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Abstract

Creation of free edges in graphene during mechkinaure is a process that is
important from both fundamental and technologicahts of view. Here we derive an
analytical expression for the energy of a freegitagnreconstructed chiral graphene edge,
with chiral angle varying fromd° to 30°, and test it by first principle computations. We
then study the thermodynamics and kinetics of tna@cand show that during graphene
fracture under uniaxial load it is possible obtailfy reconstructed zigzag edges through
sequential reconstructions at the crack tip. Tleégpable condition for this process is
high temperaturel(~1000 K) and low (quasi-static) mechanical loakl, 5.0 eV/A%/2).

Edge configurations of graphene nanoribbons mayed according to these guidelines.
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Since the discovery of its physics by Geim and Nty in 2007, graphene, a two-
dimensional carbon nanomaterial, has been the fofcmanoscience research for its

outstanding mechanicaklectronic® and chemical propertiésGraphene has many



attractive potential applications, including trassis® energy storag&solar cells, and
spintronics®

Many graphene-based prototype devices are realigiead graphene nanoribbons
(GNRsJ™! - sheets of graphene with widths of several angstrand varying edge
chiralities. The edges of graphene nanoribbonsiglyaaffect their mechanic&land
electroni¢™ *properties. Therefore, the study of graphene eidgesportant to the
understanding of graphene nanoribbons.

Graphene edges consisting of only hexagonal cedlsederred to as pristine edges,
and are classified by their chiral angles. Amondygles of pristine edges, “armchair”
(AC) edges (with a chiral angle 80°) and “zigzag” (ZZ) edges (with a chiral angle of
0°) are geometrically most simple, and may be comsitlas the basic geometrical
components of other edg&'sAC edges have fully saturated chemical bonds amthas
chemically passive and energetically stable, watimfation energies 1.00 eV/A.**ZZ
edges, on the other hand, have unpaired electeading to higher chemical reactivity
and higher formation energy (1.21 eV/A).* Electronic properties of ZZ edges range
from metallic to semiconducting, depending on thearibbon width, and AC edges are
always semiconductint.As edges with chiral angles betwe¥n(AC) and30° (ZZ) are
obtained from AC and ZZ segments, they are beli¢wdthve energies also between that
of AC and ZZ edges. This assumption is supporteddmyputation result’

Traditionally, pristine edges were believed tolie dnly possible configurations for
graphene edges. It was not until 2008 that Koskat@h'®> made a theoretical prediction
of reconstructed edges — a new, more stable caafiga that consists of alternating

pentagon-heptagon pairs. The name “reconstructgesédhdicates that they can be



obtained by reconstruction — a process in whichadjacent hexagons reconstruct into
one pentagon-heptagon pair. Reconstructed ZZ €d@&s) have paired atoms similar
to those of armchair edges, and are chemicallyiygmasd energetically favorable

(~ 0.98 eV/A). Besides being more stable, ZZ57 edges are sathicting rather than
metallic. It should be mentioned here that two pmesypes of reconstructed AC edges
were also explored, but these edges are muchnesgetically favorable than pristine
AC edges?® Therefore in this paper the name “reconstructeggtstands only for ZZ57,
unless specifically noted.

As edge reconstruction has important impact oretbetronic and chemical properties
of GNRs and other graphene-based materials, numéotiaw-up studies were
undertaken. Koskineet al. (2009)*° Girit et al. (2009)” and Kimet al. (2013)®
observed the occurrence of graphene edge recotisiriic experiment. Theoretical
studies focusing on the properties of reconstruetiges have also been done, some
investigating its electronic properti&s?°while others considering factors such as
mechanical straffi and accommodation of non-carbon atédm$’

Besides the properties of already reconstructephgrae edges, it is also of great
interest and importance to study the process aingcuction and the conditions that
allow the process to occur. Kinetic studies onabtvation barrier from pristine edge to
reconstructed edge have been conducted by vaggeanchers. In their same paper that
proposed the configuration of the reconstructeceelgskineret al.*®> mentioned briefly
that the energy barrier for reconstruction obtaibg®FT calculation is- 0.6 eV/A .
Kroeset al.?* applied an umbrella-sampling MC method, and fotinad the reaction

energy barrier of the first reconstruction on afime zigzag edge %83 eV/A, while the



barriers for subsequent reconstruction processekighy become lower, until reaching
0.6 eV/A, due to the influence of pre-formed pentagon-tgpigairs. The moderate
reaction barrier of reconstruction on free-standidges indicates that edge
reconstruction may well take place under thermatttlation or mechanical processes
such as tension or fracture.

