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Here, we adopt a phase field crystal (PFC) model to predict the equilibrium structures
as well as dynamic formation of GBs in CVD-grown graphene. The results demonstrate
that GBs consisting of clustered 5|7|5|7 dislocation dipoles, as constructed by the con-
ventional coincidence site lattice (CSL) theory, are not energetically favorable, and should
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Phase field crystal modeling be replaced by dispersed 5|7 dislocations, as predicted from the PFC model, when con-
Grain boundary engineering in 2D material structing GBs’ atomistic structures for theoretical and numerical investigations. The PFC
Triple-junction-free polycrystalline graphene modeling also demonstrates possible routes of engineering GBs in two-dimensional (2D)

materials by controlling grain orientations in pre-patterned growing seeds and suggests a
simple geometric rule that explains the predominant existence of curved grain boundaries
in graphene. As a prominent example of potential applications of our method, we show
how to grow triple-junction-free polycrystalline graphene that exhibits enhanced mechan-
ical strength and defy the traditional Hall-Petch relation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Among various promising techniques for synthesizing large-area, high-quality mono-layer graphene, chemical vapor de-
position (CVD) is by far the most important one (Geng et al., 2012; Li et al., 2009). CVD-grown graphene is typically poly-
crystalline (Huang et al., 2011; Yazyev and Chen, 2014). The presence of grain boundaries (GBs) could substantially influence
various properties of graphene, such as mechanical strength (Huang et al., 2011; Jhon et al., 2013; Wei et al.,, 2012), carrier
mobility (Gargiulo and Yazyev, 2013; Jauregui et al., 2011; Nemes-Incze et al., 2013) and thermal conductivity (Yasaei et al.,
2015). Thus, considerable experimental effort has been exerted to reduce the density of GBs (Li et al., 2011; Ma et al., 2013).
However, recent studies have also shown that GBs provide a possible way to tune the properties of graphene. The mechani-
cal strength of polycrystalline graphene varies depending on GB morphology and the density of triple junctions (TJs) (Lee et
al.,, 2013; Shekhawat and Ritchie, 2016; Zhang et al., 2015). GB-induced phonon softening and scattering decrease thermal
conductivity (Ma et al., 2017; Mortazavi et al., 2014; Serov et al., 2013) but may improve the thermoelectric efficiency of
graphene (Zhang et al., 2010). Furthermore, GBs can markedly alter electronic transport (Ma et al., 2014; Tsen et al., 2012;
Yazyev and Louie, 2010); two distinct transport behaviors (high transparency and perfect reflection of charge carriers) have
been observed depending on the specific GB structure (Yazyev and Louie, 2010; Yin et al., 2014; Zhang and Zhao, 2013).
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These studies are calling for a systematic effort to understand equilibrium structures and dynamic formation mechanisms of
GBs in CVD-grown graphene and to explore the potential for tuning the functionalities of graphene-based structures through
GB engineering. The present study is a preliminary attempt in that direction.

According to scanning tunneling microscopy (STM) images, GBs in graphene are comprised of strings of pentagon-
heptagon dislocations (5|7 dislocations) separating adjacent grains of different orientations (Huang et al.,, 2011; Rasool et
al,, 2014). Following the classical dislocation theory, a coincidence site lattice (CSL) approach (Bergvall et al., 2015; Carls-
son et al., 2011; Wei et al., 2012) connecting Burgers vector and GB misorientation angle has been developed to construct
linear, symmetric GBs with well-defined periodic arrays of dislocations, and more recently extended to model asymmetric,
curved GBs (Zhang et al., 2015). Molecular dynamics (MD) has been used to build atomic structures of GBs through anneal-
ing (Liu and Yakobson, 2010; Ophus et al., 2015) or adding/deleting atoms according to some pre-selected criteria (Jung et
al., 2015; Kotakoski and Meyer, 2012; Wu and Wei, 2013). However, these methods have not been able to successfully model
the dynamic process of GBs formation in graphene during CVD growth, a problem of critical importance to GB engineering
in 2D materials. Recently, first-principles calculations and Monte Carlo modeling have been proposed to simulate graphene
growth by examining the adsorption process of carbon atoms onto metal surfaces and to explore mechanisms that could
break the well-known hexagonal growth mode (Artyukhov et al., 2015). In addition, an energy-driven kinetic Monte Carlo
(kMC) method has been devised to explore how an amorphous carbon system evolved into graphene domains with GBs
(Zhuang et al., 2016). In spite of these progresses, there is still limited knowledge to date regarding realistic growth kinetics
and rules that govern GBs formation in graphene due to a lack of effective theoretical models and also because visualiza-
tion techniques in experiments are often too time-consuming to capture the dynamic process of GBs formation during CVD
growth.

