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Abstract

Graphene nanoribbon (GNR) with free edges can exhibit non-flat morphologies due to pre-
existing edge stress. Using molecular dynamics (MD) simulations, we investigate the free-
edge effect on the shape transition in GNRs with different edge types, including regular
(armchair and zigzag), armchair terminated with hydrogen and reconstructed armchair. The
results show that initial edge stress and energy are dependent on the edge configurations. It is
confirmed that pre-strain on the free edges is a possible way to limit the random shape
transition of GNRs. In addition, the influence of surface attachment on the shape transition is
also investigated in this work. It is found that surface attachment can lead to periodic ripples

in GNRs, dependent on the initial edge configurations.
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1. Introduction

Graphene, a monolayer of honeycomb lattice of sp>-hybridized carbon atoms, has intriguing
properties [1-4]. Recently, increasing research effort has been directed to finite-sized
graphene structure, namely graphene nanoribbon (GNR). GNR has demonstrated novel
electrical properties such as half-metallic conduction [5] and band-gap opening [6] owing to
the existence of free edges. Such free-edge effect can also result in non-zero edge stresses,
which may affect the morphology of GNRs, in agreement with experiments [7, 8] and
theoretical analysis of thermodynamic stability of 2D membranes [9]. Importantly, there is
strong correlation between morphology of GNRs and their electrical properties [10-13].
Consequently, random shape of GNRs caused by structural instability can change the

electrical properties and lead to functional failure. Therefore, characterization of



morphologies of GNRs is of essential importance for maintaining their electrical performance.
For regular (armchair and zigzag) edges and hydrogen-terminated (r-H) edge in GNRs,
compression stress along the length direction was observed [14, 15], resulting in ripples and
warping in GNRs [16]. While for reconstructed edges terminated with pentagons-hexagons
ring (r-5-6 edge) and pentagons-heptagons ring (r-5-7 edge) [17], they are subject to tension
along the length direction, which triggers spontaneous curling of GNRs with tapered ends
[18]. In principle, shape transition between all possible morphologies is promoted by external
stimuli such as temperature or mechanical loading. Up to date, the free edge effect on shape

transition of GNRs has not been well understood.

In the present work, we demonstrate from classical molecular dynamics (MD) simulations
that the type of edge termination has critical influence on the shape transition in GNRs.
Extensive energetics analysis is conducted to investigated the shape transition in GNRs with
regular, hydrogen-terminated and reconstructed edges. The possible ways to control the
morphology of GNR is discussed. Given the strong relationship between morphology and

functionalities in GNR, our results are useful for the development of GNRs-based devices.
2. Model and methodology

To study shape transition of GNRs and its dependence with edge configurations, atomistic
models with regular (armchair and zigzag), r-H and reconstructed edges were built, as shown
in Fig. 1. For reconstructed edge, r-5-6 type edge was investigated as previous research
showed negligible edge stress in r-5-7 edge configuration [17]. Both periodic boundary
conditions (PBCs) and non-PBCs were adopted in the models. For each GNR model, its
initial and final configurations were relaxed to a minimum energy state by using conjugate
gradient energy minimisation. Then, Nose-Hoover thermostat [19, 20] was employed to
equilibrate the system at 0.1 K. In the MD simulations, the adaptive intermolecular reactive

bond order (AIREBO) potential [21] implemented in the software package LAMMPS [22]



was used to simulate the formation, separation and rotation of C-C covalent bonds and it can
be expressed in terms of
1
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where Ef*%°

is the REBO interaction, based on the form proposed by Tersoff [23]; EijLJ is

the Lennard-Jones (LJ) 12-6 potential; Egi™" is the explicit 4-body potential that describes

various dihedral angle preferences in the hydrocarbon systems.

