Rev. Adv. Mater. Sci. 52 (2017) 91-98

STRUCTURE AND ENERGY OF INTERCRYSTALLITE
BOUNDARIES IN GRAPHENE

A.L. Kolesnikova'?, M.A. Rozhkov?, |. Hussainoval?, T.S. Orlova®4, |.S. Yasnikov®,
L.V. Zhigilei*®* and A.E. Romanov4®

ITMO University, Kronverksky pr. 49, St. Petersburg, 197101, Russia
2Institute of Problems of Mechanical Engineering RAS, Bolshoj pr. 61, Vas. Ostrov,
St. Petersburg, 199178, Russia
STallinn University of Technology, Ehitajate tee 5, Tallinn, 19086, Estonia
“loffe Institute RAS, Politekhnicheskaya 26, St. Petersburg, 194021, Russia
STogliatti State University, Belorusskaya 14, Togliatti, 445020, Russia
SDepartment of Materials Science & Engineering, University of Virginia,

395 McCormick Road, Charlottesville, VA 22904-4745, USA

Received: July 20, 2017

Abstract. A systematic approach to constructing intercrystallite boundaries (IBs) in graphene is
developed based on the structural units (SUs) model of grain boundaries (GBs). The approach
operates with SUs composed of carbon octagons, heptagons, pentagons and squares, which
correspond to six-member carbon rings of an ideal hexagonal graphene lattice altered by wedge
disclinations of different strength. A linear periodic arrangement of SUs containing disclination
dipoles and quadrupoles is used to construct IBs in graphene. The energies of symmetric IBs
are calculated in molecular dynamics simulations and are used for evaluation of the feasibility of
experimental fabrication of the IBs in graphene.

1. INTRODUCTION

Graphene is a two dimensional allotrope of carbon
with outstanding mechanical, thermal, optical and
electronic properties, see, e.g. [1]. Itis considered
to be a very promising material for electronics, sen-
sors, membranes, composites and coatings [2].
Graphene produced by chemical vapor deposition
(CVD) is normally polycrystalline [3] and, hence, it
contains intrinsic linear defects in the form of
intercrystallite boundaries (IBs). By now, a consider-
able experimental and theoretical evidence has been
obtained that such IBs may significantly affect the
mechanical [4-6], thermal [7-9], and electrical [10-
13] properties of graphene. A good example is a
boundary named by authors of Ref. [12] as “one-
dimensional linear 5-8-5 defect” (the chain of 8- and

5-member carbon atom rings) in graphene, which
acts as a quasi-one-dimensional metallic wire.

Experimental data on the real structure of IBs in
graphene, including boundaries with misorientation
between two adjacent grains, also known as grain
boundaries (GBs), are rather limited. Scanning
transmission electron microscopy (STEM) studies
[10,14] showed that the GBs in graphene are usu-
ally made up of pairs of pentagonal and heptagonal
(i.e. 5- and 7-member) carbon rings in the graphene
lattice and are arranged along a serpentine path.
Other atomic configurations of graphene GBs were
also observed, including structures containing dis-
torted hexagons [15,16] and vacancies in various
ratios and arrangements [15].

An important parameter characterizing a
graphene GB is its energy. The GB structure
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Fig. 1. Volterra’s procedure for the formation of wedge disclinations in 2D hexagonal crystal lattice: (a)
negative disclination and associated 7-member ring; (b) negative disclination and associated 8-member
ring; (c) positive disclination and associated 5-member ring; (d) positive disclination and associated
4-member ring. Minimal magnitude of disclination strength in hexagonal lattice is o = n/3. Negative and
positive disclinations are denoted by empty and black triangles, respectively.

models as well as their energies have been studied
in a number of theoretical works [17-22]. In particu-
lar, authors of Ref. [19] considered symmetrical and
nonsymmetrical GBs containing 5- and 7- member
carbon rings in detail, subdivided them in several
classes, calculated their energies and discussed
their electronic properties. Recently, several research
groups introduced models for graphene GBs in-
corporating carbon rings with four to nine members
[19-26]. In our previous work, e.g. in Ref. [20,26],
we developed a disclination approach [27,28] to the
analysis of the structure and properties of IBs in
graphene.