In recent years, phase field (PF) and phase field crystal (PFC) models have been used extensively for modeling the evo-
lution of micro- and nanostructures, including solidification, solid-liquid transition, grain growth, interface/surface diffusion,
solid state transformations, etc. (Chen, 2002; Emmerich et al.,, 2012; Provatas and Elder, 2011). A PF model has been pro-
posed to describe diverse growth morphologies (dendrites, squares, stars, hexagons, butterflies, and lobes) of CVD-grown
graphene on copper foils (Meca et al., 2013). Similar model has also been used to investigate the role of oxygen in the
morphological evolution of graphene domains during CVD-growth, with predictions in good agreement with experimental
observations (Hao et al., 2013). Despite the versatility of PF models in describing the diffusive dynamics of microstructure
evolution, the absence of atomic details presents a severe limitation in capturing material properties related to the detailed
atomic arrangement, such as the effects of dislocations and GBs in 2D materials.

As an extension of the phase field formalism, PFC models naturally incorporate diffusive dynamics at atomic resolution
by introducing an atomically varying density field of an order parameter (Elder and Grant, 2004; Elder et al., 2002; Mkhonta
et al., 2013). Such models aim to resolve systems on atomic length and diffusive time scales, and therefore lie in between
standard phase field and atomistic modeling approaches. The advantage of retaining atomic-scale spatial resolution is that
the underlying mechanisms associated with the evolution of disclinations, dislocations, and/or grain boundaries in poly-
crystalline materials can be modeled at a diffusive time scale, where a time-averaged density field is adopted to describe
some emergent long-time phenomena while the fast dynamics of atomic vibration is filtered out. The original PFC model
was predominantly applied to 2D triangular and 3D bcc crystals (Elder and Grant, 2004; Elder et al.,, 2002), and later ex-
tended to other crystal structures including fcc and hexagonal closed packed structures (Greenwood et al., 2010; Jaatinen
and Ala-Nissila, 2010; Wu et al., 2010). For 2D materials with honeycomb structures, it is straightforward to relate their
hexagonal atomic structure to a hexagonal pattern of density field minima while the density field maxima correspond to a
2D triangular lattice. In practice, it is also convenient to invert the density field to yield a hexagonal (triangular) lattice of
density maxima (minima). An early attempt of using PFC models to study 2D materials focused on the effect of distributed
defects in graphene on out-of-plane deformation and fracture toughness (Zhang et al., 2014). Recent developments have
expanded the PFC models to graphene and other 2D binary systems with more complex structures and unusual topological
defects. A new structural PFC model has been developed to simulate the nucleation, growth, and formation of polycrys-
talline graphene (Seymour and Provatas, 2016). By fitting to a quantum mechanics density functional theory, PFC models
including the one-mode model, the amplitude model, the three-mode model and the structural model, have successfully
predicted the formation energies and defect structures of grain boundaries in polycrystalline graphene samples (Hirvonen et
al., 2016). More recently, a PFC model has been parameterized to match the ordering, symmetry, energy and length scales of
binary 2D materials, e.g. hexagonal boron nitride (h-BN), and then used to reveal new dislocation core structures in various
symmetrically and asymmetrically tilted grain boundaries (Taha et al., 2017). Here, we further extend the PFC approach to
simulate GBs formation during the dynamic processes of grain growth and coalescence in CVD-grown graphene, with an
aim to demonstrate possible routes to engineering GBs morphologies in 2D materials.

