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Controlling armchair and zigzag edges in oxidative cutting of
graphenef
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®Division of Bioengineering, School of Chemical and Biomedical Engineering, Nanyang

Technological University, 70 Nanyang Drive, 637457, Singapore

®Singapore Institute of Technology, 10 Dover Drive, 138683, Singapore

Density-functional theory (DFT) calculations reveal that the formation of armchair epoxy
chain on graphene sheet is energetically favorable when oxidation occurred on both sides of
graphene sheet. However, the formation of zigzag epoxy chain is favorable when oxidation
occurred on the same side of graphene sheet. In addition, the zigzag epoxy chain formation on
graphene sheet becomes energetically more favorable when external strain is applied on
graphene. Our theoretical calculations show that the edge (armchair or zigzag) of graphene
nanoribbons (GNRs) and graphene quantum dots (GQDSs) can be synthetically controlled by (a)
experimental conditions which allow the oxidation of graphene to happen on either one or both

sides of graphene sheet and (b) engineering the strain on graphene sheet.
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1 Electronic Supplementary Information (ESI) available: Equations for binding energy calculation,
structures of oxidized graphene with one, two and three epoxy groups; binding energy of strained
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1 Introduction

Graphene-based materials e.g., graphene nanoribbons (GNRs) and graphene quantum dots
(GQDs), have attracted great attention of researchers after experimental report of graphene sheet
by Novoselov et al. in 2004.1 GNRs have potential applications in field effect transistors?, gas-
and bio- sensors®* and memory cells®. On the other hand GQDs have great potential in various

1011 "energy storage™ and photovoltaics™

applications such as bio-imaging and display®®, sensing
% It has been reported that GNRs with dominantly armchair edges have larger band gap as
compared to similar sized GNRs with dominantly zigzag edges.> The origin of band gap in
GNRs with armchair edges is attributed to both quantum confinement and crucial edge effect.
However, the appearance of band gap in GNRs with zigzag edges is attributed to the staggered
sub-lattice potential on hexagonal lattice due to edge magnetization.’® Recent, theoretical
calculations” from our group revealed that GQDs with armchair edges have different electronic
and optical properties compared to similar sized GQDs with zigzag edges. It is evident that the
edges of GNRs and GQDs control their electronic and optical properties. Therefore, it is essential

to develop synthetic tools to control the edges of GNRs and GQDs to tailor for their applications.

The synthetic methods used for the production of GNRs and GQDs includes electron-beam

18-22 23, 24

lithography and plasma etching™“°, sonochemical and electrochemical etching , metal

25, 26 27, 28

catalyzed cutting , and reduction of exfoliated graphene oxide (hydrothermal method)
and oxidation unzipping® *°. However, no methods have been reported to be able to selectively

produce GNRs and GQDs with either zigzag or armchair edge. Therefore, it is meaningful to



understand the cutting mechanism of graphene to control the edges of GNRs and GQDs.
Numerous studies have been performed to explore the mechanism of oxidative unzipping of

31, 32

graphene both experimentally 6.13.3L33 Ljetal.™

and theoretically reported the occurrence of
line defects on partially oxidized highly oriented pyrolytic graphite (HOPG) by examining the
dark field optical microscope image. The strain generated by the cooperative alignment of epoxy
groups is attributed to be the cause of cracking on graphite oxide (GO) using density-functional
theory (DFT) calculations®. The formation of epoxy chain along zigzag orientation on same side
of graphene sheet breaks the C-C bonds which are demonstrated by DFT calculations. This led to
conclusion that the breaking of C-C bonds by formation of epoxy chain is responsible for the
cutting of graphene sheet. In contrast, molecular dynamics simulations reported that breaking of
underlying C-C bonds does not lead to cutting of the graphene sheet.>* A two-steps mechanism of
oxidative cutting of graphene sheet was proposed using DFT calculations by Li et al.*® — (a)
oxygen (O) atoms form epoxy pairs on both sides of graphene sheet and (b) then transformed to
more stable carbonyl pairs which results in the breaking of graphene sheet. DFT calculations™
also predicted that the oxidative cutting of graphene can form GNRs with large and controllable
aspect ratios by applying external tensile strain. Alignments of epoxy chain on same side of
graphene sheet along the zigzag orientation are considered (see Fig. 1) in most of the theoretical
calculations.