In the present study, we utilize the disclination
approach to construct and analyze new types of
IBs in graphene. The description of 2D carbon struc-
tures containing 8- (octagon), 7- (heptagon), 5- (pen-
tagon), and 4- (square) atomic rings in terms of

disclinations as well as the advantages of this de-
scription are discussed in Section 2. The structural
units containing disclination dipoles and quadrupoles
are then considered in Section 3 and are used for
construction of IBs in graphene in Sections 4. In
Section 5, the energies of I1Bs are calculated and
the IBs with the lowest formation energies (hence,
the most feasible to observe experimentally) are
identified. Finally, the main findings of this study
are summarized in Section 6.

2. DISCLINATIONS IN TWO-
DIMENSIONAL (2D) HEXAGONAL
CRYSTAL LATTICE

Individual defects and their ensembles occurring in
the 2D lattice of graphene can be well described in
terms of wedge disclinations [26,29,30]. Pioneer-
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Fig. 2. Structural units (SUs) and favorable symmetrical grain boundary (GB) in graphene: (a) two variants
of SU 5-7 and (b) favorable GB with misorientation angle 6 = 21.8°, constructed with SUs 5-7. The corre-
sponding disclination schematics are shown to the right of atomic configurations. Disclination strength

maghnitude is o = /3.

ing ideas on the disclinations in 2D crystals have
been outlined four decades ago by Harris [31].

Fig. 1 shows the geometrical Volterra’s proce-
dure [27,28] of wedge disclination formation in a 2D
hexagonal crystal lattice, which leads to the ap-
pearance of 8-, 7-, 5- and 4-member rings. For
example, disclinations that are formed by inserting
or removing a 60-degree wedge have minimal
strength (or “charge”) of ® = -n/3 or ® = +x/3, and
cause the formation of isolated 7- or 5-member rings
in the otherwise defect-free hexagonal lattice, re-
spectively (Figs. 1a and 1c). In a similar manner, 8-
and 4-member rings are associated with the forma-
tion of disclinations of double strength -27/3 or +2n/
3, respectively (Figs. 1b and 1d).

It is known that a single disclination introduces
global elastic distortions in the crystal lattice
(Fig. 1) and has stored elastic energy that scales
quadratically with the size of the 2D crystal [27].
For example, the elastic energy of a wedge dis-
clination in a thin disk made of isotropic material is
expressed as E = (1/8)Dc02R02 [27], where w is the
strength or charge of the disclination, R is the ra-
dius of the disc, D = G(1+v)/2n for a two-dimen-
sional disc [30], G is the shear modulus in units
Force/Length, and v is Poisson ratio. As a result of
the strong size dependence of the elastic energy,
single disclinations or ensembles of disclinations
of the same sign can be found only in nhanoscale
objects, such as atomic clusters and nanoparticles
with pentagonal symmetry [32,33] and fullerenes
[34].

Another possibility to diminish the stored energy
in disclinated solids is to form self-screened con-
figurations [27,35], i.e. dipoles, quadrupoles, and
multipoles of higher order. It has been demon-
strated [27] that the energy of the dipole depends

logariphmically on the external screening para-
meter, i.e., the size of the crystal. The energeis of
the quadrupoles do not depend on the external pa-
rameter, see, e.g., Refs. [27,28,35]. This means that
disclination quadrupoles are fully self-screened sys-
tems. Therefore, in our search for low-energy IBs in
graphene described in the following sections we fo-
cus our attention on configurations containing
disclination quadrupoles.

3. CONCEPT OF DISCLINATED
STRUCTURAL UNITS IN
GRAPHENE

For the first time, the concept of structural units
(SUs) was applied to the modeling of GBs in
graphene in our earlier work [20]. The structural unit
5-7 (SU 5-7) and the preferred symmetrical tilt grain
boundary that consists of 5-7 SUs only are shown
in Fig. 2. It was found that with the help of SUs 5-7
mixed with 6-membered carbon rings it is possible
to construct the symmetrical GBs with arbitrary
misorientation angle in the whole diapason from 0
to 60 degrees [31].

Experiments demonstrate the existence of IBs
in graphene composed of SUs with pentagon-octa-
gon-pentagon (5-8-5) ring configurations [12]. The
boundary 5-8-5 was found in CVD graphene grown
on Ni (111). This boundary does not contribute to
the lattice misorientation of neighboring crystallites.
We assume that under certain conditions, for
example, for a particularly chosen substrate or
growth mode, IBs can be formed from not only SUs
5-7, but also from SUs containing 5-8-5, 4-8 and 7-
4-7 carbon ring configurations.