This paper is organized as follows. Section 2 reviews the standard CSL theory in constructing GBs in graphene with var-
ious misorientation angles. Section 3 is dedicated to the adopted phase field crystal (PFC) model and its numerical imple-
mentation. Section 4 compares the atomic structures of GBs predicted from the PFC model and those from the CSL theory at
selected misorientation angles. Section 5 applies the developed PFC model to GBs formation in polycrystalline graphene dur-
ing dynamic growth, with a prominent example demonstrating the growth of triple-junction-free polycrystalline graphene
that exhibits enhanced mechanical strength and defy the traditional Hall-Petch relation, followed by some concluding re-
marks in Section 6.
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Table 1
Indices, lengths and orientations of matching vectors for
symmetric GBs under consideration.

Indices (n, m)  Length (A)  Misorientation angle (*)

(7, 6) 27.33 5.09

(4,3) 14.75 943

(3,2) 10.57 13.17
(5,3) 16.97 16.43
(4,2) 12.83 21.79
(6,2) 17.49 32.20
(8,2) 2222 38.21
(10, 2) 27.00 4210
(12, 2) 31.80 44.82
(14, 2) 36.61 46.83
(20, 2) 51.10 50.57

Potential Energy:
—6.8eV

—7.6eV

(@ (b) © (d) © ® (®

Fig. 1. Atomic structures of GBs constructed from CSL with misorientation angles of: (a) 6 =5.09, (b) 6 =13.17, (c) 0 =21.79, (d) 0 =32.2, (e) 6 =42.1,
(f) & = 46.83, and (g) 0 = 50.57.

2. Coincidence site lattice (CSL) theory

In the standard CSL theory for construction of symmetric and asymmetric GBs in 2D materials, a basic assumption is that
the smoothest possible connection between two grains at a given misorientation angle is the most energetically favorable
structure, typically leading to GBs with ordered and periodic atomic structures (Carlsson et al., 2011). Analogous to the
standard chirality indices for carbon nanotubes, GBs in graphene can also be described by a pair of integers (n, m) according
to the matching vector b = na; + ma, (a;, a, are lattice vectors, and n, m are prime numbers), whose length is calculated as

dnmy = @/m? + mn+n? and the associated orientation angle as 6, ,,, = arcsin(|n — m|/2y/m2 + mn + n?); a = +/3ay and

ag = 1.42 A for graphene. The indices (n, m) are not necessarily identical for the two grains adjacent to a GB, as long as
the commensurability condition that the lengths of the matching vectors be equal is satisfied, i.e.,/m;2 4+ myny +ny2 =

+/my2 + myny 4+ ny2. Here, we only consider symmetric GBs for which (n;, my) and (n,, m,) are identical. Table 1 lists the
indices, lengths and orientations of matching vectors for eleven cases of symmetric GBs under investigation. Due to the
symmetry, the misorientation angle of a GB is just twice of the orientation angle of the corresponding matching vector.

Fig. 1 illustrates seven representative GBs among the eleven cases listed in Table 1. The color of C-C bonds scales with
their potential energy after relaxation; a lighter than usual color corresponds to higher energy, which highlights pentagons,
and a darker color corresponds to lower energy, which highlights heptagons. GBs constructed from the CSL theory can be
classified into two categories according to the associated defect structure, one without isolated 5|7|5|7 clusters of dislocation
dipoles (Fig. 1a-d) and the other with isolated 5|7|5|7 clusters (Fig. 1e-g). For the second category (GBs with misorientation
angles beyond 40°), it is clearly seen that the isolated 5|7|5|7 cluster serves as a building block in the construction of GB
structures.
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3. PFC model and numerical implementation

In this section, we briefly discuss the adopted PFC model and its finite element (FEM) implementation. This method
represents one of the latest simulation methodologies in material science, where the evolution of microstructure is described
by an atomic density field according to dissipative dynamics driven by the minimization of a free energy functional.