In present study, we have performed systematic DFT calculations for the adsorption of O

atoms to form epoxy groups on both sides of graphene planes. Our study reveals that the



formation of epoxy chains along armchair orientation (see Fig. 1) is energetically most favorable
considering oxidation on both sides. The formation of zigzag epoxy chain becomes more

favorable when external strain is applied on graphene sheet.

y-axis

Fig. 1 The structural model of (a) 2D graphene; and 1D graphene with (b) armchair and (c)
zigzag edges. The edge of graphene is terminated with H. Grey sphere — C atom, white sphere —

H atom, solid arrow - zigzag epoxy chain and dotted arrow - armchair epoxy chain.

2 Computational models and methods

The oxidation of graphene is often done by treating graphene with oxidizing agents (e.g.
solution of KMnQO, in H,SO,4). The generated oxygen leads to oxidation of graphene. Due to
large size of graphene sheet, the oxidation process can initiate either from edge or middle of the
graphene sheet. To model the oxidation at the middle part of graphene we have considered 2D
periodic (x and y-directions) model of graphene (6x6) as shown in Fig. la. To study the
oxidation at both armchair (Fig. 1b) and zigzag (Fig. 1c) edges of graphene, we used a 1D
periodic (y-direction) models. The armchair and zigzag edges of graphene are passivated with H

atoms (Fig. 1b-c) for edge-models. Adsorption of O atoms with graphene is used to model
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graphene oxidation.

All the calculations are performed in the frame work of density functional theory (DFT)
within the generalized gradient approximation (GGA) method using Perdew-Burke-Eznerhof
(PBE) functional (GGA-PBE)* as implemented in Vienna ab initio simulation package
(VASP).®% The projector augmented wave method (PAW)*" “* is used to describe the
interaction between the atomic cores and electrons. A 2x2x1 Monkhorst-Pack k-point*® mesh and
an energy cut of 450 eV are used for all calculations. The structure optimization is continued

until the maximum forces acting on each atom become less than 0.01 eV A™.

3 Results and discussion
Oxidation at basal plane of graphene

For the adsorption of O atom at middle part of graphene, only possible adsorption site is the
carbon atoms at basal plane. The calculated binding energy of O atom on graphene is -2.41 eV in

agreement to the reported value of -2.4 eV®! on coronene molecule by Li et al.*

They have
studied the epoxy chain formation on the same side of coronene because one side of graphene
sheet is usually accessible to oxidation due to experimental conditions e.g., usually one side of
graphene is accessible for oxidation in graphite®® **. This is likely the reason that the subsequent
theoretical studies focused on same side oxidation of graphene.'® *® However, Schniepp et al.

reported that it is possible to obtain epoxy functional groups on both side of graphene by treating

graphite in an oxidizing solution.”® Here, we use the adsorption of O atoms on both sides of



graphene sheet as the model for the formation of epoxy groups on both sides of graphene sheet®
as reported by Schniepp et. al.*®. We also consider the binding sites near to the pre-adsorbed O
atom for subsequent O atoms adsorption (see Fig. S1-3) as the adsorption of O atom on oxidized

graphene prefers carbon atoms with nearby oxygen®".
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Fig. 2 Epoxy chain formation along armchair and zigzag orientation at (a) middle and (b-c) edge
part of graphene. The value in eV is the relative energy. Grey stick — C atom and blue stick — H
atom.

To study the formation of second epoxy group on graphene, we have considered five
binding sites (Fig. S2). Our calculations show that the formation of second epoxy group along
armchair orientation but on opposite side of the pre-adsorbed O atom is energetically most
favorable (Fig. S2d). Our result is consistent with the previously reported works*. The reason
is that the calculated buckling energy (deformation energy) for this configuration is less than
other considered configurations (see Fig. S2). Lower buckling energy means less energy is
needed to distort the graphene plane. Bader charge analysis of oxidized graphene shows more

negative charge on O atoms bound to same side of graphene sheet (see Fig. S2). This indicates
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that the oxidized graphene with O atoms bound to same side of graphene sheet will be less stable
due to charge repulsion between neighboring O atoms. In contrast, the O atoms are separated by
graphene layer in oxidized graphene with O atoms bound to opposite sides of graphene sheet. It
is evident that there will be less charge repulsion between O atoms which makes this
configuration more stable. We have also studied the third O atom adsorption based on the most
favorable adsorption sites for the second O atom adsorption. The calculated highest binding
energy for third O atom adsorption is -3.18eV and preferred armchair orientation (see Fig. S3i).
The calculated relative energy of graphene with epoxy chain (four epoxy groups are considered
here) along armchair (both sides), armchair (same side) and zigzag (same side) orientations is
0.00, 0.44, and 0.88 eV, respectively. This suggests that the formation of epoxy chain is
energetically most preferred along the armchair orientation but on different sides of graphene
sheet (Fig. 2a). We also observe that the formation of two epoxy groups on the same side of
graphene sheet prefers armchair orientation as compared to zigzag one (Fig. S2c). However, the
formation of armchair epoxy chain on the same side of graphene sheet is energetically less
favorable as compared to the zigzag orientation (Fig. 2a).