We propose two principles for selecting SUs for
building low-energy symmetrical IBs in graphene:
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Fig. 3. Structural units (SUs) of symmetrical intercrystallite boundaries (IBs) containing 8- and 4- member
carbon rings and the corresponding disclination schematics. Minimal disclination strength magnitude is

o=m/3.

(i) the total strength of disclinations within a SU
should be zero, which corresponds to a screened
dipole or quadrupole configuration;
(i) each SU should include no more than one nega-
tive and (or) positive disclination of highest strength.
For examples, in SU 5-7 the highest disclination
strength magnitude is /3, and we have one positive
+n/3-disclination and one negative -r/3-disclination.
In SUs 5-8-5 or 7-4-7 the highest magnitude of
disclination strength is 2n/3, and we have one nega-
tive -2nt/3- or one positive +2n/3-disclination and two
compensating disclinations of strength +nr/3 or -7/3,
correspondingly. In Fig. 3, all possible SUs with
octagons and squares for building symmetrical IBs
are presented. In some SUs, six-member carbon
rings are added in order to connect them into sym-
metrical GBs.

4. GENERATION OF
INTERCTYSTALLITE BOUNDARIES
FOR MD SIMULATIONS

Using the SUs shown in Figs. 2a and Fig. 3, a se-
ries of atomic configurations containing symmetri-
cal IBs are generated using three different routes
illustrated in Fig. 4:

() Joining two mutually rotated crystallites (Fig. 4a).
In this way, the GBs with SUs 5-7 (Fig. 2a) are ob-
tained, including the energetically favorable GB 5-7
with misorientation angle of 6 = 21.8° (Fig. 2b), con-
sisting only of 5-7 SUs.

(i) Attaching two crystallites to a chain of SUs (Fig.
4b). In this case, one obtains boundaries with SUs
5-8-5and 7-4-7.

(iii) Joining mutually shifted crystallites (Fig. 4c). In
this case, one gets boundaries with SUs 4-8.

As noted above, some of IBs are tilt GBs with
misorientation of adjacent graphene crystal regions,
while the others are linear defects in 2D crystals
with zero misorientation angle.

5. SYMMETRICAL
INTERCRYSTALLITE
BOUNDARIES 5-8-5, 4-8, AND 7-4-7
AND THEIR ENERGIES

The energies of the atomic configurations with IBs
generated as discussed above were evaluated in
molecular dynamics (MD) simulations performed with
LAMMPS software package [36]. The interatomic
interactions were described by the adaptive inter-
molecular AIREBO potential developed for simula-
tion of different phases of hydrocarbons [37] and
commonly used in simulations of GBs in graphene
[21,22]. The images of equilibrium structures were
produced with software package OVITO [38]. The
MD simulations were performed at zero tempera-
ture, and Polak-Ribiere version of the conjugate gra-
dient algorithm for energy minimization was used
[39].

The simulations are done for symmetrical IBs
composed of SUs 5-8-5, 4-8, and 7-4-7 (Fig. 5). Al-
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Fig. 4. Three routes of IB generation in graphene used in the present study: (a) joining mutually misoriented
crystallites; (b) joining crystallites to a chain of SUs; (c) joining mutually shifted crystallites.

though it is possible to construct IBs by combining
different types of SUs, only mono-boundaries, con-
structed with a single type of SUs are considered in
the simulations. In Fig. 5, possible mono-GBs with
octagons and squares, i.e., with £7n/3 disclinations,
are shown. GB of type 7-4-7 A2 is also simulated
but not presented in Fig. 5 because of its large dis-
tortions and high energy.

Disclination schematics in Fig. 5 helps explain-
ing the distortions of the carbon rings within the
boundaries, as well as the presence or absence of
misorientation between crystallites that the bounda-
ry separates. For example, the elongation of the
octagons along the axis within GBs 5-8-5 of types
A2, B, and C (Fig. 5) can be explained by consider-
ing the elastic field produced by the disclinations.

In the MD simulations, the excess IB energy,
E, was calculated using the relation [29] E =
(Eg.5"NEg)/L, where E_ . is the total potential en-
ergy of the sample with IB, E_ is the energy per
atom in perfect graphene, N is the number of atoms
in the sample with IB, and L is the total length of the
IB. The method for the calculation of 1B energy E
in MD simulations eliminating the effect of the bound-
ary conditions applied at the edges of the computa-
tional system has been described in detail in Ref.
[26].

