-vacancies.
Transition to a smoother change in energy is associated WN rease in the number of
N,;. Consequently, it is associated with a smaller t e ion energy received by
one atom and more favorable arrangement of the Li a N the channel. However, in the
presence of the tri-vacancies in the silice possible to observe horizontal sections in
the dependence U ; (N ;) during interc - In the presence of the hexa-vacancy in the
silicene, the intercalation process provided ony the number of ions NLi = 23, and further
increase in the number of N ; led e flestruction of the silicene sheets.

The initial stage of deinter@alatidn is not associated with the increase in the energy U,

. On the contrary, in % (with exception of the system with tri-vacancies in

silicene), the energ intigs to decrease. The longest period of U, decline is observed

for a system wﬁ erfect silicene, and the shortest period is when there are bi-vacancies

insilicene. m nce of tri-vacancies in silicene at the initial period of deintercalation,
L

the ins the values acquired during intercalation. Deintercalation has always

d with the yield of Li* ions rather than Li atoms from the channel. After
maining about 20 Li atoms in the channel, there was a fast increase in the value of U,

deintercalation. The fast growth of U, is due to increase in the deceleration energy

1ons per atom with a decrease in the number of atoms in the channel. The system with
tri-vacancies in silicene behaves somewhat differently. In this case, an increase in the value

of U, in the final stage of deintercalation occurs much more slowly than in the cases with
the perfect silicene. The similar increase is observed in the silicone having mono- and
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bi-vacancies. This circumstance is associated with the formation of a less ordered structure
of Li atoms in the channel when the tri-vacancies are present in the silicene.
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e 131. The coefficient of self-diffusion of lithium atoms in the process of intercalation (left) and
deintercalation (right) in silicene channels with perfect silicene and silicene having mono-, bi-, tri- and

hexa-vacancies.

Behavior of the self-diffusion coefficient D of Li atoms in the channel in the processes
of intercalation and deintercalation proves to be more unpredictable than the behavior of
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the total energy U, ; in these processes (Figure 131). Common to the behavior of D in all

considered cases is its high value in the initial stage of intercalation. This is natural because
for a small number of Li atoms in the channel, a larger specific impulse value is transferred
from the Li* ions that leads to the increase in the value of D. However, when the number
of Li atoms in the channel becomes larger than 20, the relief of the channel walls begins to
exert a strong influence on the mobility of the Li atoms. In this connection, the value of D
can both decrease (in the presence of mono-vacancies) and increase (in the case of bi-
vacancies). The value of D also behaves quite unpredictably in the case of deintercalation.
This value is subject to narrow (for the perfect silicene) and wide (for silicene with
vacancies) bursts during deintercalation. The coefficient D can also decrease4ts va
during deintercalation by means of fluctuation changes (as it takes place in esepce of
bi-vacancies in silicene) or almost continuously (when there are tr'—v@ in the
silicene).

In the case of silicene with tri-vacancies, a sufficiently strom@ reagangement of the
structure in both sheets of silicene is observed. In the uppe e t, e)of the defects retain
their shape. The vertical distortion of the sheets after the&':’i\ elithiation process is
insignificant. Neither one atom of lithium leaves th , Being trapped between the
Si-rings stabilizing structure in the center of the sili el.

The local structure of simple substancesg reflected by constructing the VVoronoi
polyhedra with the subsequent statistica 5iS arious elements of the polyhedra.
Figure 132 shows the angular distribution*@f’the nearest geometric neighbors for lithium

packings in the silicene channels on the Cu(111) substrate at the maximum number of N,

. In all cases, except for the pres hexa-vacancies in silicene, five peaks can be
distinguished in the #-distribugion i presence of intense background. The presence of
more than two peaks in thististriution indicates the existence of a crystalline order in the
system [457]. Indeed, a t number of Li atoms find a stable position in the channel
locating above‘he @o he Si hexagonal rings. This arrangement of Li atoms creates
a certain crystal in the metallic phase formed between the silicene sheets. In the
turn, when lj |uIXntroduced into the silicene channel that contains the hexa-vacancies,

the redSites’for fixing the metal atoms disappear because of the instability of such
larg ctsjat their high concentration.
In I, a wide set of the VP types classified by the number of faces (n-distribution)

a wide range of faces differing in the number of sides indicate the irregular packing of
ms in the silicene channels. As it is seen from Figure 133, 5 — 7 polyhedra dominate
in the VP distributions over the number of faces. Moreover, the pentahedra prevail for Li
structures formed in the perfect silicene and in the silicene with mono- and hexa-vacancy.
In all cases (with the exception of the n-distribution for packing of Li atoms in the perfect
silicene) a relatively small number of Li-neighbors for Li atoms is observed. In other
words, the packing of atoms is not as dense as, for example, in a simple liquid. A certain
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crystalline order in the Li atoms packing is created due to the fact that some Li atoms

occupy locations above the centers of the hexagonal cells formed by the Si atoms. Thus,

the Li atoms packing in the channels is represented as quasi-crystalline, i.e., irregular, but

with elements of the regular placement of atoms. The long tail of the n-distribution Q *
(extending up to n = 19 for Li-packing in the case of the perfect silicene) is absent in the

silicene channel with defects. The shortening of the n-spectrum in the case of the defective

silicene channel is associated with the Li atoms absence in the voids that are present in the \

silicene.
1
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O Figure 132. The angular distribution of the nearest geometric neighbors for metal structures obtained as
a result of intercalation of lithium in the perfect and defective silicene channels on the Cu(111)

substrate.
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Figure 133. Distiibyti VP types on the number of faces contained therein for metal structures

obtained as a re ation of lithium in the perfect and defective silicene channels on the
Cu(111) substfate.

significant stresses appearing in silicene sheets (when the lithium ions
the channel) are o,, ones. Both in the lower and upper sheet of the silicene,

P

introdu
are observed bursts of the o, stress with approximately the same intensity (Figure

. The frequency of the bursts is usually increased for the defective silicene sheets. The
greatest value of the local stress o, for the top sheet of silicene appears when there are

O tri-vacancies in it under 1.57 GPa. The corresponding value for the lower sheet (o, = 1.60

GPa) is found when silicene contains the hexa-vacancies. These values are approximately
7.8% of the ultimate strength (20.45 GPa) [422] and are not critical.
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substr, e channel is filled with lithium to the limit depending on the type of defects.

it isgknown, the local density approximation severely overestimates the Li-—Si
ich impacts both the relative phase stability between the staged compounds and
i migration barriers. We are more interested in obtaining the correct order of
nitude for the binding energetics in the high Li concentration range. Therefore, we use
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f the o, stresses in silicene sheets forming the flat channel on the Cu(111)

the generalized gradient approximation method (GGA). The GGA method (with the
improvements described in the Appendix) allows one to establish qualitatively the voltage
profile of the Li intercalation into silicene. Figure 135 shows a voltage profile of Li
intercalation that consist of the intercalation potentials of Li-undoped silicene to stage

&[Si—LiSi].
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Three thermodynamically favorable phases corresponding to stages I, I, and 111 (dash-
dotted lines in Figure 135) with atomic concentrations of Li 0 < ¢ < 0.31, 0.56 <c¢ < 0.81,
and 0.81 < ¢ < 1.00 can be distinguished in the obtained profile, respectively. The two-
phase region, stage I + stage II with 0.31 < ¢ < 0.56 is unstable, since has a concentration 0 *
gradient. The voltage profile is represented by a step function (dotted line in Figure 135),
which decreases as the Li intercalation progresses. It occurs without introducing an ad hoc Q
empirical parameter characterizing the dispersion energy. In other words, the interaction \
of mutually polarized electron distributions for Li and silicene is not explicitly considered
here. The curve “a” shows an approximation of the @(C) function by a polyno N

degree 5 in the entire domain of 0 < ¢ < 1 definition. It shows the level of decre@se 1
intercalation potential as silicene is filled with lithium. The points “b” andsd ae joint

with the lithium concentrations ¢ = 0.08 and 0.16 that correspond to the rati he number
of intercalated Li atoms into the perfect silicene channel to the nu of\8i atoms in two
and one silicene sheets, respectively. 6
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€ 135. Voltage profile of Li intercalation into silicene; three thermodynamically favorable phases
A correspond to stages I, Il and I11; the two-phase region (stage I + stage II) is unstable; the curve “a”
reflects approximation of the &(c) function by a polynomial of degree 5 in the entire domain of
O definition 0 < ¢ < 1; the points “b” and “d” correspond to the lithium concentrations ¢ = 0.08 and

0.16, respectively.
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Calculations show that silicene used in lithium-ion batteries should have defects only
in the form of mono- and bi-vacancies. The use of the perfect silicene and silicene with
such defects increases the number of adsorbed Li atoms by 20% (in average) compared to
using a silver substrate to support the silicene. The use of silicene with defects (in the form
of tri- and hexa-vacancies on the copper substrate as an anode material) not only leads to
reduction in the number of adsorbed Li atoms, but, also, to destruction of the anode
material. The lithium ions and atoms intercalated into the perfect silicene channel (as well
as, into a channel with the mono- or bi-vacancies on the copper substrate) have

approximately the same diffusion rate. This diffusion rate increases by more than o f ﬂ

magnitude when using silicene with tri- and hexa-vacancy. However, instabilit
silicene does not allow us to take into account mentioned advantage.