From atomistic-simulation perspective, all possible shapes of GNRs are hardly accessible by
direct MD simulations due to time-scale constraint [24, 25]. To overcome this limitation,
nudged elastic band (NEB) method [26] was employed to evaluate the minimum energy path
(MEP) for shape transition in GNRs, which has been utilized in our previous work [27, 28].
MEP is a continuous path in a 3Naem-dimensional configuration space (Natom IS the number of
free atoms). The atomic forces are zero at any point in the (3Nawom-1)-dimensional hyper-
plane perpendicular to the MEP. The energy barriers for shape transitions can be determined
by the saddle points on the MEP. In our calculation, the MEPs in 3Ngaom-dimensional
configuration space are determined by 40 equally spaced replicas connected by elastic springs.
The calculations converge when the force on each replica is less than 0.03 eV/A. A

continuous MEP is then obtained by polynomial fitting of the discrete MEP [26].
3. Results and discussion
3.1. Shape transition of GNRs with regular and r-H edges

In the cases of regular and r-H free edges, two GNR models with widths of 15.62 A (width 1)
and 71.00 A (width 2) are used, with both PBCs and non-PBCs along the edge directions. To
investigate structural instability of GNRs, we apply the out-of-plane perturbation in the same

form as reference [16], i.e.,



w(x, X, ) = Asin(kx, )e " (2)
where xi, X are coordinates in the direction of model length and width, respectively; k is the
wave number; A is perturbation amplitude; 1 =0.231 is the length scale penetrating into the
sheet, and A is the wave length. Here, we take k=1~5 and A=2.0-5.0 A. By NEB calculations,
it can be found that the variation of A has no influence on the final configuration of GNR
after energy minimization. Hence only is used in the following analysis. In the MEPs (Fig. 2),
the energy barrier E;, for shape transition from State A to State B equals zero. Here, State A
represents the initial configuration of GNR and State B represents the final configuration of
GNR. This indicates that the initial state of GNR configuration is energetically meta-stable.
In other words, it corresponds to a saddle point in the energy landscape (Fig. 2 inset). Subject
to even a small perturbation, it falls into a local-minimum energy state nearby and ripples
appear in the edge area. From energetic point of view, elongation caused by the perturbation
can reduce the pre-existing compressive stress along the free edges and leads to the decrease

of total energy, making GNR stay in an thermodynamically (the total energy of final state
smaller than that of initial state) [29] and kinetically (zero value of E_ ) favourable state
(State B).

As shown in Fig. 3, the energy barrier E_ required to come back to the saddle point, i.e.,

from State B to State A, is approximately independent on the wave number k of perturbation

and GNR width. This may be attributed to the fact that the edge effect is confined within the
edge area. The E_, for armchair, zigzag and r-H edges is estimated as 0.3 eV, 1.5 eV and 6.0
eV, respectively. This suggests that GNR becomes more energetically stable after hydrogen
functionalization. Obviously, when the energy barrier E_, is overcome by external thermal or

mechanical stimuli, shape transformation among all possible configurations is expected to

occur in GNRs.



In order to prevent GNR from transferring into a random corrugated configuration, elastic
strain engineering of graphene is expected to play a significant role. Here, small tensile strain
was applied to the initial configuration of GNR before introducing the perturbation. We then
evaluated the MEPs for shape transition of GNRs at strain £ =1% and & = 3%, respectively.

Interestingly, the initial strained configuration of GNR is no longer in a meta-stable state. At

& =1% (Fig. 4), the energy barrier E;, becomes non-zero. For regular edge, E; (about 0.5

eV) is larger than E_ (0.3 eV) and therefore the shape transition from State A to State B

does not happen. Similarly, as shown in the insert of Fig. 4, the GNR with r-H edge has the
minimum initial energy state and tends to maintain a flat configuration. At a higher £ =3%
the GNRs with both regular and r-H edges posses the minimum initial energy and therefore
are energetically stable (Fig. 5). Therefore, pre-strain in tension is considered to be an
effective way to prevent random shape transition in the GNRs with compressive-stressed
edges. In addition, a smaller strain is required for the GNRs with hydrogen-termination edge
(£ =1%). Taking into account the negative thermal expansion coefficient of graphene, tensile

strain can be achieved by lowering the temperature [30].

3.2. Shape transition of GNRs with reconstructed edges

As for r-5-6 edges, we only consider GNR models with non-PBCs, to which small out-of-
plane perturbation w(x, )= Asin(kx,) is applied. Upon minimization, GNR curls about an

axis perpendicular to the edge direction with tapered ends. Different from regular and r-H
edges, the initial configuration of GNR with r-5-6 edges is in a local-energy-minimum state
(State A) as shown in the inset of Fig. 6. Based on the NEB calculations (Fig. 6), E,
increases with the wave number k as well as amplitude A (not shown in the figure). In

addition, E;, for the formation of curling in GNR (Fig. 7) is above 100.0 eV, making such

large out-of-plane deformation possible only at extremely high temperatures. Such high Ej



is governed by the energetic interplay between C-C potential energy E. . and elastic strain

int

energy E

strain *

The tensile stress at edges serves as driving force to lower E. . against the increase of E

int strain !