The results of the energy calculation are shown
in the form of a diagram in Fig. 6 and are listed in
Table 1. The values of the IB energies can be used
as indicators of the feasibility of finding or fabricat-
ing an IB of a particular type in graphene. Indeed,
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Fig. 5. Intercrystallite boundaries (IBs) constructed with structural units (SUs) shown in Fig. 3 and the
corresponding disclination schematics. Minimal disclination strength magnitude is ® = /3.
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Table 1. Energies of symmetrical mono-boundaries in graphene, i.e. intercrystallite boundaries (IBs) con-
structed with structural units (SUs) of a single type. The entries for boundaries that have been observed in
experiments are highlighted by color.

Type of Angle of Energy per MD simulation and observation Possibility of
boundary  misorientation unit length, formation
eV/A in graphene

generated by joining crystallites possible

to a chain of SUs using special
substrate
5-8-5A2 60° 2.253 generated by joining crystallites unlikely
to a chain of SUs
5-8-5B 13.7° 1.408 generated by joining crystallites unlikely
to a chain of SUs
5-8-5C 60° 1.292 generated by joining crystallites unlikely

to a chain of SUs

generated by joining mutually
shifted crystallites

generated by joining crystallites
to a chain of SUs

unlikely

7-4-7A1 0° 1.247 unlikely

the two configurations with the lowest energies, 5-7
and 5-8-5 D, have been experimentally observed
[10,14,18]. The simulations suggest IB 5-8-5 A1,
which is characterized by energy below the level of
1 eV/A, as an additional configuration that may
exist in graphene crystals.

6. CONCLUSIONS

We summarize the results of the study as follows.
(i) Structural units (SUs) containing disclinated car-
bon rings are identified.

(ii) A set of symmetrical intercrystallite boundaries
(IBs) with and without misorientation between adja-
cent crystallites in graphene is constructed based
on the SUs.

(iii) The energies of intercrystallite boundaries in
graphene containing 8- and 4-member carbon rings
are evaluated in molecular dynamic simulations, and
several energetically favorable IBs with energies less
than 1 eV/A are identified.

ACKNOWLEDGEMENT

This work was supported by the Ministry of Educa-
tion and Science of the Russian Federation (Project
No 3.3194.2017/4.6).

REFERENCES

[1] J.H. Warner, F. Schaffel, A. Bachmatiuk and
M.H. Rimmeli, Graphene: Fundamentals and
emergent applications (Elsevier, 2013).

[2] http://iwww.graphene.manchester.ac.uk/
explore/the-applications/

[3] P.Y. Huang, C.S. Ruiz-Vargas, A.M. van der
Zande, W.S. Whitney, M.P. Levendorf, J.W.
Kevek, S. Garg, J.S. Alden, C.J. Hustedt,

Y. Zhu, J. Park, P.L. McEuen and D.A. Muller
// Nature 469 (2011) 389.

[4] G.H. Lee, R.C. Cooper, S.J. An, S. Lee, A. van
der Zande, N. Petrone, A.G. Hammerberg,

C. Lee, B. Crawford, W. Oliver, J.W. Kysar and
J. Hone // Science 340 (2013) 1073.

[5] H.l. Rasool, C. Ophus, W.S. Klug, A. Zettl and
J.K. Gimzewski // Nature Communications
4(2013) 2811.

[6] J. Kotakoski and J. Meyer // Physical Review
B 85 (2012) 195447.

[7]1A.Y. Serov, Z.-Y. Ong and E. Pop // Applied
Physics Letters 102 (2013) 033104.

[8] K.L. Grosse, V.E. Dorgan, D. Estrada, J.D.
Wood, I. Vlassiouk, G. Eres, J.W. Lyding,


http://www.graphene.manchester.ac.uk/

98 A.L. Kolesnikova, M.A. Rozhkov, I. Hussainova, T.S. Orlova, I.S. Yasnikov, L.V. Zhigilei et al.

W.P. King and E. Pop // Applied Physics
Letters 105 (2014) 143109.

[9] P. Yasaei, A. Fathizadeh, R. Hantehzadeh,
A. K. Majee, A. EI-Ghandour, D. Estrada,
C. Foster, Z. Aksamija, F. Khalili-Araghi and
A. Salehi-Khojin // Nano Letters 15 (2015)
4532.

[10] L. Tapaszto, P. Nemes-Incze, G. Dobrik, Jae
K. Yoo, C. Hwang and L.P. Biro // Applied
Physics Letters 100 (2012) 053114.