The preferred location of the Li atom in the silicene channel is the sit@d above
the center of the hexagonal Si-ring. However, at the edges of the sili \ irgtoms tend

to be above (or under) the Si ones. This arrangement of Li atomE'E siltcene channel

creates five peaks in the angular distribution of the nearestdgeo ghbors. Defects
in silicene reduce the number of nearest geometric neighb N ithium atoms packing
in the channel. However, the density packing is incrgas thesiticene has defects in the
form of mono- or bi-vacancies. The o, stresses acti plane of the silicene sheets

(caused by the forces of interatomic interactig
dominant in the lithium intercalation intqQ @ ce annel. The stress state of the walls
of the silicene channel is not homogeneousf”As a result of the lithium atoms and ions
motion, the stress bursts appear in the channely Its magnitude does not exceed 8% of the
ultimate tensile stress of silicene.

Now, very incomplete infopmati@i.isfavailable on the chemical and physical properties
of silicene. These properties be controlled by several different methods for the
surface or composition tion. The use of graphene along with silicene in the
layered structure wij strengthening the electrode to counteract the mechanical
expansion ass&lg ith lithium intercalation. Silicene nanocomposites must create

irect pendicular to these planes) are

reliability. D as copper cracking and delamination in these structures will be
minimi ing rrier/adhesion metal layer. This will also reduce the copper dendrite
for cracking and lithium plating will also be reduced by using the silicon-

The voltage profile is divided into 3 sections corresponding to different stages of the

presence in silicene. Our MD studies indicate that each of these stages can be
ciated with the formation of a certain group of the lithium clusters. The first stage has
the boundary value ¢ = 0.31. This value is close to the obtained limiting number of Li

atoms attributed to the number of Si atoms in the silicene sheet with bi-vacancies (C, =

0.305). This value agrees with the greatest value ¢ achieved in our investigation. This
supports the fact that the stages created by the lithium content are determined not by the
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structural features of the silicene, but by the kinetic properties of the Li atoms. Until now,
silicene has been grown on a metal surface, and it was impossible to separate it from the
substrate to create a free-standing material that could then be incorporated into electronic
devices. The task of separating the defective silicene from the substrate is even more
complicated. This problem has to be solved when it is desirable to use the defective or
porous silicene as the anode material.

The performed studies showed that in contrast to crystalline silicon the two-layer
silicene does not lead to the irreversible destructive effect caused by the lithium
intercalation. The abundance of Si, the high Li capacity of silicene, the flexibilit i
atomic layers, and the small energy barrier for Li diffusion are the decisive factg¥s:
LIBs.

allow one to consider silicene as a candidate to be used as the anode ma

Computer experiment shows that for this purpose it is preferable to use sili c@ntaining
mono- and bi-vacancies. It is the presence of these defects in eets that
contribute to the significant increase in the capacitance of the electrade. Application of
nanomaterials based on layered silicon for Li-ion storage ean i ome a practical
technology. Nevertheless, our results show that it is di in the capacitance
values close to the theoretical value for the silicene electse is Necessary to pay serious

attention to the substrate material, which will be used.toge ith silicene. The absorption
properties of silicene (including binding energy wi ium and stability of the silicene to
cycling) depend on the substrate materi r, copper can be considered as a

relatively good material for use as such ate. This allows obtaining a good silicene
electrode capacity. In this regard, we believethat our findings describe necessary but not
sufficient conditions for the desig high-performance electrode material based on
silicene. We emphasize, that in thi , itis much more important to obtain silicene on

a suitable substrate for use il LIBS$ than to strive to create a free-standing silicene. In
addition, more rigid con i0 silicene should be created. This construction should
provide much less d %of the silicene sheets during the lithium intercalation and
its deintercalation.

O
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Chapter 10 \Q
S
APPLICATION OF CARBON MATERIALS K
SILICENE STABILIZATION

10.1. GRAPHENE SUPPORT FOR SILICE’R\%IZATION

A graphene-silicene-graphene heterostructure washi @ jated for possible application
to Li-ion batteries [470]. The effectiveness of the gfaphegesstpports for silicene channels
was studied by simulating a lithium ion motieg a@channel in an electric field. This
motion was studied completely for th @ = 05 nm between the silicene sheets.
Fixation of the edges of silicene sheets presgrves the gap hy constant along the perimeter

of the channel. It is made to avoid the rotation oPthe sheets due to resultant torque occurring
as a result of using the Tersoff pote modelig the dynamic two-dimensional systems

[281, 414].
The model included p @ngular silicene sheets of 300 atoms of dimensions 4.7
x 4.0 nm (12 atoms al eaCly edge of the sheet). Nine mono- or poly-vacancies were
distributed approxi iformly over the area of the silicene sheet. Therefore, the
number of Si a @h sheet was 291, 282, 273, and 246 for the sheets with mono-,
bi-, tri-, and - ncies, respectively. A constant electric field of 10° V/m was directed
alon X a%i ented in the “zig-zag” direction of graphene sheets. Such an external
acti i* ion could ensure the ion passage of the entire channel in the direction of
the x axd e graphene sheets were placed in parallel to the silicene sheets outside the
nnel. The front edges of graphene and silicene sheets were aligned with each other. The
@gular graphene sheet contained 820 atoms (20 atoms along each edge). The initial
A ition of the ion corresponded to the channel height hg/2. The ion was located near the
middle of the sheet along the coordinate y and slightly shifted (x = 0.198 nm) inside the

O silicene channel.

Figure 136 shows the trajectory of a lithium ion in a constant electric field E inside the
silicene-graphene channel when each silicene sheet contains 9 mono-vacancies. After
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starting from point 1, the ion makes several vertical oscillations in the course of the
translational motion. Then it approaches the exit and, after a short delay accompanied by
fast increased vibrations, leaves the channel (point 2). Both graphene sheets are buckled
outwards.

silicene

1 o+
Graphene Li
_ 0] @
E Defective @
N

Figure 136. The trajectory of the lithium ion inside thg,silicene channel supported from both sides by
graphene sheets; the gap between the she, ¢ = 0.75 nm, the motion occurs in a constant electric

field E; each silicene sheet contains 9 m@ncies; 1 and 2 are the initial and the final trajectory

points, respectively.

The radial distributi
137. The RDF of the
and 0.399 nm,%¥esp e
found in the

averaged over both silicene sheets are shown in Figure
ilicene (curve 1) has two distinct first peaks localized at 0.239
he distance of 0.239 nm between the nearest neighbors was

laxation of the structure of the two-layer silicene [30]. At the
and weakly expressed right shoulder is found. All other peaks in the
ess intense. The RDF of silicene changes after the introduction of defects
the first two peaks of the function g(r) for silicene with hexa-vacancy

rve 2) are symmetrical and characterized by a lower intensity than the corresponding

of the RDF of the defect-free silicene. Their location is determined by the values of

6 and 0.409 nm, i.e., both peaks are shifted to the right with respect to their location in

the perfect silicene. The third peak of the RDF represented by curve 2 is bifurcated and its

intensity decreased. However, the total number of peaks remained unchanged. Changes in

the silicene RDF (with the defects created in it) indicate the process of structural relaxation,
possibly, associated with the destruction of defects.
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g

Figure 137. The function of radial distribution of si e (common for the upper and lower sheets) in
presence of the Li* ion in the planar char@erfect silicene, 2 silicene with hexa-vacancies.

Figure 138 shows the xy e of the top sheets of the defective silicene with
different types of vacanci ined at the instant 150 ps. It is seen that at this instant a
part of the vacancy defégts ot retain its shape. Moreover, some of them completely
collapsed or disap ogether or completely lost the semblance of their initial
contour. So, th? e § mono-vacancies disappeared (Figure 138a) forming a junction
of two five- Xd rings marked with circles in the figure. Two bi-vacancies turned
into tes Qf a slgnificantly smaller size by forming the five-membered rings. The rings
wer ith the eight-membered formations using their common atoms (Figure 138b).
All atorpi mations are marked in the figure with circles and ovals. The five-membered

g cavities of different sizes (outlined by ovals). As a rule, these cavities have sinuous
daries (Figure 138c). The boundaries of some hexa-vacancies are partially rounded,
but in the whole, these defects retain their individuality and are still easily recognizable
(Figure 138d). Thus, despite the stabilizing influence of graphene sheets, the gradual
destruction of the vacancy defects in silicene is observed. In this case, the size of most
pores decreases and the atomic structure becomes more disordered. The large defects

marked with circles) also actively participate in the transformation of tri-vacancies
poUN

A
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formed by the removal of 6 atoms retain better than the small ones. Probably, the increased
stability of hexa-vacancies is associated with the absence of the need for rebuilding bonds
in silicene when the entire hexagonal cell is removed during the formation of this defect.