Because graphene sheets and nanoribbons are usyraliesized by mechanical
exfoliation?’ it is important to get insight into the feasihjlitf edge reconstruction
during mechanical fracture, and if such a procesgdssible, its mechanism and
energetics. Although there are many wé?tkSon the fracture process of graphene sheets
(for instance, Kimet al.?® conducted a molecular dynamics simulation shovfirag
armchair and zigzag chirality angles are the ohasare most frequently obtained by
graphene ripping), there are fewer works that catipé process of reconstruction with
fracture. Terdalkaet al.*° conducted MD simulations according to the Griffitleory of
elastic fractur® and proposed several schemes in which reconsiruaticurs
occasionally during ripping. Their work providesight into how reconstruction may
initiate during fracture. The question “if possiblmder what condition can
reconstruction occur continuously on pristine eddy@#ng fracture” remains crucial in
the field of graphene mechanics, and is the fo€wsiostudy. Below we show that,
during the fracture process of a monolayer graplséeet, reconstruction is preferred
over direct bond breaking, both thermodynamicatigl &inetically, leading to the

formation of nanoribbons with completely reconstegcedges.

Results and Discussion



Energy of Reconstructed Edge from Armchair to Zigzg. For an edge of a certain
chiral angle, there are technically infinite cownfigtion possibilities, depending on the
arrangement of AC and ZZ lattices along the edgeur study we choose the
configuration that follows the edge’s chirality motosely, i.e. ones that run in straight
line in which the AC and ZZ cells are most everistributed. This principle does not
undermine the generality of our study, as all ottwfigurations can be decomposed into

a combination of edges with lower chirality indices

With this principle established, we are now abldéave the energetics for graphene
edges of any chirality. A segment of a grapheneetdifined by a translation vector
T = na, + ma, can be denoted in two ways: by its chiral angler by a pair of chiral
indices(n, m). ** The two notations are interchangeable. For a segaigmaphene edge

(n,m), there ares — m zigzag atoms anzin armchair atoms. The ratio between lengths

of zigzag and armchair segment§is— m)/+/3m, and we have:

n—m _\/§m

. = — 1)
sin(30 —y) siny
Therefore,
\V3m
= -1 (2)
X = tan 2n+m

The energy of a pristine graphene edge per unithefi with chiral angled® < y <

30°is:

Epris()() = 2€q¢ SIN Y + 2€,,sin(30 — x) )



Here,y is chiral angleg,. = 1.00 eV/A is the energy per unit length for AC edge,

ande,, = 1.21 eV/A is the energy per unit length for ZZ edge.

The energy per unit length for reconstructed graplexige can be described by a more

complex piecewise function as:

1
e1(0), 0<u—k<s
Erec()() = 1 ko= [u] (4)
€ (X)I E <u-— k <1
Ineq 4,
€ =2 [EAC + %k(fzzm - Ezze)] sin Y + 2€77¢ sin(30 — x) + 8(x) (5)

2
€, =2 [GAC + ﬁ (k+1)(ezz6 — 62257)] sin y ©

+ 2(2€2257 — €226) sin(30 — ) + 6(x)
u = (n—m)/2m = V/3sin(30 — y) /2 sin x is the ratio of number of zigzag atoms

over armchair atoms, arkd= [u] is the largest integer no greater than

In the special case of a reconstructed zigzag edgappropriate limit should be taken

in eq 4, yielding, as expected,(y = 0) = €,(y = 0) = €5257.

In the equations above,,s, = 0.98 eV/A is the energy per unit length for ZZ57

edge, and () is the junction energger unit length, which is given by:
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, Su >
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In eq 7,L = 2.459 A is the graphene lattice parameter, And 0.96 eV, is the energy
of one junction, i.e. the distortion energy resigtirom the lattice distortion at the
connection between a hexagon (AC lattice or ZZca}tand a pentagon-heptagon pair

(ZZ57 lattice). From the DFT simulation we obtdir= 0.96 eV.

