
Cutting Graphene
DOI: 10.1002/anie.201105920

Strain-Induced Orientation-Selective Cutting of Graphene into
Graphene Nanoribbons on Oxidation**
Liang Ma, Jinlan Wang,* and Feng Ding*

Laterally confined, thin, and long strips of graphene, that is,
graphene nanoribbons (GNRs), are of particular importance
in graphene-based electronics and spintronics applications.[1]

Great efforts have been devoted to the production of high-
quality GNRs by various methods: 1) electron-beam lithog-
raphy and plasma etching of graphene;[2,3] 2) chemical syn-
thesis;[4–6] 3) sonochemical cutting and electrochemical etch-
ing of graphene sheets;[7,8] 4) metal nanoparticle catalyzed
unzipping of graphene;[9, 10] 5) chemical vapor deposition;[11–13]

and 6) unzipping of carbon nanotubes.[14–16] Among these
methods, cutting of large-area graphene is the most used
technology for GNR fabrication. Chemical oxidation has
been widely exploited to synthesize nanometer-sized gra-
phene[17–19] because of preferred alignment of oxygen atoms
along the three zigzag directions of graphene hexagonal
lattice in the form of epoxy chains.[20,21]

However, due to the high symmetry of the honeycomb
lattice of graphene, the directions of epoxy chains formed on
graphene sheet are out of control, and thus oxygen cutting
leads to formation of graphene quantum dots[17–20, 22] (Fig-
ure 1a!b!c!d). Here we propose using uniaxial tensile
strain to break the symmetry in the orientation-selective
cutting of graphene (Figure 1 a!e!f!g). Our ab initio
calculations show that epoxy chains tend to be aligned along a
zigzag direction which is nearly perpendicular to the strain.
Moreover, the external strain significantly lowers both the
reaction barrier and the enthalpy of reaction of graphene
cutting along that direction. Hence, GNRs with large and
controllable aspect ratios can be synthesized by oxygen
cutting of strained graphene.

The calculations were carried out with the Vienna ab
initio simulation package (VASP).[23,24] The general gradient
approximation (GGA) parameterized by Perdew, Burke, and
Ernzerhof (PBE)[25] was used as the exchange-correlation
functional, and the projected augmented wave (PAW)
method[26,27] was employed to describe the ions–electron
interaction. The climbing-image nudged elastic band (CNEB)
method[28] incorporated with spin-polarized DFT was used to
find the minimum-energy path and locate possible transition
states.

In this study, external strain is used to break the symmetry
of the graphene honeycomb lattice. The strain was applied
along two directions: armchair (AM) and zigzag (ZZ). For
strain along the AM direction, the angle between an epoxy
chain and the strain q can be 90 or 308. For strain along the ZZ
direction, q can be 60 or 08 (Figure 2). For q = 908 and q = 08,
the calculated unit cell contains 32 C and 4 O atoms. For q =

308 and q = 608, a larger unit cell containing 64 C and 8 O
atoms was adopted in the calculation (see Supporting
Information, Figure S1). The computational details are ela-
borated in the Supporting Information.

Clearly, under uniaxial strain, a C�C bond whose
orientation is closer to the strain direction is highly elongated
and thus more active than others. As a consequence, an epoxy
chain with larger q should be energetically more favorable. To
verify the hypothesis, the binding energy (BE) of epoxy
chains with q = 90, 60, 30, and 08 under different strains (0–
6%) were calculated. The BE is defined as Equation (1)

BE ¼ ½EGðxÞ þNO EO�EG�OðxÞ�=NO

x ¼ 0, 1, 2, 3, 4, 5, 6 %
ð1Þ

where EG–O(x) and EG(x) are the energy of graphene with
oxygen (G–O) and perfect graphene under x strain, respec-