The starting point of the PFC model is the construction of the free energy functional which was originally developed for
periodic systems with spatial gradients (Elder and Grant, 2004; Elder et al., 2002) and later on proven to be equivalent to
the classical density functional theory of freezing in certain limits (Elder et al., 2007). In this work, we adopt the Swift-
Hohenberg free energy functional (Elder et al., 2002),

F= [ 3002+ @+ + 0]x (1)

where V = 0/0xe; 4+ d/0ye; is the gradient vector operator in 2D, qo controls the equilibrium lattice constant (taken as
1.0), ¢ is the reduced temperature, and ¢ is the reduced mass density. The Swift-Hohenberg functional is the simplest
form that produces periodic density fields that naturally incorporate elastic/plastic lattice deformation, allow multiple grain
orientations, and accommodate interfaces and free surfaces. In 2D space, minimizing the free energy functional in Eq. (1) can
yield constant (@jigyiq), striped (Pstrip), and hexagonal (@pexqgonai) density states depending on the reduced temperature ¢ and
the average value of the reduced mass density ¢,

Bliquia = P (2)
¢strip = Assin(gsx) + (;5 (3)
¢hexagonal = Ah[COS(th) COS(th/ﬁ) - COS(Zth/\/g)/Z] + (]B (4)

Gs = o: As = 21/ €/3 — §2 (5)
Gh = ~3q0/2: Ay = 4(p + /158 — 36$2/3)/5 (6)

For specific systems, the two adjustable parameters ¢ and (f) can be determined by fitting either the solid-liquid interfa-
cial properties, mechanical properties (including effective elastic modulus, grain boundary energy density, etc.), or diffusion
coefficients (Elder and Grant, 2004). In this work, the PFC model is used to produce the hexagonal structure of a 2D mate-
rial, and therefore & and ¢ are taken to be 0.15 and 0.181 according to the PFC phase diagram (Galenko et al., 2013; Tang
et al,, 2014).

To obtain the governing equations for the density field ¢(x,t), it is first assumed that the evolution of ¢(x,t) is character-
ized by a particle current (Marconi and Tarazona, 1999),

Jx. t) = -T'Vux,t), (7)
where I" is a mobility coefficient (here taken to be 1.0) and p the chemical potential
h= g =l 1+ + 9% (8)
Mass conservation requires
%—(f-FVA](x,t):O. (9)

Combining Eqs. (1), (7)-(9) yields the governing equation
ad
0 e+ (4 V)4 ) (10)

which can be solved by spectral methods in Fourier space (Hirvonen et al., 2016; Seymour and Provatas, 2016). However,
numerical methods in real space, such as the finite difference and FEM methods, can provide more flexibility in handling
complex geometrical shapes (Zhang et al.,, 2014) and enhance the computational efficiency (Salvalaglio et al., 2017). Here,
we adopt the FEM approach.

Numerical schemes based on a mixed FEM formulation have been proposed by introducing new variables to reduce the
order of spatial derivatives (Backofen et al., 2007). Similarly, we introduce two new variables (u, u) together with ¢ to
reduce the sixth order spatial derivatives in Eq. (10) to a set of second order partial differential equations:

¢ _ o2
W_VM (11)
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w=(—e+1¢+2u+Vu+¢’ (12)
u=Vigp (13)

In the FEM formulation, Eqgs. (11)-(13) are recast in the following weak form
%‘f qdx = / (V210)qdx = / V- ngdl" — f Vi Vdx (14)

/,uvdx:f (—s¢+¢)+2u+¢3)vdx+/ (V2u)vdx
Q Q Q
:f (—e+1)¢+2u+¢3)vdx+/ Vu-nvdx—/ V. Vdx (15)
Q o Q