5 . r r . : 5 . : . T T
(a) (b)
44 0%2%29,9,0,9.0,0,0,0,0,0, 44 0%0%295959,2,0,9,0.0,0,0, 7
90959,953,9,0,9,9,0,9,0,9 0y HL05 9500950 ,9,9,9,9 |
S SRS S S E I 73X AR
:ogoooﬂ‘COogo 2,00 Goﬂoo'o":ﬂggg
IR I - 3.5, %%% 9.3.°7%.%
24 o:,ogog'o'o':‘.:':" 24 °=°:°¢,°¢°,o'o°=.:°o° 1
°o°o°o°0°0'0°0°o°o°o' °¢°o°0'°°¢°0°a°o°o° 229
2%2%2%0%%,%%,0,0,0,9,9, 29a%0%9%%,0,0 0%
1 25%2% 2%0% %0% % %] 1 29,7 %0 e
292%2%2%0%09,0,59,0,9,9,0, 2% %% %92, @
0- 0090%39,%9,9505%50,959,0,9 | 0] %9%e%a%:%% .
E o 1 2 3 4 5
\;\ 5

(©)

4 00'0000000000000 .9 '000 T

s

259,59

O -\'

'y

2.

°

°

43

L]

0-0

6"' 34 s o 1 2 3 4 s

X (nm)

Figure T@jections of the top sheet of silicene containing: (a) mono-, (b) bi-, (c) tri-, (d)
hexa#Vacapei ring to the instant 150 ps; circles show the five-membered rings, and ellipses
prese e multi-link cyclic formations.

%espite the presence of the graphene support, the motion of the ion along the channel
i sed the roughness Ra of both sheets of the perfect silicene and silicene with mono-
A bi-vacancies (Figure 139) with respect to the roughness of the perfect silicene sheets

at the initial instant RPS" . However, Ra decreases and becomes even smaller than RPS" in
O the presence of the larger vacancies in silicene. Roughness in the lower silicene sheet is

much higher than R. of the upper sheet only for the case of silicene sheets with
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bi-vacancies. There is not enough free space (in the plane of silicene sheets formed by
mono- and bi-vacancies) to change the preferential displacement of atoms from the vertical
to the horizontal direction. However, the presence of the tri-vacancies in silicene sheets
makes such a transition possible, and it retains in the case of hexa-vacancies.

The inset in Figure 139 shows the time dependencies of the RY* / RPS" ratio for the

upper and the lower silicene sheets in the case of bi-vacancies. The greatest relative error
in determining the ratio obtained for the upper sheet of silicene does not exceed 8%.
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i

Figure 139. Relative roughness of eets, depending on the type of their defects obtained
during motion of the Li* ion inside the chahnel: 1 is the top sheet, 2 is the bottom sheet; the inset shows
time dependences of relative r the upper (1) and the lower (2) silicene sheets.

Itis intere%ing ml r how the self-diffusion coefficient Dg; of Si atoms changes
as a result of ch relief of channel walls from the defect-free to one containing
various type§ o &ncy defects. Figure 140 shows the mobility characteristics of atoms

Dy and upper silicene sheets as well as the change of their mean values
(dashed ling))’ In general, the mobility of the Si atoms increases non-monotonically with
e size Of defects. However, the average atomic mobility even decreases in the case of
-vacancies and remains almost at the same level as in the defect-free silicene in the

! of tri-vacancies. It is worthy to note that there is a large difference between Dg; values

of the lower and the upper silicene sheets with bi-vacancies and very close values of this
O guantity for the corresponding sheets with hexa-vacancies. The large difference between
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Dg; can be explained by the different effect of the Li* ion on the mobility of the atoms in

the sheets with bi-vacancies, while close Dg; values for the sheets with hexa-vacancies are
more likely due to the sufficiently high stability of such structures.
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Figure 140. Self-diffusion coefficient of Si ato lo and the upper (2) silicene sheet: I is

the perfect silicene, II, 111, IV, and V is the silic

respectively; dashed line shows the average mobilit

Figure 141 shows the values av
of the principal stresses actin e

of the Li* ion through the

o-ZZ

caused by the act

0

mono-, bi-, tri-, and hexa-vacancies,
r the case of two silicene sheets.

ver the top and bottom sheets of the distribution
of the perfect silicene sheets during the motion

g@ttention is attracted to the low values of the stresses

rces normal to the plane of the sheets. However, these

stresses are stil}, 2.2 i

er than the o, stress appearing in the similar system in the

absence of anyai so note significantly higher values of the stress o, (with respect
to o, d Qesses) which is also caused by the motion of the Li* ion through the

cha

ceeds

ofeover, the maximum value of the stress o

.y under the presence of the ion

corresponding characteristic under its absence by 8.4 times. The analogous

i se for the stress o, is only 2.2 times.

The total stresses o,,,

Cuys

and o,, (determined by equation (23)) under the

influence of the moving ion increased in 6.6, 8.6, and 2 times for the bottom sheet and 3.2,
10.3, and 2.2 times for the top sheet of silicene, respectively. Thus, the displacement of the
Li* ion through the channel significantly enhances the stress state of the silicene sheets.
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Figure 141. Distribution of @‘Qesses in the plane of silicene sheets: 1 o, 2 oy, 3 0w}

elementary areas are elongatedyalong’the y axis.
. g -
Figure 142 éabsolute value of the total stress | o, | in silicene sheets as a

function of the si the defects. This characteristic of stress is the largest for almost all

con sheets with rare exceptions for the | o, | value. It is seen that the
magnitude gf'the stress in the lower silicene sheet (data 2) is always much larger than the
rresponding characteristic of the upper sheet (data 1). Both the upper and lower perfect

e sheets possess much larger |o,, | values than any corresponding sheet of the

A ective silicene. The magnitude of stress o, in the lower sheet decreases in silicene

O

with mono- and bi-vacancies with respect to its value in the defect-free silicone. Then the
value o,, increases for the cases of tri- and hexa-vacancies. Thus, starting with the tri-

vacancies, the dimensional effect of defects works in the opposite direction to increase the
internal stress in silicene.
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Figure 142. Magnitude of total stress o in the lower (1) and the u
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Figure 143. endence of the average stress 6, in sheets of graphene on the type of defects in the

icene channel with the Li* ion moving in an electric field: I is the perfect silicene, Il, I, IV and V is

icene with mono-, bi-. tri- and hexa-vacancies, respectively; in the inset, the time dependence of
erage stress in graphene sheets is shown.

Moving along the silicene channel, the lithium ion creates a stress state in the graphene

sheets supporting this channel. The stress component o,

, Is dominant in this case.

Moreover, when sheets of the perfect silicene form the inner flat channel, the average value
of the component o, for graphene sheets takes on the largest absolute value. In all the
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cases, the values considered are negative. It shows the compression deformation due to the
action of forces normal to the plane of the sheets. The stresses o,, in sheets of graphene

values are significantly (4 times) less than the corresponding stress characterizing the

support of graphene for the perfect silicene (Figure 143). The inset in this figure shows the

time dependence of the o,, value for the case of graphene supporting the perfect silicene \Q
sheets. There is a fast convergence in determining this characteristic. The relative error in

the calculation does not exceed 8%.

The natural buckling of silicene leads to the loss of the sp?-hybridization and % ‘\
the stiffness of the base plane. The linear chains of atoms are formed when tHe buc

supporting the walls of a flat channel from defective silicene have the similar values. These 0 .

silicene is ruptured [442]. It is assumed that any state of silicene has a el of
stability loss, i.e., the flat structure of this material is metastable. Th Young
modulus for silicene (62 N/m) [471] is significantly inferior the rrespondlng
characteristic of graphene (342 N/m) [472]. It is assumed that t e of the silicene

microscopy images indicates the formation of the defects WithSmore than three missing
silicon atoms [446]. Undoubtedly, the presence o ¢ vacancies has a great
influence on functioning the ultrathin materials with ic thickness and limits their
stability.