In order to validate our model, we ran a serieBIeT simulations on graphene edges
of various chiral angles. The comparison betweearaaalytical derivation and
simulation results shows good agreement betwedsgtemad formula eqs 4-6 and directly
computed energies, as shown in Figure 1. Fromethd@ts we can also see that, ZZ57

edges and AC edges are most energetically favosashbeg edges of all chiralities.
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Figure 1. Energies per unit length of pristine and recartdéd edges: comparison
between analytical formula eq 4 and DFT simulatidie can see that ZZ57 edges and

AC edges are most energetically favorable amongsdgall directions.

Reconstructed Edges are more Stabl&ince mechanical exfoliation and
concomitant fracture, or the fracture in nanotubgpping, are among the most common
methods to obtain graphene nanoribbons, it wouldflggeat practical interest to study
the mechanism of edge reconstruction during grapfr@acture. According to the above
analysis on the energetics of static edges, imh@sw that ZZ57 edges are the most

favorable among all edges. In the remaining padusfwork we will study the process in



which reconstructed pentagon-heptagon pairs fommggraphene fracture, and
determine the loading conditions that allow thisgass to occur.

How Do Crack Tips Reconstruct during Fracture?Figure 2 shows the process of
the paired edge reconstruction at the crack tigraphene fracture, using a set of
snapshots obtained from our molecular dynamicslsimon. Step 1 shows the original
configuration where the two edges by the crackaipsist of pure hexagons. Atoms 5
and 6 (colored in blue) have a bond distance®#, suggesting strong bonding. Atoms
1 and 2 (colored in green), on the other hand, hadistance o2.5 A, suggesting little
interaction. During the fracture process, atomad4are respectively pulled by atoms 5
and 6 along the bond directions, because atomd b ane connected with a covalent
bond and attract each other. Atoms | and 2, howeavrernot similarly pulled by strong
forces. As a result of different forces receivedtbywo atoms, the bond linking atoms 1
and 3 would rotate clockwise. Similarly, the boradvireen atoms 2 and 4 would rotate
counter-clockwise. The paired bond rotations ftatiéid by the attraction between the two
atoms near crack tip, as depicted in Steps 2 teBtaally results in edge reconstruction
during fracture and the formation of two pentagepthgon pairs, as shown in Step 6.

After establishing the mechanism to obtain pentageptagon pairs — and eventually,
ZZ 57 edges — by means of graphene fracture, weeptbto explore its validity by
mechanical and energetic analysis. We start bgdnicing a crack tip model for

simulating quasistatic graphene fracture.
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Figure 2. The mechanism of crack tip edge reconstructiomdigraphene fracture. As a result
of the rotation of a pair of bonds (highlightedgireen) near crack tip induced by the critical
bond (highlighted in blue), the affected hexagaredlls (Step 1) gradually reconstruct into two

pentagon-heptagon pairs (Steps 2-6).

Continuum Mechanics of Fracture.In continuum mechanics, we treat the monolayer
graphene as an isotropic material due to its feghllof symmetry? Besides being
isotropic, graphene is also an elastic materigh Wigh brittleness and low plasticity,
therefore Linear Elastic Fracture Mechanics (LEEMpn be applied. LEFM states that
whether a crack will heal or propagate dependdysotewhether the local crack
extension force, described by the stress intefadiypr K; - a concept introduced by
Irwin’s modificatior™ of the Griffith theory - could overcome the inhetrenaterial

resistance to cracking, described by the Fractorggiiness; regardless of the global

stress condition of the material. The units of baulantities areV/A5/2. For material



11

under uniaxial load, one can obt&ipfrom the equationk; = Yo+/ma, in whichY is a
constant that depends on the crack opening modéhargeometry of the specimenis
the applied macroscopic stress, arid the length of the cradk.For a constant, there
is a crack lengtl; that satisfie¥; = K. Thisa; is exactly the critical crack length, as
given by the Griffith theory®

Model of the Crack Tip. We create a model of the crack tip with the atptased
according to the Griffith displacement field detéred by the stress intensity factéj.
According to the Griffith theory, the atom displagents in thex andy directions,

designated by, anduy, respectively, are given by:

U, = ;—é\/;(l + v)[(2k — 1) cos (g) — cos(%)]
U, = f—é\/; (1 +v)[(2k + 1) sin (g) — sin (%)]

Here,K; is the stress intensity factdt,is Young’'s modulusK = 1 TPa for graphene),

(8)

v is Poisson’s ratiof = 0.149 for graphene), and = (3 —v) /(1 + v) for in-plane
stress.