/Quwdx=/QV2¢wdx=/aQ ch)-nwdl”—/Qqu-dex (16)

where (g, v, w) are test functions. Under periodic boundary conditions, the surface (edge) integral terms regarding the den-
sity gradient V¢, the gradient of the Laplacian of the density Vu, and the gradient of the chemical potential V u all vanish,
in which case Eqs. (14)-(16) reduce to:

8¢qu+/ V- Vadx =0 (17)
/Q,uvdx—Z/s;uvdx—i-/QVu-Vudx-i—/Q((8—1)¢—¢3)vdx=0 (18)
/uwdx+/ V¢ -Vwdx =0 (19)
Q Q

Considering the high order spatial derivatives, a sufficiently small time step (At « Ax®) is needed for explicit time in-
tegration (Galenko et al., 2013). To avoid this issue, we utilize an implicit mid-point formula for the time discretization as
follows,

Pni1 — Pn il =~ T qdx + / VM -Vqdx =0, (20)
o Al o 2
/ fns 10X — 2 / Uy VX + / Vi, - Vudx + / (& — Vs — §2,;)vdx = 0, 1)
Q Q Q Q
f un+1wdx+f Vo1 - Vwdx =0, (22)
Q Q

where At =t™1 — ", (...)p and (...),,1 denote the values of variables (¢, u, u) at time t" and t"*!, respectively. The above
formulation has been implemented on the software platform FEniCS (Logg and Wells, 2010).

The governing equations (20)-(22) are then solved in 2D space to mimic the confinement of a homogeneous flat sub-
strate, which is not an unreasonable assumption if liquid copper is used as substrate during CVD growth. To investigate
the influence of the crystallographic orientation of substrate on graphene CVD-growth, 3D simulations with a modified free
energy functional that accounts for the interaction between graphene and substrate will be needed. This is left to the future
work.

4. Comparison of GBs structures from PFC and CSL

We first use the PFC model to predict atomic structures of symmetric GBs and compare the resulting structures with
those constructed by the CSL theory. To ensure GBs constructed by PFC are for the same grains studied by CSL, the initial
condition for the PFC model is established based on the atomic structures of GBs constructed from the CSL theory, as shown
in Fig. 2. Periodic boundary conditions are imposed in both the horizontal and vertical directions. Fig. 2 shows the discrete
atomic positions from the CSL theory and the corresponding continuum density field used as the initial condition for the
PFC model for a GB with misorientation angle of 6 = 32.2°. The discrete atomic positions from CSL are shown in red, and
the initial continuum density field for the PFC model in gray. The density field for the grain interior (ordered phase) is
obtained by imposing a rotation matrix on Eq. (4), where the rotation angle corresponds to the grain misorientation angle.
In general, it is relatively convenient in the PFC model to construct arbitrarily tilted GBs since grain orientations are well
described by the density field after imposing a rotation matrix on Eq. (4). It has been shown that the density of GB defects
strongly depends on grain misorientation but is insensitive to GB rotation (Wu and Wei, 2013). Therefore, symmetrical GBs
could be considered as typical representatives among symmetrical and asymmetrical GBs with given misorientation angles.
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-5.000e-01

0.25

Fig. 2. Matching between the discrete atomic positions of the defected structure constructed from CSL theory (shown in red) and the continuum density

distribution used as the initial condition for the PFC model (shown in gray) for a GB with 6 = 32.2°. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

(@) (b) (d) (e) ® (2)

Fig. 3. Density fields predicted by the PFC model for GBs with misorientation angles of: (a) 8 = 5.09, (b) 0 = 13.17, (c) € =21.79, (d) 6 =32.2, (e) 0 =42.1,
(f) 6 = 46.83, and (g) 6 = 50.57.