Figure 1. a) Perfect graphene sheet. b)!c)!d) Random cutting of
graphene into quantum dots by oxygen attack. e)!f)!g) Orientation-
selective cutting of strained graphene into GNRs by oxygen attack.
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tively, EO is the energy of a free O atom, and NO is the number
of O atoms in the unit cell. As expected: 1) With external
strain, the 908 epoxy chain has the highest BE and the 08 one
the lowest. 2) Under any external strain, the BE increases
monotonically with increasing q. 3) The BE difference
between each two epoxy chains increases monotonically
with increasing strain, that is, the higher the strain, the more
preferred the alignment the epoxy groups. Although the BE
difference of about 0.1–0.2 eV at x = 2–5 % is not very high, it
is enough to significantly bias the O alignment, since the
thermal factor exp(DE/kT) may reach 102–103 at a reasonable
cutting temperature (e.g., T� 300 K, as the barrier of cutting
is lower than 0.7 eV; see Figure 3). Furthermore, the align-
ment of longer O chains can be more pronounced because of
their large formation energy. These results establish that there
is an energetically preferred orientation for the epoxy chains
on graphene if an external uniaxial strain is applied. Thus,
parallel epoxy chains are expected under external strain.

We now consider the cutting of graphene sheet into GNRs
under strain. As suggested previously,[21] the selective reaction
path of G–O cutting is that an epoxy pair (ep) is turned into a
carbonyl pair (cp) by further oxygen attack. Here we take
strained G–O with parallel epoxy chains as reactant. To find
the energetically most preferred adsorption site of an addi-
tional O atom on G–O, different C�C bridge sites were
considered. We found that the opposite side of a preexisting
epoxy group is the most active position for a new O atom to
form an epoxy pair (Supporting Information, Figure S2).

Next, two possible cutting processes, ep!cp and ep +

ep!ep + cp, were calculated for strained G–O with 908
parallel epoxy chains, as it is the energetically most preferred
one. Reaction-path analysis revealed that ep + ep!ep + cp
cutting is energetically more favorable than ep!cp cutting by
0.1–0.2 eV (Supporting Information, Figure S3). This indi-

cates that an ep with another neighboring ep breaks into a cp
more easily than a single ep. We thus expect that G–O with
preloaded epoxy chains would capture O atoms and form long
epoxy-pair chains before breaking into carbonyl-pair chains.

Two-step cutting of G–O (ep + ep!ep + cp!cp + cp)
with varying strain (x = 0–6%) was also studied. As shown in
Figure 3 and Figure S4 of the Supporting Information,
increasing the strain from 0 to 6% decreases the reaction
barrier of the first/second-step cutting (ep + ep!ep + cp/ep +

cp!cp + cp) remarkably, from 0.61/0.65 eV (strain = 0%) to
0.25/0.31 eV (strain = 6 %). Moreover, the differences in
enthalpies of reaction (product relative to reactant) are also
significant, from �0.61 eV (strain = 0 %) to �1.98 eV
(strain = 6%) for ep + ep!ep + cp and from �1.12 eV
(strain = 0%) to �2.71 eV (strain = 6%) for ep + cp!cp +

cp. The large differences in enthalpies of reaction are mainly
due to the release of strain energy. Moreover, the enthalpies
of reaction of second-step cutting are much larger than those
of first-step cutting, that is, more and more strain energy will
be released in further cutting of G–O.

The ep!cp cutting of G–O with q = 608 epoxy chains was
also investigated. Similarly, the presence of strain reduces the
reaction barriers by 0.42–0.66 eV for first-step cutting (Sup-
porting Information, Figure S5), which again validates our
proposed method. In contrast, for q = 0 or 308, cutting of
strained graphene is more difficult than that of free graphene.
As displayed in the inset of Figure 3, the reaction barrier for
first-step cutting (ep + ep!ep + cp) drops markedly to 0.48/
0.40 eV for q = 60/908, whereas it increases to 0.84/0.77 eV for

Figure 2. Strain along AM direction: epoxy chains have angles of
q =908 (a) and q = 308 (b) to the strain. Strain along ZZ direction:
epoxy chains have angles of q= 608 (c) and q =08 (d) to the strain.
e) Binding energies versus strain for q =0, 30, 60, and 908 epoxy
chains.