Our model of cracking is a graphene sheet with@&@#hon atoms within the circular
area near the crack tip. The atoms are placed diogoto the Griffith displacement field.
Carbon atoms on the outer boundary are passivatbdydrogen atoms. The model is
then geometrically optimized, with all the atomshivi 2A from the outer boundary edge
held fixed during the relaxation. In the optimizaddels (Figure 3b), the interior atoms
assume the minimum energy configuration, reprodyttie atomic conditions near the
crack tip, while the boundary atoms are positioaecbrding to the Griffith theory,

providing a connection to the continuum macroscgggtem outside of the model. If the
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system is under a quasi-static load in whighs kept constant, our models serve as

“snapshots” of the crack tip during the fractureqass.
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(a) (b)
Figure 3. The atomistic crack tip model: (a) original caufiation (b) with displacement
field applied and geometry optimized. Boundary adhighlighted in cyan) are held

fixed during the relaxation.

Three States of the Crack Tip.For a model of certaiff;, the atoms near the crack
tip can assume several configurations describieddtal state of the crack tip — bond
intact (starting configuration), bond broken (afb@e crack propagation step), and
reconstructed (after one crack propagation stepigtware denoted as State A, B, and C,
respectively. The positions of the boundary atamsaich state are the same as dictated
by K;. State A is the starting configuration of the systin which the bond that is

located exactly on the crack tip (designated asdhtcal bond”) stays intact. State B is
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the configuration in which the critical bond is kem; the atomic positions of State B can
be regarded as that of State A translated by dtiedainit towards the direction of crack
propagation. State C also originates from StatluAjs a result of reconstruction (Figure
4) rather than bond breaking. During graphene diracia crack-tip model starting from

the configuration of State A may choose eitheheftivo processes: bond breaking (A to
B), or reconstruction (A to C). The reconstructmncess has been described in Figure 2,

with State A as step 1 and State C as step 6.

62
60
&
9
K58
56 State A
—e—  State B
I —4—  State C

47 48 49 5 5.1 52 53

K;(eV A"

Figure 4. Comparison of the geometries (left) and ener@ight) of States A, B and

C under varying loads.
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Mechanical Conditions for Reconstruction: “The Butterfly Zone.” We next find
the range of the stress intensity fadtpthat allows the reconstruction process to occur at
the crack tip. To obtain this range, we apply défe loads to the models of State A and
State B and let the models relax with the boundéoyns fixed. For the relaxed structures,
the dependencies of their total enerdiesn the load(; are shown in Figure 5a.
According to the relative values of the energy, dtage of the system can be divided into
three zones: Zone |, with the load rar{e< 4.849 eV/A%/2; Zone Il, with the load
range4.849 eV/A%? < K, < 5.153 eV/A%/2; and Zone lII, with the load randg >
5.153 eV/A5/2,

We can see that in Zone | and Zone lll, the energieState A and State B overlap. In
Zone |, models of State A are stable, while modéfState B converge to State A. The
reason is that in ZoneK; is lower than the required range of loads to erea¢tastable
states. Similarly in Zone 1ll, models of State B atable, while models of State B
converge to State A. Macroscopically, models in&Zband Zone Il resemble the
systems of crack healing and crack propagatioher@riffith theory?" In these systems,
reconstruction at the crack tip will not occur.

In Zone I, however, we observe a butterfly-likatern, suggesting the existence of
metastable states. This phenomenon can be explayné lattice trapping effedt: *°In
continuum mechanics, the dependence of total fieegg on the crack length is a
smooth line with only one global maximum that cepends to the critical crack length.
At the atomistic scale, however, energy barrierdfind breaking need to be considered,
resulting in minor corrugations of the total enesgyface. In our models, the local

energy corrugation is not negligible compared ®dirstem total energy, and the lattice
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trapping effect can be observed. States A and Bhoémexist under the same load in
Zone ll, because there is an activation energydyaretween the two states, and the

transition from each state to the other requires@vming this barrier.