In addition, we have investigated the oxidative cutting of graphene via formation of
carbonyl pair for armchair epoxy chain (Fig. 3) based on the mechanism proposed by Li et al®.
The formation of epoxy pair breaks the C-C bond and forms a four-member ring (Fig. 3b) which
is under high strain. The epoxy pair is converted to carbonyl pair to stabilize the oxidized

graphene by releasing the high ring strain. The binding energy of O atom to form an epoxy pair



along armchair (Fig. 3a-b) and zigzag orientations (Fig. S4a-b) is -2.75 and -3.32 eV, respectively.
This suggests that the graphene with epoxy pair along armchair orientation is energetically less
stable than zigzag orientation. This is the reason that the conversion of armchair epoxy pair to
carbonyl pair is much easier than zigzag epoxy pair (see Fig. 3 and S4c). Our theoretical
calculations show that experimental design which allows the oxidation of graphene to happen at
both sides of graphene sheet can generate GNRs and GQDs with dominantly armchair edges.
However, to achieve oxidation at both sides of graphene experimentally one should use free
graphene sheet. The both sides oxidation of single layer graphene has already been demonstrated

experimentally by Liu et al*°.
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Fig. 3 Structure of graphene with (a) armchair epoxy chain, (b) epoxy pair, ep and (c) carbonyl

pair, cp.

Oxidation at basal plane of strained graphene
Ma et al. in 2014 have proposed a potential experimental route to apply external tensile
strain to graphene sheet and showed that external tensile strain on graphene makes the formation

of epoxy chain energetically more favorable depending on the direction of applied strain.*® The
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applied strain breaks the symmetry of graphene and allows epoxy chain to form in a particular
orientation. To investigate the effect of external strain on epoxy chain formation on graphene
sheet we have applied both compressive and tensile strains. The applied strain is calculated
according to the expression(L—LO)/ L,, where L is the lattice constant of strained graphene
along the strain direction, and L is the equilibrium lattice constant of relaxed graphene along the
strain direction. By convention, the tensile strain is positive and compressive strain is negative.
We have applied strain in four directions with 6 = 0, 30, 60 and 90° as shown in Fig. 4 (6 is the
angle between epoxy chain and strain direction). The formation of epoxy chain on graphene
sheet becomes more favorable when applying both tensile and compressive strains (Fig. 5). This
can be explained by the elongation or contraction of C-C bonds oriented along applied strain
directions. The formation of armchair epoxy chain becomes more favorable (indicated by more
negative binding energy) when the compressive strain is applied at 6 = 30° direction as compared
to three other directions. In contrast, the formation of zigzag epoxy chain becomes more
favorable when the strain is applied at 6 = 90° as compared to other directions. This is because
the application of compressive strain will contract the C-C bonds (along the applied strain
directions) and thus will increase the C-C repulsion. To overcome this C-C repulsion the plane of
graphene will be more susceptible to deform. Thus, less buckling energy is required to deform
the graphene plane when the O atom is adsorbed on strained graphene and makes the formation
of epoxy chain more favorable than on unstrained graphene. Our calculations reveal that when

compressive strain is applied along armchair direction of graphene sheet, the formation of epoxy



chain is preferential along zigzag orientation. However, the formation of epoxy chain is observed
along armchair orientation (6 = 30°) when compressive strain is applied along zigzag direction of
graphene sheet. In addition, formation of zigzag epoxy chain under compressive strain is
energetically most favorable as compared to armchair epoxy chain. We conclude here that by
engineering the strain on graphene the orientation of epoxy chain formation can be controlled i.e.,
the edges of GNRs and GQDs. Since single-walled carbon nanotubes (SWNTSs) can be seen as
graphene sheet applied with higher strain, Guo et al. also found the similar result using oxidation

cutting on SWNTSs to get zigzag edges.*
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Fig. 4 Applied strain direction and epoxy chain formation direction.
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Oxidation at the edges of graphene