The initial density field near the GB is taken as the average density of 0.181, analogous to a disordered liquid phase.
The construction of a GB using the PFC model thus starts from a state of coexisting ordered and disordered phases,
and the actual GB structure will be determined from the calculated density distribution at equilibrium. As the system
reaches equilibrium, the density fields predicted by the PFC model for GBs with the same misorientation angles as those in
Fig. 1 are shown in Fig. 3, where a light color denotes a high density area where atoms most likely reside. If one counts the
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Fig. 4. Comparison of strength and formation energy of GBs constructed by CSL theory and PFC model as a function of the misorientation angle.

number of hexagons between adjacent 5|7 dislocations, it is seen that PFC simply reproduces the atomic structures from
CSL for the first category of GBs by comparing Figs. 1(a-d) and 3(a-d). Symmetric GBs with misorientation angles around
20° and 32° are also observed in experiments (Ophus et al., 2015), in good agreement with our PFC result. In contrast, for
the second category of GBs (Fig. 3e-g), the GB structures predicted from PFC are different from those from CSL (Fig. 1e-g).
In the PFC model, the clusters of 5|7|5|7 dislocation dipoles become dispersed as the system reaches equilibrium. Similarly,
the dispersed dislocations predicted from PFC have also been observed when an energy minimization method is used to
construct the atomistic structures of both symmetric and asymmetric GBs (Wu and Wei, 2013).

To further understand the unexpected dispersion of 5|7|5|7 defects, MD simulations were performed via Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) (Plimpton, 1995) to determine the strength and formation energies
of GBs constructed by CSL and PFC, as shown in Fig. 4. The interatomic force is described by the adaptive intermolecular re-
active empirical bond order (AIREBO) potential (Stuart et al., 2000). Constant atom number, pressure, and temperature (NPT)
ensemble is adopted in all the simulations with initial temperature of 10K. The structure is fully relaxed before measuring
the energy. The GB formation energy is calculated by subtracting the reference energy of a pristine, defect-free system from
the total energy of the defected system, and then dividing the result by the length of the GB. Note that the out-of-the-plane
displacement was prohibited in the calculation of GBs formation energy to mimic the substrate confinement during CVD
growth. The calculated strengths and formation energies from CSL and PFC are identical for GBs in the first category, consis-
tent with the observation that both methods lead to the same GBs structures. In contrast, for GBs in the second category, the
strengths of GBs with dispersed 5|7 dislocations (constructed by PFC) are higher than those associated with clustered dislo-
cation dipoles (constructed by CSL), and the formation energies of GBs with dispersed 5|7 dislocations (from PFC) are lower
than those from CSL (up to 0.2eV/A for the GB with 6 = 44.82°). These calculations indicate that the GB structures with
clustered 5|7|5|7 dislocation dipoles predicted from CSL are not energetically favorable and should be replaced by dispersed
5|7 dislocations as predicted from PFC when building the atomic structures of corresponding GBs.

The polynomial fitting curves for the calculated GB strength and formation energy exhibit the well-known W-shape
and M-shape (Fig. 4), with a local maximum strength and minimum formation energy at approximately 30°. The calcu-
lated M-shaped curve of formation energy is consistent with experimental observations of a great abundance of GBs with
misorientation angles near 30° in STM images of CVD-grown graphene, as well as with the disappearance of GBs of small
misorientation angles (below 15°) after sufficient thermal annealing (An et al., 2011; Huang et al., 2011; Kim et al., 2011;
Yang et al., 2014).

5. PFC simulations of grain growth and GBs formation
To this date, the dynamic process of GBs formation in CVD-grown graphene still remains unclear due to a lack of effective

theoretical approaches and experimental visualization methods. Understanding how GBs in graphene are formed during CVD
growth is crucial to GB engineering in 2D materials, including the control of GB structure and morphology and tuning of
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density_dist
5.000e-01

Fig. 5. Early stage of density evolution showing a hexagonal shape with zigzag dominant edges highlighted as hexagonal dashed lines.