In the “butterfly zone” (Zone I1) the two separéitees split at;” = 4.849 eV/A5/2,
cross each other at the Griffith lo&d = 4.990 eV/A%/2, and merge &," =
5.153 eV/A5/2 (Figure 5). Foi; = Kf = 4.990 eV/A5/? ((3) in Figure 5), the two
local states A and B are isoenergéficTo the left hand side df¢, (K, < K; < K}), the
energy surface tilts towards State A, and the daisilower for bond healing than for
bond breaking ((2) in Figure 5), until &t = K; = 4.849 eV/A5/2 ((1) in Figure 5), the
barrier for bond healing vanishes, and both Statéend State B collapse into State A,
resulting in an ‘uphill’ transition. Symmetricalltg the right hand side &ff (K < K; <
K;"), the energy surface tilts towards State B, amddyawill be lower for bond breaking
than for bond healing ((4) in Figure 5), untiligt= K;* = 5.153 eV/A5/2, ((5) in Figure
5), the barrier for bond breaking vanishes, anth State A and State B collapse into
State B, resulting in a ‘downhill’ transition.

From the discussion above we can see that ZosdHEirequired range of lo&g for
reconstruction at crack tip. With this mechanicatdition established, we proceed to

analyze thermodynamic and kinetic conditions face&rtip reconstruction during fracture.
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Figure 5. The energetics of lattice trapping effect. (ag Three zones and the butterfly
pattern in Zone Il (b) Total energy dependencéefrhodel going from State A to State B,

under different loads. (Inspiration of plot from Shanget al. *?)

Energetics of Reconstructionlt is evident that reconstruction at the crackigip
thermodynamically favorable, as can be seen fraetiergetics of pristine vs.
reconstructed structures under varying load. luifggt, the energy comparison of States
A, B, and C are shown. One can see that E. andEz > E for the entire Zone II,
with the energy difference df; ~ 2.37 eV (atK, = Kf). This large energy difference
suggests that under these mechanical conditionsisaaiction at the crack tip is always
thermodynamically favorable.

For the kinetic part of the analysis, we need temeine the activation energy barrier
for the reconstruction process of paired bond imtafThe barrier is found by performing

a Nudged Elastic Band (NEB) calculation betweeneSta and C, under the metastable
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loadK; = KJ°° = 4.990 eV/A%/2. The transitional process obtained by NEB is shiswn

Figure 2. The barrier computed for paired bondtiatasE,.. = 0.98 eV, while for
single reconstruction on free-standing edgg’f9" = 0.93 eV. The factf, .. < 2 X

EZMdte syggests that the fracture process of graphenéisantly enhances edge
reconstruction by coupling stress with bond rotaio
The reaction rates of reconstruction at crack aip loce obtained using the Arrhenius

equation:

2x107*s71 (300 K)
koo = AeErec/kBT =3 7 %102 s~ (500 K) 9)
6 x 107 s~1 (1000 K)

Here,A = 5 x 1012 s71 is the attempt frequency, taken from the G-modeation of
graphene at580 cm™!, andkj is the Boltzmann Constant. The reaction rate tesul
show that at room temperature, reconstruction Ha @hance of occurring at the crack
tip (although still possible); at elevated temperes, the chance increases dramatically.

The activation barrier for direct bond breakingitck tip (from State A to State B) is
Eprearc = 0.10 eV, which is much lower than that of paired bond tiotg suggesting that
at pristine crack tips of graphene (the ones witlpreviously formed pentagon-heptagon
pairs), simple bond breaking is still the domingtprocess (Figure 6a).

At the crack tip with fully reconstructed edgeswever, a subsequent reconstruction
is a very favorable process. We calculated thegaties of the models corresponding to
states A, B and C, the only difference being thate are pre-existing pentagon-heptagon
pairs near the crack tip. Comparison between $itesp-and subsequent reconstructed
structures is shown in Figure 6. The energy rews&reéconstruction rises from the

Ag ~ 2.37 eV of crack tip with pristine edges 1g; ~ 2.53 eV, while the activation
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energy barrier decreases fr@98 eV to 0.63 eV. We point out that, for this pre-
reconstructed crack tip, the activation energyibafor simple bond breaking rises from
0.10 eV t0 0.73 eV, possibly due to the release of elastic tensiopdatagon-heptagon
pairs. These results indicate that once succegsfitiated, subsequent reconstruction
processes at the crack tip become both thermodyadlynand kinetically more favorable

than bond breaking, therefore, it is highly possiiol obtain ZZ57 edges during graphene

fracture (Figure 6b).