Figure 3. a) Reaction barriers and enthalpies of reaction of the first
and second graphene cutting steps. b) Minimum reaction path of two-
step graphene cutting with strain x = 1%. The O atoms of epoxy
pair(s), unpaired epoxy groups, and carbonyl pair(s) are highlighted as
purple, red, and green ball(s), respectively. The inset in a) shows the
reaction barriers of ep + ep!ep + cp for q = 0, 30, 60, and 908 epoxy
chains preloaded at a strain of x = 3%. The purple dashed line denotes
the reaction barrier at a strain of 0%.

.Angewandte
Communications

1162 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1161 –1164

http://www.angewandte.org


q = 0/308 at a strain of x = 3 %. The change in reaction barrier
as a function of strain can be well fitted as Equation (2)

E ¼ E0 þE1* cos 2q ð2Þ

where E0 = 0.621 eV is the reaction barrier at zero strain and
E1 = 0.236 eV is a constant. The dependence of reaction
energy on angle can be understood in terms of the strain
energy released during cutting. As seen in Figure 2, the
cutting of G–O releases the stored elastic energy, and the
larger the q, the faster the energy release. Thus, along a large
q, the enthalpy of the reaction becomes smaller due to fast
relaxation of the strain. As a consequence, the reaction
barrier is also reduced according to the established Bell–
Evans–Polanyi principle.[29, 30] Although low reaction barriers
are demonstrated under tensile strain, it does not mean that
the reaction will be out of control. Theoretically, the reaction
rate is quantitatively described as R = C K, where C is the
concentration of the reactant, and K = 1012 exp(�Eb/kT) (Eb:
reaction barrier) is the reaction constant. Hence, the reaction
can be easily controlled by means of either C or T: slow O
supply can be used to reduce the concentration of reactant,
and a low temperature can lower the reaction constant.

As the strain in freestanding graphene will be fully
released on cutting, we propose a potential experimental
route to apply external tensile strain to cut graphene into
GNRs (Figure 4):
1) Transfer graphene onto a flexible polymer film and build

reasonable binding between graphene and polymer film
(e.g., by using glue, Scotch tape, or even the intrinsic
ultrastrong adhesion between graphene and substrate[31]).

2) Bend or stretch the polymer film to exert strain on the
graphene.

3) Driven by the difference in alignment energy, adsorbed O
atoms on the graphene will form parallel epoxy chains.

4) Further oxidation unzips the supported graphene layer
into GNRs on the polymer.

As key steps 1) and 2) are both are matured,[32–37] and
nanosized graphene has been produced by cutting of preoxi-

dized graphene sheet by a scanning probe microscopic
manipulation method,[19] such a cutting procedure should be
easily achieved experimentally. Besides, both stretching of
graphene on polymer film[32] and oxidation cutting of
graphene[19] can be applied to both single- and few-layer
graphene.

In summary, by using ab initio calculations, we have
demonstrated that graphene can be cut into graphene nano-
ribbons on oxidation with the assistance of a uniaxial external
tensile strain. The applied strain plays a crucial role in four
respects: 1) It breaks the high symmetry of graphene honey-
comb lattice and aligns O atoms along a zigzag direction
which is nearly perpendicular to the strain. 2) The presence of
the strain remarkably lowers the reaction barriers of graphene
cutting along a specific direction. 3) The strain significantly
reduces the enthalpies of reaction of graphene cutting along
that direction. 4) The strain simultaneously increases the
reaction barriers of graphene cutting along other directions.
Hence, GNRs with large and controllable aspect ratios are
expected to be formed by oxygen cutting of strained
graphene.
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