graphene-based devices with tailor-designed properties. Intuitively, the morphology of GBs in graphene should be related to
their growth protocols, which typically involve growth and coalescence of graphene islands on a substrate. PFC simulations
have previously been performed to investigate the processes of grain nucleation, growth, and pattern formation during
solidification of a crystalline metal from a supersaturated liquid phase (Elder et al., 2012; T6th et al., 2010), and this approach
is extended here to simulate CVD growth of 2D materials. During the CVD process, gaseous carbon atoms first aggregate
to form an amorphous transitional phase surrounding the nucleated islands, and then gradually transform into ordered
graphene crystals (Ago et al., 2010; Chen et al.,, 2010). Although the low-density gas phase is not considered in the adopted
PFC model, the resulting microstructure and growth process from liquid phase to crystal phase are well captured by our
model. Typical CVD-grown graphene exhibits a hexagonal shape with zig-zag edges (Gao et al,, 2012; Hao et al,, 2013; Ma
et al.,, 2013; Yu et al., 2011). Fig. 5 shows a PFC simulated density evolution pattern during the early stage of island growth
before grain coalescence, resembling the typical hexagonal growth of zig-zag edges during CVD (Ma et al,, 2013; Wu et
al,, 2012). The morphology of density evolution can be controlled by the two parameters in PFC, the reduced temperature
and reduced average density. The phase diagram of growth morphology associated with the two PFC parameters has been
fully investigated (Tang et al., 2014) and accordingly, we chose the parameters leading to the density evolution in hexagonal
shape to mimic the CVD-growth of graphene on liquid copper. With the chosen parameters, zig-zag edges possess lower
interfacial energy than armchair edges (Tang et al., 2017) and therefore become the dominant edges during growth. The
hexagonal dashed lines indicate the zigzag orientation of the growing islands. Here, all of the growing hexagons (and their
initial seeds) have identical orientation with horizontal edges in a zigzag direction. As expected, the coalescence of islands
leads to a pristine sheet of graphene with no GBs. The dynamic process of density evolution from individual islands to the
steady state of a GB-free graphene is recorded in Supplementary Video 1. It is seen that grains grow hexagonally at the
same growth rate due to the adopted free functional and chosen parameters in this work. The isotropic growth could be
realized if a homogeneous isotropic substrate surface (such as liquid copper) is used during CVD-growth. To account for
inhomogeneous CVD-growth due to the crystal orientations or defects of crystalline substrates, the free functional (Eq. (1))
should be improved by including terms capable of describing the non-uniform substrate confinements for the edge growth
(Muralidharan and Haataja, 2010). This is beyond the scope of the present work.

GB engineering holds great promises for controlling physical properties of 2D materials. Seed-assisted growth has been
successfully demonstrated in experiments by suppressing random nucleated islands via an array of pre-patterned seeds
(Murdock et al., 2013; Song et al., 2016; Yu et al., 2011). To this date, this technique has been largely focused on identically
oriented seeds with the goal of reducing GB density, and very little is known about seeds with different orientations, par-
ticularly for seeds with controlled orientations. We performed PFC simulations to demonstrate the possibility of engineering
GBs morphology through controlled seeds with pre-defined locations and orientations. The simulations suggest a simple
geometric rule for island coalescence, as illustrated in Fig. 6 in which five different types of engineered morphologies of
GBs through pre-patterned seeds are demonstrated, where the pink color highlights the pentagon and purple color high-
lights the heptagon. A similar governing rule was found for the dynamic formation of GBs in CVD-grown graphene at the
microscopic scale, in that the direction and misorientation angle of a GB can be determined simply from the geometries of
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(e)

Fig. 6. GB morphologies through pre-patterned seeds: (a) straight, (b) curved, (c) square, (d) hexagonal GBs, and (e) GB network.
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Fig. 7. Comparison of calculated mechanical strength for TJ-free graphene with hexagonal GBs and the one with TJs under biaxial tension loading for grain
sizes from 2nm to 10 nm.

polygonal graphene flakes (Guo et al., 2015). In Fig. 6(a), the growing hexagonal islands marked in yellow have a +15° tilt
angle relative to the vertical direction. As the grains are symmetrically tilted, the initial and subsequent coalescence sites
stay along a straight line, leading to a nearly straight GB. In Fig. 6(b), the tilt angles of growing hexagons highlighted in
green and red are 0° and 30°, respectively, leading to asymmetric growth towards a curved GB. This is consistent with the
common observations of serpentine GBs (as opposed to straight ones) in experiments where the nucleation sites are often
random.