0eV

(a) -2.37 eV (b)

-2.53 eV

Figure 6. Structural and energetic comparison betweendiegt (a) and subsequent (b)
crack tip reconstructions. The red lines are fardbreaking and the green lines are for
reconstruction. Both energy reward and transitiamiér show that once reconstruction

is initiated, its propagation becomes much easigggesting the possibility of obtaining
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ZZ57 edges during fracture.

Will the Pentagon-Heptagon Pairs LastBefore drawing the final conclusion,
however, one needs to make sure that the newlyedmpentagon-heptagon pairs are
stable. According to Terdalkat al.*° further bond rotations may occur on the pentagon-
heptagon pairs, leading to the separation of pentagnd heptagons by hexagons. This
process, if possible, would be detrimental for obitey clean reconstructed edges. Here
we show its impossibility by comparing it with ditdbond breaking right after the
reconstruction.

In Figure 7, State C shows the state of the crigalight after the first reconstruction
(identical to the aforementioned State C), Statefdesents the crack tip with the two
connecting bonds broken (from the simulation reswi know that the two bonds are
actually coupled, i.e. they stay intact or brokegether), and State E shows what the
crack tip would be if the two bonds highlightedgireen rotated. We calculate the
energies of the models in the three states and a@tpem as shown in Figure 7.

From Figure 7 we can see that, around the metadhadodl for State CK;~5.0eV/

A5/2 the energy cost for the pentagon and heptageegarate from each other is as
high asAE = Ep — E-~3.66 eV (while that of the bond breakingA&’ = Ej, —

E-~0 eV). NEB results show that the activation barrie5.B5 eV for separation, and
0.98 eV for the bond breaking. As we can see, both theymaichic and kinetic analysis
strongly disfavor the separation of pentagons apldgons, suggesting this process is

unlikely to hinder the formation of clean ZZ57 edghiring fracture.
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Figure 7. Comparison of the geometries (left) and ener@ight) of States C, D and E

under varying loads.

Conclusions

To summarize, we have studied the process of estgmstruction at the crack tip
during the mechanical fracture of graphene, in Wwipentagon-heptagon pairs, the
component of ZZ57 edge — the most stable edgeyo€amfiguration or chirality based
on our analytical formula — can be obtained. Bylyriag its mechanism and conditions,
we confirm that pentagon-heptagon pairs can forthetrack tip, and that it is possible
to obtain ZZ57 edges by mechanically fracturingogene sheet, since the pentagon-

heptagon pairs are stable, allowing subsequenhsgawtions to occur with much more
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favorable energetics. We provide a simple guiddimdéorming different types of edges
during graphene fracture — namely, apply low load high temperature to favor the
formation of ZZ57 edges, and high load and low terafure to favor the formation of

ZZ edges.

Methods

For the energetics of free-standing graphene edgessed Vienna Ab-initio
Simulation Package (VASBY,*" with projector augmented wave (PAW)
pseudopotential® **and Perdew-Burke—Ernzerhof (PBEyeneralized gradient
approximation (GGA) for the exchange-correlationdtional. First-principle
calculations are well suited for evaluating the ptioated energetics of dangling bonds
on ZZ edges and triple bonds on ZZ57 edges.

For the simulation of fracture process, we empldyedsity Functional with Tight
Binding (DFTBY". The DFTB method is far more accurate and trambferthan classical
potentials since it is parameter-free on secondrpahd thus avoids the errors caused by
the empirical parameters of traditional bond-onplatentials. In particular, classical bond
order potentials give unphysical bond breaking betnalue to the well-known spiking
of the force near the energy cutoff distance. DRI Bxpected to give more accurate
description of graphene elastic properties and éulgeation energies as well.

For the large system that was used here for maglgliaphene crack tip fracture,
DFTB provided a reasonable tradeoff between contiput speed and accuracy. To
further test the accuracy of the DFTB method, wagared the formation energies of

free-standing graphene edges yielded by DFTB amdéhnsity functional theory (DFT),
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as computed with VASP. The results show that DF&B &chieve a high degree of
accuracy even in comparison with a more accurafe. DF

Atomistic visualizations of the graphene fracturerevperformed using Jm8.
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