[11] Q. Yu, L.A. Jauregui, W. Wu, R. Colby,

J. Tian, Z. Su, H. Cao, Z. Liu, D. Pandey,

D. Wei, T.F. Chung, P. Peng, N.P. Guisinger,
E.A. Stach, J. Bao, S.S. Pei and Y.P. Chen
// Nature Materials 10 (2011) 443.

[12] J. Lahiri, Y. Lin, P. Bozkurt, 1.I. Oleynik and
M. Batzill // Nature Nanotechnology 5 (2010)
326.

[13] Chi-Pui Tang and Shi-Jie Xiong // AIP
Advances 2 (2012) 042147.

[14] K. Kim, Z. Lee, W. Regan, C. Kisielowski,
M. F. Crommie and A. Zettl // ACS Nano
5(2011) 2142.

[15] P. Nemes-Incze, P. Vancso , Z. Osvath, G.I.
Mark, X. Jin, Y.-S. Kim, Ch. Hwang, Ph.
Lambin, Cl. Chapelier and L.P. Biro // Carbon
64 (2013) 178.

[16] J. An, E. Voelkl, J.W. Suk, X. Li, C.W.
Magnuson, L. Fu, P. Tiemeijer, M. Bischoff,
B. Freitag, E. Popova and R.S. Ruoff // ACS
Nano 5 (2011) 2433.

[17] Y. Liu and B.Il. Yakobson // Nano Letters 10
(2011) 2178.

[18] T.-H. Liu, G. Gajewski, C.-W. Pao and C.-C.
Chang// Carbon 49 (2011) 2306.

[19] J. Zhang and J. Zhao // Carbon 55 (2013)
151.

[20] A.E. Romanov, A.L. Kolesnikova, T.S. Orlova,
I. Hussainova, V.E. Bougrov and R.Z. Valiev //
Carbon 81 (2015) 223.

[21] R. Grantab, V.B. Shenoy and R.S. Ruoff //
Science 330 (2010) 946.

[22] Y. Wei, J. Wu, H. Yin, X. Shi, R. Yang and
M. Dresselhaus // Nature Materials 11 (2012)
759.

[23] M. Akhukov, A. Fasolino, Y. Gornostyrev and
M. Katsnelson // Physical Review B 85
(2012) 115407.

[24] S. Malola, H. Hakkinen and P. Koskinen //
Physical Review B 81 (2010) 165447.

[25] A. Mesaros, S. Papanikolaou, C. Flipse,

D. Sadri and J. Zaanen // Physical Review B
82 (2010) 205119.

[26] M.A. Rozhkov, A.L. Kolesnikova, T.S. Orlova,
L.V. Zhigilei and A.L. Romanov // Materials
Physics and Mechanics 29 (2016) 101.

[27] A.E. Romanov and V.I. Vladimirov,
Disclinations in crystalline solids. In:
Dislocations in Solids, vol. 9, ed. by F.R.N.
Nabarro (North-Holland, Amsterdam, 1992)
191-402.

[28] A.E. Romanov and A.L. Kolesnikova //
Progress in Materials Science 54 (2009) 740.

[29] I.S. Yasnikov, A.L. Kolesnikova and A.E.
Romanov // Physics of the Solid State 58
(2016) 1184.

[30]A.L. Kolesnikova, T.S. Orlova, |. Hussainova
and A.E. Romanov // Physics of the Solid
State 56 (2014) 2573.

[31] W.F. Harris // Scientific American 237 (6)
(1977) 130.

[32] V.G. Gryaznov, J. Heydenreich, A.M.
Kaprelov, S.A. Nepijko, A.E. Romanov and
J. Urban // Crystal Research and Technology
34 (1999) 1091.

[33] L.D. Marks and L. Peng // Journal of
Physics: Condensed Matter 28 (2016)
053001.

[34] A.L. Kolesnikova and A.E. Romanov //
Physics of the Solid State 40 (1998) 1075.

[35] A.E. Romanov // Materials Science and
Engineering A 164 (1993) 58.

[36] http://lammps.sandia.gov.

[37] S.J. Stuart, A.B. Tutein and J.A. Harrison //
The Journal of Chemical Physics 112 (2000)
6472.

[38] http://www.ovito.org/.

[39] E. Polak and G. Ribiere // Revue Frangaise
d’Informatique et de Recherche
Opérationnelle, Série Rouge 3 (1969) 35.


http://lammps.sandia.gov.
http://www.ovito.org/.