We now consider the oxidation of graphene sheet at graphene edge considering both
armchair (Fig. 1b) and zigzag (Fig. 1c) types. Binding energy of O atom at zigzag and armchair
edge is -3.19 and -3.61 eV, respectively, which is much greater than binding at middle part of
graphene sheet (-2.41 eV). For subsequent oxidation we have considered both edge and basal
plane near the graphene edge for O atoms adsorption (Fig. 6). We observe that the epoxy pair
formation at edge is more favorable than middle part of graphene sheet (Fig 6). Similar to the
oxidation at middle part of graphene the formed epoxy pair is converted to carbonyl pair as
shown in Fig. 6. We conclude that the oxidation of graphene sheet at edge is most favorable,
when the edges of graphene are fully oxidized then the oxidation proceeds at the basal planes

near edges. Similar to middle part of graphene, epoxy chair formation near graphene edge along

11



armchair orientation is energetically more favorable (Fig. 2b-c) as compared to zigzag
orientation irrespective of graphene edge type (graphene with armchair or zigzag edge). The
formation of zigzag epoxy chain become most favorable when compressive strain is applied
along armchair direction of graphene sheet (Fig. S6). We reveal here that whether the oxidation
of graphene sheet initiated at middle or edge of graphene, the formation of epoxy chain along
armchair orientation is most preferable. Moreover, formation of zigzag epoxy chain becomes
energetically most favorable when compressive strain is applied along the armchair direction of
graphene sheet.
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Fig. 6 Structure of armchair graphene edge with (a) epoxy group, (b) epoxy pair, ep and (c)
carbonyl pair, cp; zigzag graphene edge with (a) epoxy group, (b) epoxy pair, ep and (c) carbonyl

pair, cp.
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Both oxidation of substrate bound graphene and free graphene sheet have been demonstrated
experimentally. In our present study we have modelled the oxidation of graphene sheet on same
and both sides of graphene sheet. The results obtained from the oxidation on same side of
graphene can be used to understand the oxidation mechanism of substrate bound graphene while
the oxidation on both sides of graphene can be used for the oxidation of free graphene sheet. We
reveal that the oxidation on same side of strained graphene is energetically favorable than both
sides and preferred to form epoxy chain along zigzag orientations. Our study shows that zigzag
edges can be controlled by oxidizing substrate bound graphene under application of strain while

the armchair edges can be controlled by oxidizing free graphene sheets.

Oxygen diffusion through graphene sheet

The oxidation at both sides of graphene sheets can be envisioned by oxidizing the single
layer graphene. One possible way to observe the oxidation at both sides of graphene in substrate
bound graphene or in graphite is the migration (diffusion) of O atom(s) through the graphene
sheet (i.e., perpendicular to graphene plane). To understand the O atom diffusion through the
graphene sheet, we have calculated the O atom diffusion barriers using the climbing-image
nudged elastic band (CI-NEB) method® 2. Here, we consider the diffusion in both pure and
oxidized graphene sheet. The calculated diffusion paths and potential energy curves along the

diffusion paths are shown in Fig. 7.
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The calculated O atom diffusion barriers through the pure graphene and oxidized graphene

are 5.44 and 3.15 eV. This suggests that the presence of pre-adsorbed O atoms lower the

diffusion barrier. However, the O atom diffusion barriers through the pure and oxidized graphene
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are much higher suggesting that the O atom diffusion through the graphene sheet is more

unlikely to happen.

4 Conclusions

In conclusion, we have performed systematic study of graphene oxidation using DFT
calculations. The oxidation at graphene edge is energetically more favorable as compared to
middle part of graphene. Irrespective of binding sites on graphene, adsorption of O atoms leads
to formation of armchair epoxy chain considering oxidation at both sides of graphene, which can
be used to understand the oxidation cutting of graphene on substrate free condition. However,
zigzag epoxy chain is formed when oxidation is considered on same side of graphene sheet. In
addition, application of strain on graphene increases the binding affinity of O atoms with
graphene. The orientation of epoxy chain formation on graphene changes from armchair to
zigzag under applied compressive strain along armchair orientation of graphene sheet. The
calculated high O atom diffusion barriers through the pure graphene and oxidized graphene
indicated that O atom diffusion through the graphene sheet is unfavorable.

Our calculations reveal that by manipulating the experimental conditions and strain on

graphene, the edges of GNRs and GQDs can be engineered.
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