Hexa-vacancies in the functioning si
stable defects, which throughout the cal€

perpendicular electric field E, ope and gap in silicene. The method to open the band
gap in silicene is to make a peri afray of holes in it, i.e., to fabricate the silicene
gggi

between graphene sheets can increase its stability level. T"%z-l\ offscanning tunneling

graphene channel turned out to be the most
ilation retained their size and shape. The

nanomesh (SNM) [473]. It is to use the SNM model built by digging a simple
triangular array of the h les in a silicene sheet to create a transistor. Let us
denote the width of t %een nearest-neighbor holes as Ng,,, integer determined
by the number o onal honeycombs located between the holes. Theoretical

calculations s SNM behaves semi metallically like the pristine silicene when
i Ngum 1S even, the band gap of silicene hexagonal nanomeshes is

openied oint of the Brillouin zone. There is a linear relationship between the width
of the b p E, and the field strength E, : E; = (eA)E, , where € is the elementary

tric charge, A is the buckle height in the silicene layer. The maximum band gap of

0.68 eV is observed
The largest of the stresses (o, ) that appear in the perfect silicene sheet under the Li*

O ion motion along the flat channel is at least 10 times inferior to the experimentally

established limiting stress for the tension of polysilicon. This material is widely used in the
contemporary electronics [474]. The stress created in the supporting sheet of graphene is
more than 40 times less than the limiting stress observed in computer models when
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graphene is tested for a break [374]. Thus, the motion of the Li* ion along the silicene-
graphene channel does not create any threats to the destruction of the channel material.
Vacancy defects reduce the total stress state of the silicene created when the ion moves
along a flat channel. If there are defects in the silicene, the much lower stress is created in
the graphene supporting the silicene sheets. Graphene support allows one to make the
silicene channel more passable for the lithium ion.
In the study of the Li* ion passage through the graphene channel, the optimum gap

(hg = 0.60 nm) between graphene sheets was found. With this gap, the ion passes the entire

channel in the direction specified by the electric field strength 10° V/m witho t@ ﬂ
contact with graphene [427]. The similar characteristic was determined in the present
when a Li* ion passes through a silicene-graphene channel. The transit i r the
constant electric field of 10° V/m in the defect-free silicene-graphene cha ing the
gap of 0.75 nm was 12.8 ps. This time increased by 2.2 and 4.8 ti forthe ion drift in
the channel with mono- and bi-vacancies, respectively. The Li* j@f?doe§not pass through
the entire channel with the similar gap and electric fi the tri- or hexa-
vacancies are present on the silicene walls. It is worthy to x controllability of the
ion motion can be lost even with a larger gap. For exan % gap of 0.80 nmand E =
10° VV/m the Li* ion is present in the similar channel g.31.2 ps and eventually, it exits
through its imaginary frontal surface. Thus,gi Id ssumed that the optimal gap for
the Li* ion passage through the silicene-g e C el is 0.75 nm.

The mechanical test of silicene is diffiCUlt because of the rather small thickness of the
material. The present study of the age o
channel made it possible to obtain
in the channel. Large local str
lying in the plane of the sili
applied electric field. T
are established by t

ons in silicene are due to the action of the forces
ets and perpendicular to the intensity vector of the

field strength and the gap between the silicene sheets forming

the channel. Va defects filling silicene walls of the channel significantly reduce
stresses bothgf*thesgilicene and graphene walls of the channel. The passage through the

chan creases)with a consistent increase in the size of defects. Unlike mono- and bi-

vacanci tri-, and hexa-vacancy do not cause any increase in roughness of the silicene

walls of, annel. Mono-, bi-, and tri-vacancies in the silicene walls of a channel with a

ving Li* ion are prone to failure due to the formation of the five-membered rings of

atoms. The hexa-vacancies in silicene demonstrate greater resistance to degradation

A other defects when the graphene support occurs in the silicene channel. The shape of

a system. Thus, the mechanical properties of silicene (including the defected one with a

O the radial distribution function confirms the crystalline nature of the atoms ordering in such
graphene coating) allow this material to be used as an anode of the lithium-ion batteries.
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10.2. COMPUTATIONAL STUDY OF PROPERTIES OF SILICON
THIN FILMS ON GRAPHITE

Thin film silicon solar elements are frequently produced by deposition in vacuum using
carbon as a substrate. Pyrolytic graphite, extruded graphite, and glassy carbon are among
the carbon materials that serve as substrates. Auger spectroscopy of the interface region
reveals the formation of the silicon carbide, while the carbon diffuses deeply into the silicon
[475]. Silicon also diffuses deeply into carbon except in the case of glassy carbon. Thin
films of silicon on graphite can potentially be used for solar elements due to their lo .
Silicon films are deposited on graphite substrates via sputtering or the pyrolytic
of silane crystallize from the liquid phase [476]. A melted zone can be create phite
substrate by an electron beam irradiating at a constant rate. Gas inclusior@ silicon
ensure the formation of the silicon carbide during crystallizagigh. WAs™& result, a
silicon/graphite interface with the high ohmic resistance is forme

The super-thin silicon films of mono-atomic thickness (ﬂ'c%e already obtained
on some substrates. Hexagonal rings are the basis of the si \ ure, as well as, that
of graphene. However, there is a slight deviation frag ideal plane in a silicene sheet.
Experiments show that the shift of some Si atoms o ne ranges from 0.06 to 0.08

nm [477]. For silicene, 7 and 7* branches in the,Brilleuift zone intersect linearly on the

Fermi level forming a so-called Dirac co his means that the charge carriers
in silicene behave like the Dirac mass rmions moving with the ultra-fast Fermi
velocities of ~ 10— 10° m/s [17]. Until now, ifwas possible to obtain silicene only on some
types of substrates and among the r ones were most common: Ag(111), Ag(110),

unsaturated edges from Si atoms an@d p—d hybridization between the internal Si atoms and
the Ag substrate [480]. ition, calculations based on the density theory indicated that
the local diﬁerence@ the energies of silicon atoms on the surface could be the key

and Ag(100). The advantagg@ substrates is explained by passivation of the

factor. Moreover, tor determines the suitability of a substrate for the epitaxial
etallic surface. This difference is minimal for the silver substrates
re’is a high probability of chemical interaction between the Si atoms of
e material supporting it when dealing with both carbon and metallic
hinteraction explains why silicene still cannot be separated from a substrate.
t the same time, obtaining free-standing silicene is very important to both fundamental

r ch and applications.
raphite formed by 3775 carbon atoms was represented by five graphene layers (755
atoms in each layer) arranged according to the scheme ABAB... with the inter-layer

distance h; = 0.371 nm. The inter-atomic distance within the layers was 0.142 nm. The

layers of the system were parallel to the xy plane. Here, we will study two types of Si films
on graphite. The first type is a film made up of ten Si(100) layers with a diamond-like
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silicon lattice and interatomic distance [g.g = 0.234 nm. The second type is bi-layer

silicene with the inter-planar distance 0.2481 nm obtained from the density functional
theory calculations [432]. These both silicene sheets possess the reconstructed 4x4 surface.
The Si(001) film contained 1280 atoms, while the bi-layer silicene was formed by 600 Si
atoms. The distance between silicene sheets and graphene (graphite sheet) was the same as
in [432], i.e., 0.222 nm. The free boundary conditions were applied to the entire system in
three directions of coordinate axes. The simulation was performed at the temperature of
300 K in the NVT ensemble. The first stage concerned with modeling the films angythe
substrate separated from each other in a vacuum. Duration of these calculations %
that was enough for each system to come into equilibrium by establishing th%
distribution of atomic velocities. Then, the film and substrate were broug tact,
and the main calculation was carried out with the duration 200 ps.In he Si-C
interactions, also, as the Si—Si and the C—C ones were described by t a ody Tersoff
potential [40, 428, 481], and all the atoms participated in tﬁe w@ free boundary
conditions were used.

Figure 144 shows configurations of the films on graphite tes obtained as a result
of the main MD calculation (200 ps). It is seen that € em preserves its integrity
both in the case of Si(001) film on graphene and in th i-layer silicene. All surfaces
of the Si(001) film including the lateral subjected to considerable structural
relaxation. In general, the upper surfac film remains horizontal. Three graphite
sheets closest to the film are substantially rmed. Both films have strong contact with
the top graphite sheet. The lower silj sheet"undergoes strong structural changes, while
the upper sheet (with exception o ual edges) preserves the honeycomb structure
and horizontal surface. Onlyftwo r graphite layers adjacent to silicene undergo
substantial changes in thei e average distance between the silicon and graphite

surfaces is preserved in cases. The final value of cross-coupling energy Eg; . for the
system with silicen 45 eV/atom) is lower than for the system with the Si(001) film (—
1.07 eV).

I, th@ytwo-dimensional crystalline structure (though not completely perfect)
is préserveghirmsilicene on graphite. The radial distribution function for the Si atom closest
nter/of the sheet adjacent to graphite in both cases demonstrates numerous peaks
rresponding to the regular structure (Figure 145). When constructing this function, we
idered the coordinates of Si atoms in the lower silicene sheet or in two lower (already

d) crystalline layers of the Si(001) film. Remember that one crystalline layer of the
silicon film contains 128 atoms. Therefore, the combined film layer contains 256 Si atoms,
which is closer to the number of atoms (N = 300) in the silicene sheet. The positions of the
first two maxima of g(r) in the combined lower film layer are close to those in the lower

silicene sheet: r.,=0.24 nm, r_, =0.39 nm (in the film) and r,;, =0.23 nm, r,, =0.40

\00’

4
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nm (in silicene). The third peak (at 0.46 nm) exhibited by g(r) for the lower layer of the

Si(001) film is absent in the RDF of the lower silicene sheet. The following maxima appear
at 0.57 nm for the Si(001) film and at 0.59 nm for silicene.

An important characteristic feature of the RDF for silicene is the higher intensity of the
first peak g(r) with respect to other peaks. Therefore, the intensity ratios of the first four

g(r) peaks for the lower silicene sheet (1:0.46:0.30:0.23) are very different from those of

the corresponding Si(100) film layer (1:0.75:0.54:0.37). In other words, the short-range

order or preservation of the honeycomb structure in silicene is the characteristic featuke of
the silicene structure. é

(nm)

(nm)

Figure 144, System configuration: Si(001) film on graphite (a) and bi-layer silicene on graphite (b) at
the instance 200 ps.
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Figure 145. Radial distribution function for the central atom of the lower (256 atomic) Si(001) film on
graphite; the inset shows RDF for the silicene sheet on graphite.