As a prominent example of application for our PFC method, we explore if it is possible to grow TJ-free polycrystalline
graphene through seed-controlled CVD growth. TJs are widely observed in CVD-grown graphene on different substrates,
including uniform hexagonal graphene flakes grown on liquid copper (Geng et al., 2012). Depending on applications, the
existence of TJs may or may not be desirable. For example, a pseudo Hall-Petch effect has been observed and attributed
to the existence of TJs (Song et al., 2013). Fig. 6(c and d) shows that TJ-free graphene can be grown through proper seed
control. As expected, one growing hexagon in red (30° tilted) surrounded by eight growing hexagons in green (0° tilted)
leads to a square array of closed GBs without TJs (Fig. 6¢), while a growing hexagon in red (30° tilted) surrounded by six
growing hexagons in green (0° tilted) as nearest neighbors leads to a hexagonal arrays of closed GBs without TJs (Fig. 6d).
On the other hand, seeds with all three orientations arranged in a triangle pattern produce a hexagonal GB network with TJs
connecting three grains with orientations of 0°, 15°, and 30°, as shown in Fig. 6(e). In general, randomly oriented growing
islands are expected to result in GBs with TJs. The dynamic processes for GBs formation in all these cases are recorded in
Supplementary Videos 2-5. It can be seen that, during formation, the GB morphologies are primarily determined by the
locations and orientations of pre-patterned seeds, with variations in local curvature to minimize GB energy.

It will be particularly interesting to further explore the mechanical and physical properties of TJ-free graphene. Here we
only demonstrate a unique mechanical property of TJ-free graphene. Fig. 7 shows a comparison of the calculated mechanical
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strength for TJ-free graphene with hexagonal GBs (assembled from the unit cell shown in Fig. 6d) and the one with TJs
(assembled from the unit cell shown in Fig. 6e) under biaxial tension, as a function of grain size from 2 nm to 8 nm. Here the
grain size is defined as the edge length of the hexagonal GB. In the case of TJ-free graphene, for each grain size, five samples
with different distances (300-500% of grain size) between two adjacent interior grains are studied, where the average values
are denoted by the solid line and maximum/minimum values are plotted as error bars. The mechanical strength of TJ-free
graphene, which varies from 50 GPa to 60 GPa, is notably higher than that of graphene with TJs. Interestingly, the traditional
Hall-Petch relation for polycrystalline materials is observed for GBs with TJs (red line) but not for closed GBs in TJ-free
graphene (black line). A possible explanation of this phenomenon is that, according to the traditional view of the Hall-Petch
relation, TJs are sites of crack nucleation with stress concentration level increasing with the grain size. In this view, once
the TJs are removed, the strength of material becomes insensitive to grain size, as is observed here.

6. Conclusions

In this work, a PFC model has been developed to investigate the GB structures and formation in polycrystalline graphene
during CVD growth. It is found that GBs consisting of clustered 5|7|5|7 dislocation dipoles constructed by the conven-
tional CSL method are not energetically favorable compared to those with dispersed 5|7 dislocations predicted from the
PFC model. The PFC model was used to simulate the dynamic process of pre-seeded grain growth and coalescence in CVD-
grown graphene. The results suggest a simple geometrical rule that explains the dominance of curved GBs observed in
experiments. As a prominent example of potential application of the developed PFC method, we demonstrate a simulation-
based design of triple-junction-free polycrystalline graphene which exhibits enhanced mechanical strength and defies the
traditional Hall-Petch relation. Our study may provide a potential modeling tool for GB engineering in graphene and other
2D materials.

Supporting information Five animations demonstrating PFC simulations of the dynamic process of pre-seeded graphene
growth are provided as supporting materials, one for the case of all grains having the same orientation, and the rest for
engineering GBs through controlled seed growth (as seen in Fig. 7).
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