so as to minimize the total energy (E,, + E,.;,)- After equilibration, the resulting curling can
span the entire size of GNR. Specifically, recent quantum chemical modelling demonstrated
that the formation of pentagon rings at edges is one of four critical steps in fullerene
formation [31]. Therefore, the study of shape transition for r-5-6 edges provides the
fundamental understanding of the formation of some graphene-based nano-structures, such as

fullerenes, carbon nanotubes [32] and graphene-coated nanoparticles [33].
3.3. Shape transition of GNRs with surface attachment

During material processing and practical application, the surface of GNRs can interact with
other atoms to form surface attachment. However, it is not clear whether or not the surface
attachment can play a role in dictating the morphology of GNRs. In this work, the shape
transition in GNRs with H atom attachment on the surface is investigated. Both armchair and
r-5-6 edges are modelled with non-PBCs. As illustrated in Fig. 8, even two hydrogen atoms
can greatly influence the final configurations of GNRs. For the GNR with armchair edge as
shown in Fig. 8(a), the C-H bonds can be formed through sp-to-sp? bonding transition.
Consequently, ripples appear but are confined within the edge areas. For the GNR with r-5-6
edges (Fig. 8(b)), the sp>to-sp? bond transition also changes the morphology of GNR.
Interestingly, periodic ripples are observed and hydrogen atoms are located on the ridges. In
other words, the shape of the GNR is dependent on the locations of H atoms. For GNRs with
reconstructed edges, the calculated edge stress in the GNR with H atoms attached on the
surface (Fig. 8(b)) is 1.327 eV/A, lower than that in GNR without H atom attachment (2.44

eV/A). Therefore, H atom attachment can stabilize the GNRs. Even though only hydrogen



atom is studied here, we expect other atoms or functional groups may have similar effect on
the morphology of GNR. Surface attachment can provide an alternative approach for

controlling the morphology of GNRs or graphene flakes.
4. Conclusions

The free-edge effect on the shape transition of GNRs has been investigated using MD
simulations. The analysis results reveal that intrinsic edge stress plays a critical role in the
shape transition of GNR. For the regular and r-H edges with compressive edge stresses, initial
configuration stays in a meta-state, which will randomly fall into nearby local energy
minimum state under a perturbation. Pre-strain in tension can offset the compressive edge
stresses and inhabit possible shape transition of GNR. While for the reconstructed (r-5-6)
edge with tensile edge stress, initial configuration stays in a local energy minimum (LEM)
state. Consequently, external perturbation is required to overcome the energy barrier for
transition to other morphologies (e.g. curling). It was found that surface attachment could
significantly influence the morphology of GNRs, especially for those with reconstructed

edges. These results can shed some light on the way to control the shape transition in GNRs.
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Figure 1 — Atomistic structures of GNRs with four different types of free edges: (a) armchair
edge, (b) zigzag edge, (c) hydrogen-terminated (r-H) edge and (d) pentagons-hexagons ring

(r-5-6) edge.
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Figure 2 — The minimum energy paths (MEPSs) for shape transition of GNRs with armchair
edge (red color), zigzag edge (red color) and r-H edge (green color). The inset shows the

schematic description of energy landscape for shape transition.
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Figure 4 - The minimum energy paths (MEPS) for shape transition of GNRs with different
free edges (armchair, zigzag and r-H) and the wave number of out-of-plane perturbation

(k=1.0, 2.0) at strain £ =1%.
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Figure 5 - The minimum energy paths (MEPs) for shape transition of GNRs with different
free edges (armchair, zigzag and r-H) and the wave number of out-of-plane perturbation

(k=1.0, 2.0) at strain £ =3%.
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different widths and wave number of out-of-plane perturbation. The inset shows the

schematic description of energy landscape for shape transition.



Figure 7 — Atomistic morphology of GNRs with r-5-6 edges and different widths (a) 15.62 A,

(b) 71.00A.
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Figure 8 - Distribution of atom stress energy in GNRs with (a) armchair edge and (b) r-5-6

edge. Insets show the corresponding morphologies of both cases, respectively.