O



QA

262 Alexander Y. Galashev and Yuri P. Zaikov

The lithium ion motion along the silicene channel was investigated in the constant
electric field of 10° VV/m. Here, the gap between the channel-forming sheets has the width
of 0.70, 0.75, 0.80, and 0.85 nm. The channel was located on a graphite substrate. Sheets
of the perfect silicene, as well as, silicene containing vacancy defects were used for the Q *
creation of the channel. On each sheet of silicene with the area of ~ 20 nm?, there were 9
mono-, bi-, tri-, or hexa-vacancies. The time of each test was 100 ps or 1 million time steps Q
of computation. The model and test method corresponded to these calculations described \
in Section 8.1. Here, the simulation was also performed under the free boundary conditions,
the graphite atoms were immobile, the Si-Si interactions were described by the off \

potential [281, 414], and the Si—C interactions were represented by the Mors i
[431, 482].

2
¥ (nm)

Figure 146. C flgm of the system “coupled sheets of silicene with bi-vacancies on graphite” with

the initial g b sheets with hy = 0.80 nm is shown together with the trajectory of the lithium ion
moti channel during the time 32.5 ps; the constant electric field E acts along the x axis.

4

ite” is shown in Figure 146 after 32.5 ps from the start of the Li* motion in the

2 The general view of the system “coupled sheets of silicene with bi-vacancies on

nnel. The channel has the initial gap hg =0.80 nm. The Li* ion enters the channel from

the left side (Figure 146) and has both the horizontal and vertical displacements. It moves
in the electric field. The intensity vector is directed along the x axis. It is seen that in the
course of the calculation noticeable vertical displacements of the Si atoms occur both in
the upper and lower sheets of the silicene. Moreover, in passage from silicene with mono-
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vacancies to one with hexa-vacancies, the magnitude of the displacements increases. The
similar picture is observed for systems with Ag(001) and Ag(111) substrates [448]. In the
presence of both silver and graphite substrates, the Si atoms are rearranged in the plane of
the lower sheet of silicene. On the silver substrates, in the presence of defects in the upper
sheet of silicene, significant structural rearrangements are also observed.

5 Top sheet

y(nm)
o

|
~

| 5
! x (nm)

Figure 147. xy projections of the upper and lower sheets of silicene with tri-vacancies on the graphite
substrate, with the inter-layer gap of 0.75 nm and at the instant 100 ps.
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Figure 147 shows the xy projections of the upper and lower sheets of silicene with tri-
vacancies obtained at the instant 100 ps. The silicene was placed on a graphite substrate. It
is seen that the substrate has a strong influence on the structure of the lower sheet of
silicene, whose snapshot at the end of the calculation has changed greatly. At the same
time, the top sheet has retained not only all nine defects, but with their size and shape
extended significantly.

The number of pores in the underlying lower sheet of silicene increased, but the size
of most pores became smaller than the size of the original tri-vacancy. Most of the pores

formed in the lower silicene have meandering boundaries, but there are also por ith
smooth boundaries. It is worthy to note that atoms with two dangling bonds a

the strongly rearranged structure of the bottom sheet. Thus, the incompatibili eriods
of the silicene and graphene lattices (on the graphite surface) exerts a stro ence on
the structure of the defective silicene after the lithium ion pas e entire
channel.

The statistical-geometric method of representing the imibi@e t in the channel
was carried out by constructing the VVoronoi polyhedra forghe ry 1000 time steps.
Thus, during the time of the ion passage through thegchamme re& were built from 600 to
1000 of the VPs. Figure 148 shows the angular ns of geometric neighbors
encountered in the ion path in channels with thg pe silicene walls, as well as, with

silicene sheets containing bi- and hexa-v. . ertices of the corners are places of
localization of the ion. The sides of the a e the rays drawn from the center of the ion
to its nearest geometric neighbors. It is seefyfrom the figure that these characteristics
change significantly not only whe efectiveness of the channel walls changes, but,

also, when its gap changes.
As a rule, the intensity of{the pgaks lying near angles of 30° and 45° increases as the

size of the gap increase , the growth of these peaks slows down as the size of
the defects increases, eaks are formed due to the most distant geometric neighbors.
The number of su ighbors increases with expansion of the channel and decreases

because of th X in the size of the defects. The behavior of the peaks mentioned is
mainly due % ctors. In the angular range 120° <6 < 180°, the angular spectra show

the channel gap increases. The expansion of the channel has a weak

49 shows the faces number distributions of VPs (n-distributions) formed
d the Li* ion moving along the channel. These distributions also characterize the
ber of all Si atoms entering the nearest environment of the Li* ion. In the case of a
channel with walls of the perfect silicene, 9 Si atoms most often surround the Li+ ion if the

gap is hg <0.75 nm. However, as the gap increases, the certainty in determining the most
preferable number of Si atoms surrounding the ion decreases. Thus, for hg =0.80 nm, the

13- and 15-atom Si environment of the Li* ion occurs most often, but for hg =0.85 nm the
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4-atom Si environment dominates. The appearance of vacancy defects in the channel walls
makes the Si environment of the ion even more unpredictable. Only in the channel formed

by silicene sheets with mono-vacancies and h, =0.70 nm, preference is given to the 15-
atom Si environment. In other cases, as a rule, there is great uncertainty in establishing this
characteristic.

perfect: )‘11Z (nm)

Frequency (%)

hexa-vacancics: hg (nm)

2 0.70

---- 0.75 i
----- 0.80

6 (deg)

Figure 148. Angular distributions for the geometric neighbors of the lithium ion during its motion along
various silicene channels.
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Figure 149. The frequency of occurrence of the
neighbors of the Li* ion during its motion along
walls contain different vacancy defects; hy is the wid

W

o

@ no toms included in the nearest geometric
aqperfect silicene channel and the channel, whose
of the gap of the silicene channel.

Exclusion of small geometric e in the Voronoi polyhedra allows one to proceed
to an analysis of the more pr etric neighbors found in the environment of the
Li* ion. Truncated polyhe istributions that are more compact because they have
not small faces. In this ca8g, thealue of n does not exceed 25 (Figure 150). However, even
in this case, it is m find regularity in dependences of the number of the most

probable faces (x e of the hg gap of the silicene channel and on the size of the
defects, sheets. It is seen from Figure 150 that the peaks with an intensity
exist only in the n-distributions for the channel with perfect walls and
ing mono-vacancies.

Figure 151 presents the distribution of the rings (m-distribution) formed by Si atoms
@d the Li* ion moving along the channel with walls from the perfect and defective

ene at different gaps hg . For the gap hg = 0.70 nm, the peak of the m-distribution is
O shifted from the value m = 10 to the values m = 5 and 4 when the channel with the perfect

silicene walls changes to the channel with walls containing bi- and hexa-vacancies,
respectively. The maximum of the m-distribution lies in the range of values 3 <m <6 in
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the remaining cases shown in Figure 151. Influence of the bi-and hexa-vacancies on the
formation of the short-range order around the moving Li* ion proves to be most noticeable

in the narrowest channel considered here (for hg =0.70 nm).

20 T T T T T 20 T T T T — 20
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h¥=0.80 nm

1 perfect | 1
* 4,207 nm 1 h=0.75 nm 15

10

5 10 15 20 25

20 120
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g
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n
i

Figure 150. The frequency of occufiience 0f the number n; of Si atoms included in the more probable
geometric neighbors of the Lif” iomdu its motion along the perfect silicene channel and the channel,

whose walls contain different@acancy defects; hq is the width of the gap of the silicene channel.
Statistics o? e@nbered rings existing around the moving Li* ion is significantly

clarified int seNgf passage from the Voronoi polytopes to truncated polyhedra. Figure

152 s Wthe Mistributions for the truncated polyhedra faces (m, -distribution)

char 1zing the motion of the ion Li* in silicene channels with different gaps hg . Here,

eets of the perfect and defective silicene form the walls. In this case, the four-membered

redominate in the narrowest considered channels (with hg = 0.70 nm) regardless
A ether its walls contain any defects. The four- and five-membered rings are the most

representative in the remaining cases shown in Figure 152. Moreover, the channel
expansion more often leads to the appearance of the main peak of the m, distribution at
m, =5.
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Figure 151. The number of Si atoms forming rings around tAeyL i
with the walls having various defects.
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Figure 152. The number of Si atoms that form the averaged rings around the Li* ion in channels with
different gaps with the walls having various defects.
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Figure 153 presents the distribution of distances (r-distribution) to the nearest
geometric neighbors of the Li* ion in different channel types and at different gaps. The
appearance of defects in the channel walls leads to a decrease in the standard deviation of
the r-distribution. On the average, a reduction in the standard deviation (for the channels Q *
constructed from the defective silicene with respect to the channel formed by the perfect
silicene) was 19%. Change in the channel gap leads to an ambiguous change in the distance \

I'mp from the ion to the most probable geometric neighbor. Averaged over the channel gap,

the value of I, is 0.588, 0.542, and 0.546 nm for the perfect silicene channel and,the

channels with mono- and hexa-vacancies, respectively.

02 | : .
perfect: hg (nm) ) L‘I.\ |
0.70 R
- -=- 075 Al . 6
.,'

0.80

0.1 | S
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Figure 153. Distribution of distances to the nearest geometric neighbors of the Li* ion in the channel
with walls of perfect and defective silicene at various gaps hy.
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Figure 154 shows the distribution of the most significant stresses o, acting in the plane
of the silicene sheets during the the Li* ion motion through the channel. The elementary
areas are elongated along the y axis. The electric field of intensity 10° VV/m is directed along
the x axis. Here, the explicit dependence of the intensity of the o, stress fluctuations on
the value of the channel gap and on the type of defects present in the silicene is not traced.
Since the force creating the stress o, is usually directed downward (due to the attraction

of the silicene to the graphite substrate), the stress values o, are usually negative. The

strongest local stresses appearing when the Li* ion moves through the channel in a te
value are not more than 1.65 GPa or 0.693 N/m. This value is 8.4 times lowe

tensile strength for silicene obtained in [422]. Thus, when the Li* ion moves thfeugh the
channel formed by sheets of a perfect or defective silicene, there are no us’ local
stresses capable to cause the destruction of silicene.

! 1 N I
0.5 + perfect: /i (nm)
L 0.70 )
-= 075
0.0 o i
W " - ) E

o_(GPa)

hexa-vacancies: l‘P! (nm) n

0.70
i -=- 07 1
0.0 |- —-= 080 -
PN A A A
1.0 + -

x (nm)

Figure 154. Distribution of the stress o,(x) averaged over both sheets of the perfect and defective
silicene along the x axis (“zig-zag” direction) coinciding with the direction of the electric field strength
for different gaps.
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The motion of the Li* ion in the flat silicene channel is much more complicated than
in the similar graphene channel. Thus, under the gap of hg = 0.60 nm the electric field
strength E = 10% V/m and the gap between the sheets with is sufficient for the Li* ion

passage through the perfect graphene channel of length 4 nm and without substrate [414].
The lithium ion completely passes the perfect silicene channel (without substrate) of the

same length at E = 10° V/m beginning with the gap hg = 0.75 nm between the channel
walls [427].

The Li* ion motion through the silicene channel becomes even more complic
the presence of the vacancy-type defects in the channel walls. So, with the gap o

In the case when the defective silicene on both sides was suppaort
perfect graphene, the lithium ion managed to completelygpa

narrower channel (hg = 0.75 nm) with walls including m(w

such a channel with walls that have tri- and hexa-va t be passed by the Li* ion
for 100 ps [449]. Thus, the use of silicene instead of s the anode material requires
expansion of the gap between adjacent shee @cant increase of the electric field
strength.

In the present study, we found that

single-layer
< 0.65 ps) the
acancies. However,

e electric field strength of 10° VV/m, even
f h, =%0.70 nm ensures passage of the lithium ion

if the channel is supported by the tésubstrate. In this case, the patency of the channel
is preserved not only in the p@ the mono- and bi-vacancies in its walls but, also,

in the presence of tri- an cies in them.

Table 16. Tirge of@

narrower silicene channel with the

f the lithium ion through a silicene channel located on a
graphite substrate (ps)

O

Qo
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For the lithium ion, the transit times are shown in Table 16 for the silicene channel
located on the graphite substrate. The greatest passage time of the channel (74.5 ps) at the
gap of 0.70 nm is fixed when the walls contain bi-vacancies. The Li* ion remains during

100 ps in the silicene channel with the gap of hg = 0.75 nm and walls containing bi- 0 ¢

vacancies. Nevertheless, the ion passes this channel rather quickly (faster than 36 ps) in the
presence of the tri- and hexa-vacancies in its walls. The tri-vacancies in the channel walls \
do not interfere with the Li* ion for its complete passage through it. This was observed for

all considered gaps (0.70 — 0.85 nm) and for the time not exceeding 64 ps. In the case of
hexa-vacancies, the channel obstruction for 100 ps appears only at the gap of 0.80 % ﬂ

Strong interaction with the substrate destroys the lower and upper sheets aflbot

perfect and defective silicene on the Ag(001) and Ag(111) substrates. f this
material is unsuitable for designing the anode of the lithium-ion batte . Fhus, the

use of the graphite substrate to support the silicene channel creates tterghannel for the

lithium ion passage than the use of the silver substrate or bi—lay u t of the silicene

channel with graphene sheets. 6
ene channel cannot be

In all the cases considered, the Li* ion motion along
®This is indicated by the

ar distribution of the nearest
geometric neighbors. For disordered syste y one peak in this region [483].
The calculated polyhedron distributi r th€number of faces extend to a wide
range of values reaching n = 30 in some cas€s. This behavior of the n-distribution cannot
be a characteristic for disordered systems.®In addition, many of the calculated n-
distributions have a large numbe
feature is likely to be a specifi
to consideration of the Stical Jdistributions for truncated polyhedra. The type of
distribution of the VP fages omthe number of sides is largely determined by both the size

h, of the gap and ypeof defects contained in the walls of the channel. Both these
g & 9

characteristics a\ 2nce the form of m-distributions constructed for the truncated
polyhedra. Tihe simaitar assertion is valid as a whole for distributions of distances from the
ion e eometric Si neighbors.

iontof the silicene channel on graphite significantly reduces the maximum local

stresses 1%, |nax appearing in the walls of the channel when the Li* ion moves along it.

the | o,y |max @verage value (for the silicene channel placed on the graphite) is
A roximately in 2.4 times less than that found on the Ag(001) and Ag(111) substrates. It
is also 5.3 times less than the | o value obtained when graphene is used to support

O zy |max
the channel [448, 449]. Attenuation of the | o, |, Stress under transition to a nonmetallic

substrate is associated with much weaker Si—C interactions than in Si—Ag interactions.
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A sharp decrease in the | o value (when the silicene channel is on the graphite)

zy |max
can be explained by the removal of its second wall from the substrate on a distance
exceeding the distance between the silicene and the supporting graphene by at least 4.4
times. In addition, the initial distance rg;_. = 0.286 nm between the lower layer of silicene

and graphite was greater than the distance (0.222 nm) between silicene and graphene in the
hybrid channel. There is a very weak influence of the graphite substrate on the top sheet of
silicene. The structure of this sheet can persist throughout the simulation even there are
large defects in the sheet such as tri- and hexa-vacancies.

Scanning the sheets of the perfect silicene and silicene containing vacancy-ty %
by the lithium ion motion in the channel was considered. It showed that the chan%)d
by the sheets has a specific structure that is not similar to the structure of the ered
or disordered materials. The structure of layered 2D materials is c by the
presence of two distinct peaks in the angular distribution of the\ neafgst geometric

neighbors. The locations of these peaks are limited by th%cor% , 6, <50° The
structure of 2D silicon is described by a very wide set N ometric neighbors

determined for the moving center.
Regardless of the presence of defects of one o type in silicene sheets, the
N

number of geometric neighbors for the lithium io 1€ range of 4 — 30. A noticeable
presence of an equal probable distributig ometric neighbors is a common

characteristic for the 2D silicon spectra. ing on the width of the gap in the channel
and the type of defects contained in its walls)¢he most probable rings of Si atoms (formed
around the ion) can have from 3 links. Elimination of small-scale fluctuations
accompanying the ion motion r ange of variation in the number of links (leading

to a value of 4 — 5) in the mostifrequéntly encountered rings. Moreover, the four-link rings
from geometric neighbor e frequently than the five-link ones. The most probable
distances from the io e néarest geometric neighbors can vary noticeably depending
on the size ofgthe e channel and the type of defects contained in its walls.
The stresses x plane of the silicene sheets and caused by the forces directed
perpendicul@ lane) are most significant when the Li* ion moves along the silicene
changfel. stress surges are noticeably inferior to the value of the ultimate strength
of si e under the uniaxial tension.

Thus™the paired silicene sheets on a graphite substrate are applicable to the
construction of the anode of a lithium-ion battery. In this case, the presence of the vacancy-

defects in silicene does not introduce any significant restrictions in its use for this
purpose.
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Chapter 11

CONCLUDING REMARKS @

Concrete conclusions for each of the topics discussed in this heek age made at the end
of each section or chapter. But here, we should like to ma & I remarks in order
to take a broader look at such new two-dimensional materia ene and silicene. We
see the prospect in the widest possible use of these e near future.

The deep theoretical studies performed in recentee the great opportunities for
a breakthrough in both nanoelectronics and i@l g the new generation of the
lithium-ion batteries based on the use Q @ matewials. Research in this direction will
continue. It is necessary to study the properfies of not only individual 2D materials but,
also, the characteristics of composite materials obtained on their basis. Graphene has

already become quite cheap materi ilicene has to become much cheaper because of
the wide prevalence of chemi@ s C and Si in the Earth crust. The long cycle of
f

life and good rate performanc -based anodes are usually more often observed with
composites made fromfnan@structured Si. Carbon is most widely adopted in the
construction of Si-b osites. Now the main task is to create cheap technologies for
obtaining high a%erials based on graphene and, especially, silicene. Below, we
shall try to di h& ore detail some important areas of current and future research.
Grapheneg has gxotic mechanical, thermal, electronic, optical, and chemical properties.
These a carrier mobility, a weak dependence of mobility on carrier concentration
and temperattre, unusual quantum Hall effect. Its hardness is 100 times greater that of the
ongest steel of the same thickness. Graphene is characterized by flexibility. It can sustain
more than 20% without breaking. Graphene is brittle at certain strain limit. Its high
mal conductivity comparable to that of diamond and 10 times greater than that of
copper. Graphene has a negative coefficient of thermal expansion over a wide range of
temperature. It has potentials for many novel applications [484-488]. It was shown
experimentally [489] that free-standing graphene sheets have spontaneous ripples owing
to the thermal fluctuations, and, therefore, real graphene is not perfectly flat.

&
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The fast development of graphene research has been stimulating by the great interest
in producing all kinds of the two-dimensional (2D) layered materials. Silicene (the two-
dimensional honeycomb allotrope of silicon) has attracted considerable interest due to its
unique properties [490, 491]. Charge carriers in silicene behave like massless Dirac
Fermions, whose velocity near the Fermi level is estimated to be on the order of magnitude
of 108 m/s. Thus, the Fermi velocity in silicene is comparable to that of graphene [492,
493]. The sp?-sp? hybridization of Si atoms in this 2D material leads to a buckled structure
of silicene distinguishing it from the planar graphene. Such a specific structure of silicene
makes its properties different from those of graphene. At the same time, new oppor ies
are created for manipulating the dispersion of electrons and enabling the tuni %
electronic and magnetic properties of silicene by external fields [494, 495].

It has been shown theoretically that the silicene has a strong spin-orb
the practical use of this material, the opening and controlling of t
are critical [496]. Silicene has a reactive surface, which allo
modification for tuning the band structure of silicene [4979 T%
achieve this goal can be carried out by using an inorga odification [498],
organic surface modification [499], oxidation [500], dopi 4], and the formation of 2D
hybrids [502]. A theoretical study of the chemical on of silicene is carried out
intensively and has considerable success, whi modification of experimental
investigation is still at the preliminary sta ].

Using the first-principles calculation ab initio molecular dynamics simulations,
the electronic and structural properties and thermal stability of a silicene layer between
graphene layers were investigate silicene layer obtained in the model between
graphene layers forms a buc comb structure resembling very closely the
properties of standalone silicene§ The electronic and atomic structure of silicene
intercalated by graphene I ost identical to the one of standalone buckled silicene.
Therefore, graphene re an almost ideal template for the formation of silicene. This
iS in contrast qvit ipusSly synthesized silicene on top of metallic surfaces where
hybridization i electronic and structural properties of silicene.
cene are perfect materials that possess an even better performance
emiconductor devices. It is expected that novel devices developed with
much faster and smaller in size than their contemporary counterparts.
Althou aphene and silicene display different behavior of the electrical conductivity,
t carrier concentration has the similar one. By now, the characteristics of

ne/graphene field effect transistors have already been tested. The model was
suggested for a gas sensor based on graphene that shows higher electrical conductivity
compared to silicene.

The first silicene transistors were recently reported [504], and, unlike graphene, this
material does have a bandgap. Another potential advantage for silicene is that the
semiconductor industry has invested the past sixty years in understanding every aspect of

ing. For
silicene
to ise chemical
re necessary to
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silicon, not carbon. In theory at least, when introducing into the electronic technique of
silicene, this should mean that the required process changes are less drastic.

Although silicene has very attractive properties, it is difficult in producing and
handling compared to graphene. Silicene is extremely unstable in air, which creates a very
serious problem. The only experimental transistor produced so far degraded in minutes.
When working with this material, the manageability can be achieved if the silicene can be
sandwiched between layers of some other two-dimensional materials to help protect it.
However, this would require the development of the production processes for the whole
range of new materials. Other new 2D materials such as germanene also face the @

problems.
Graphene can make the Li-ion batteries that are light, durable, and sui r high
capacity energy storage, as well as, shorten charging times. It will extend attery life-

time. Graphene adds conductivity without requiring the amounts o e used in
conventional batteries. Graphene can improve such battery attribu nergy density and
form in various ways. The Li-ion batteries can be enhanced fy i ing graphene to the

battery anode, capitalizing on the material conductivity, an surféce area traits. These
allows one to achieve the morphological optimization apew ance.

Laboratory tests of new LIBs have shown th e has demonstrated a good
capability in reversibly storing Li [505], as well as, oving the performance of both

cathode and anode materials [506]. Wit e ectrical conductivity and superb
mechanical properties, graphene is also 0 greatly reduce the negative phenomena
associated with the use of the Si anodes.

Silicone has received great ion as an anode material because of several

with the formation of LixSis Seclnd, the Si anodes have a relatively low discharge

advantages. First, Si creates ag about 4200 mA-h-g* under the full lithiation
potential plateau ~0.4 V

i. This can contribute to high working voltage when

connected to the ca hat"leads to a high energy density. Third, there is a high
abundance of 8i el in the Earth crust. So, the cost to obtain both single crystalline
and polycryst es to a level that can be adopted for use them in electrodes. In
addition, Si environmental compatibility, low toxicity, and relatively stable
chemical . All these properties make Si a very promising candidate for the next-

ion battery anodes.
t step in mastering silicene for technical applications is to combine this
sylistance with insulating materials to verify their benefits in electronic devices. To approve
er verification in the laboratory of silicene properties in association with insulating
compounds, it is necessary to agree with the theory and rely on it as our most accurate
source of knowledge on the material. One of the most striking applications is related to
silicene use in lithium ion batteries, which are currently most common in the electronics
industry.
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Silicene has a very high charge storage capacity much larger than that in graphene.
This makes a good performance in the anodes of the lithium-ion batteries. This feature
alleviates volume changes (that occur during charging) approaching the margins offered
by graphite, the material that is currently used. However, silicene offers twice the capacity
for the anode and its mechanical properties also prevent its suffering changes during
charging and discharging. It can be expected that the silicene anode will have a long service
life, i.e., it will be sufficiently stable when the charge/discharge cycles are completed.

However, all these conclusions were obtained from investigations with silicon
nanostructures (such as nanowires), but not with silicene. Thus, they are only theo l.
Commercial usage is still far off. First, experiments must be conducted wit e
material and then assessments should be made to determine whether this real place.
Then, a sustainable production model must be found on that. Obviously, it@k not a
little time.

Here, it is appropriate to pay attention to the use of silicene f argeable batteries
based on the lithium metal anodes [507]. They have high capaci% rgy density, but
the implementation of the lithium metal anode still faceSWpany, chatlenges, such as low

Coulombic efficiency and dendrites growth.
According to the computation results, the intro the defect, the increase of

bond length, and proximity effect have positive, ef on the conductivity of Li* ion,
which can induce lower diffusion barrier herdiffusion rate. Conversely, the factors
named here can have a negative influence hardness or stiffness of the materials. That

is unfavorable for the suppression of the lith dendrites. The latter circumstance makes
it difficult to optimize simultane both the diffusion and mechanical properties.
Therefore, a balance should be een the considerations of ion conductivity and
the stiffness in relation to the growth of the lithium dendrites.

Discovery of the gr its remarkable and exotic properties have aroused
interest to other elezn and”molecules that form 2D atomic layers, such as metal

chalcogenidesgtran etal oxides, boron nitride, silicon, and germanium. Silicene and
counterparts of graphene) have interesting fundamental physical
properties with p ial applications to technologies. The symmetric buckling in each of
rings of silicene differentiates it from graphene and stipulates a variety
properties with potential technological applications. In graphene, two
sublatti ructures are equivalent that does not allow one to open the band gap by an
external electric field. However, in silicene the neighboring Si atoms are displaced
natively perpendicular to the plane. So, the intrinsic buckling permits a band gap
opening in silicene under the presence of an external electric field.

In silicene the spin-orbit coupling is stronger than in graphene. So, silicene has far
reaching applications in the spintronic devices. Because silicon prefers sp®-hybridization
over sp?, the hydrogenation is much easier in silicene. The hydrogenation of silicene with
forming the silicane opens the band gap. Lithiation can flatten the silicene structure while
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opening the band gap. Silicene sheets and nanoribbons over various substrates such as
silver, diboride thin films, and iridium have been successfully produced recently. The
supporting substrate crucially controls the electronic properties of silicene, and the match
of the appropriate support and its use is critical in applications of silicene.

Thermal conductivity and mechanical stiffness of graphene sheets may rival the
remarkable in-plane values of graphite. Their fracture strength can be comparable to that
of carbon nanotubes for the similar types of defects. Besides, individual graphene sheets
have extraordinary electronic transport properties. One possible route to harnessing these
properties for applications would be to incorporate graphene sheets in a composite m l.
The manufacturing of such composites requires that graphene sheets be prod n
sufficient scale. In addition, they have to be incorporated into various gaatrees and
homogeneously distributed in it. Graphite is inexpensive and available in@u ntity.
However, it does not readily exfoliate to yield the individual grap t

It should be noted that carbon nanostructures are promisi i
nanocomposite materials. Among these fillers, graphene nmop%a e not the last. A
combination of the structural, physics-mechanical, and el N' properties of these
fillers under their introduction into polymer matricgs creation of composite
materials possessing improved stress—strain, electr mophysical characteristics,
and non-combustibility.

Understanding and adapting the propsg
desired applications are of the great impo or the fabrication and development of new
nanodevices. Given that we are at the beginfimg of a new 2D era of material science, we
should be interested in joining this@eld of research, because the chances of success

are high when the field is newo

O
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Appendix

GENERALIZED GRADIENT APPROXIMATI(@

EXCHANGE ENERGY Q
¢

Kon-Sham (KS) created [469] the fundamental basi ensity functional theory
[468] for describing the electronic structure of atoms, moleeulesy and solids. Successful
W

use of DFT involves the search for the exchange- functional that uses the

electron density to describe the intricate many-b gffects within a single particle
formalism. Now available approximatio exehange-correlation (XC) energy
functional allow studying the system are not so small with a reasonable

computational effort and quality of outcomes [508]. However, the accuracy in the
prediction of structural, thermodynamigc, and Kinetic properties, etc. with comparatively
simple functionals needs to be incr@yond present limits. It is necessary to achieve a
reliable method for the degCription™of a wide variety of systems with different

characteristics [509].
Some of the issues @ng any attempt at the systematic increase in the accuracy

of the XC func‘ion solved by using the so-called Jacob ladder [510]. The local spin
density approximati A) is placed on the first level. Here, the functional is determined
solely in ter f ocal values of the spin up and spin down electronic densities via the
expr f omogeneous electron gas. The second level consists of functionals that
addi y Wepend on the magnitude of the gradients of the spin up and spin down
densiti e functionals take into account the inhomogeneities. Because the form of that
endence is not simply that of the gradient expansion, such functionals are usually
ered as generalized gradient approximations. The third level comprises functionals

that incorporate the Laplacian of the density and/or the KS kinetic energy density. Through
the proposed energy density, one introduces an explicit dependence on the KS orbitals,
additional to the one that comes from the expression of the electronic density in terms of
these orbitals. On the fourth level, a fraction of the full exact exchange is incorporated.
Recall that the XC functional is defined from the KS orbitals through their implicit

&
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dependence on the density. Global and local hybrid functionals correspond to this level.
On the fifth level, explicit dependence of the XC functional on the unoccupied KS orbitals
is added. The second and third level functionals are said to be of “semi-local” nature
(although they are strictly one-point functionals), while the fourth and fifth level 0 *

increasing as one climbs the ladder, although, the complexity and computational effort will
also increase. However, an interesting aspect is that the actual accuracy limits for a given
level are not necessarily stipulated by the current state of the art at that level. Note e ﬂ
analytical framework by which to assess the ultimately achievable accuracy&

guantity (e.g., bond lengths or atomization energies) are absent. So, @ tional
r

functionals have explicitly non-local components.
In the framework of this systematization, the usual expectation is for the accuracy \

developers are forced to explore improvement of existing applied approxi . In this
context, the search for better descriptions at the GGA level conti y active
research area. Particularly, this is because such functionals provide balance between
accuracy and computational effort. Interest in GGASs also Qsis%/s of the quest for
implementation of orbital-free density functional theory [ . itionally, the GGA
functionals usually are components of the higher-levgl appgoXignations; so, it is important
to achieve a better understanding of their general nd the constraints that they
could or should satisfy.

We performed the first-principles a with the plane-wave ultra-soft
pseudopotential by means of GGA with t ew—Burke—Ernzerhof (PBE) functional in
the SIESTA code [513, 514]. The SIESTA abBrcviation comes from the “Spanish Initiative

for Electronic Simulations with T
the main aspects of the GG

ds of Atoms”. In the Appendix below, we show
als constraint taking as a starting point the
approximation of Perdew, Burke, afid Ernzerhof [230]. It is made to analyze the behavior
of the reduced density a function of the density. This can establish some

implications it may he development of improved GGA functionals.
The exchagge functional in the generalized gradient approximation usually is

expressed (f(@ n-polarized case) in the form
Elol= [ drp(r)eoalo(t)IFE), (A1)

(p(r))

%the integral is taken over the distribution o(r) region, the &, , energy density in
! DA is described as

O ol PM1=—C,0 5 () =—a18)(¥)* P50, (A2)

and the reduced density gradient is defined as
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s(r)=IVo(nl/| 2659 50| (A3)
The enhancement factor F, (s) describes deviations from the homogeneous electron Q *

gas behavior. For PBE, it is written as [230] \Q

FPBE(s) =1+ K — = (A4)

uS
1+ —
) 9
where xand x are parameters. K
The PBE enhancement factor form (together with the values assignef t parameters

xand y ) satisfies the following constraints:

*
(2) Under uniform density scaling, p(r) — A3p(Ar r\@hange energy acts
like 4.
(b) From Eq. (4), for s =0, F®5(0)=1is @r the homogeneous electron
ize

gas exchange.

(c) Although written for the spin ng .@
satisfy the spin-scaling relationship

EX[pmp@[meEx[zm])/z, (A5)

where p, and in-up and spin-down electron densities.
(d) Beinga GG change energy and its functional derivative do not diverge for
atoms@nd clles at the exponential tail of the charge distribution.

(e) The Ld bound [515, 516] establishes the most negative value that the
change €nergy may attain for a given electron density, namely,

se, the spin-polarized expressions

E Lo, p,]>~1.679[ drp’ (r) (A6)

@ is satisfied by imposing the condition that the local values of F (s) should not
grow beyond the value 1.804. Since for the form given by Eq. (A4), the maximum
O value of F_(s) is 1+ x(the limitas s — o ); so, one finds that x= 0.804.
(f) From Eqg. (A4), one has that in the small s regime,
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F (s) > 1+ us®, (A7)

which indicates that x is directly related to the weight given to the density gradient. At
present, the LDA provides a very good description of the linear response of the spin-un-
polarized uniform electron gas. Thus, in the PBE functional, zzwas set to cancel the second-
order gradient contribution to the correlation energy in the high-density limit using the
relationship

Hoge =7 P13, g@

where according to Ma and Brueckner [517] £ =0.066725 and, therefore, %? 1951.

The form of the enhancement function given by Eq. (A4) was fi ro y Becke
[518]. He determined the values of the parameters empirically%t ase of the least

squares fit to the Hartree-Fock energies of the noble gas s . He also used the
Hartree-Fock densities to evaluate the integral in Eq. (Al% s that he found were
x=0.967 and = 0.235.
The PBE XC functional leads to a reasonable deseri a wide variety of properties
)
ra

of molecules and solids. It has become one@f t fficult used approximations in
@ ifications have been proposed all
with the objective of improving the calc d values of various sets of properties [519,
520]. A general finding, which emerges from those modifications, is that the magnitude of
u is correlated with the predictio 67 ctural, thermodynamic, and kinetic properties.
The smallest non-empirical v 1 Gapresponds to the gradient expansion approximation
(GEA) value [521], 14 @.12346. The largest non-empirical value of x comes
from the imposition of constraint that (for the hydrogen atom) the exchange energy
cancels the Coglo n energy. The latter constraint leads [520] to the Hartree-

electronic structure calculations. Howevg

Fock value z = Large values u are better for atomization energies and worse for
crystalli i tants while low values x generating the opposite trend. In fact, Zhao
and also showed that magnitude of the coefficient x correlates with the

ces in small molecules. It is important to note that, in general, when the value

nd dis
@s changed, the value of g is also changed by Eq. (A8), or by influence of other

ments. So, in addition to the exchange energy, the correlation energy also has an
impact on this behavior.

In addition to the approximation described above for calculating the exchange energy,
we used tolerances within 5.0 x 10 eV//atom at full energy for optimizing the geometry.
The maximum Hellmann-Feynman force was within 0.01 eV-A™, the maximum
displacement of the atom did not exceed 5.0 x 10 A, and the maximum stress was within

4
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0.02 GPa. The geometry of all structures was completely optimized. A single silicene cell
consisting of 8 atoms and periodic boundary conditions were used to calculate all the
properties. The initial coordinates of four Si atoms of the unit cell were shifted to the
distance of 0.064 nm perpendicular to the surface, and the remaining Si atoms were on the

charge density, the cutoff on the grid equal to 2720 eV was used. The Brillouin zone was
introduced using a matrix of 20 x 20 x 1 k-points in the Monocharst-Pack module. The

method of diagonalization was applied to carry out all calculations. 6 ﬂ

same (initial) plane. Such a structure of the silicene sheet is close to the surface of the
silicene observed on the Ag(111) substrate [432]. In the inverse spatial expansion of the \Q

Qo
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