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The remarkable electronic properties
of graphene, such as its high carrier
mobilities, linear dispersion of Dirac

fermions, and high Fermi level tunability,
make it potentially useful in high-speed
microelectronics.1�4 However, a large gap
exists between the superlative properties
predicted by theory and the actual per-
formance of graphene. Ideal graphene is
often represented as a flat membrane with
virtually no defects. In reality, the material's
elasticity renders its surface susceptible
to deformation in the third dimension,
which gives rise to strained structures such
as ripples5�7 and bubbles.8�12 In addition to
physical strains, the carbon atoms of gra-
phene can be removed or rearranged dur-
ing growth13�15 or solution processing16,17

such that voids or topological defects are
introduced into the material. Although
these defects degrade chargemobility, they
are sometimes intentionally introduced
to manipulate charge transport. Increas-
ingly, experiment and theory indicate that
the presence of defects or strained struc-
tures in graphene can alter its electronic
or chemical properties in potentially useful
ways.14,18�20 However, for such alterations

to be useful, researchers must first learn
how to introduce these defects in control-
lable ways. To this end, we review recent
studies on various defects and strained
structures in graphene and discuss how
these imperfections can impart novel elec-
tronic and chemical properties that are
absent in the flat, pristine sheet.

Graphene has a tendency to crumple
in the third dimension because of its
large ratio of in-plane rigidity to bending
rigidity.5,8 In most cases, the substrate sup-
porting graphene induces corrugations due
either to the lattice mismatch or to the
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ABSTRACT Strain and defect engineering of graphene can modify the topological features of electronic

states, leading to novel properties such as pseudomagnetism in bubbles and metallicity in extended

topological defects. A consequence of graphene being a soft membrane is that it can be strain-engineered to

become highly corrugated by modifying its adhesion to the substrate. Extended grain boundaries in graphene

can be constructed from periodic combinations of nonhexagonal rings (5�7 pairs). However, a controlled

method of producing these defects is not currently available. In this Perspective, we discuss some of the recent

advances in studying the properties and formation mechanisms of strained structures and defects in graphene,

extending across both physics and chemistry.
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different thermal expansion coeffi-
cients between graphene and the
substrate.21 Even in suspended
graphene, which is free from the
influence of a substrate, thermal
fluctuations lead to spontaneous
lattice deformation and the forma-
tion of intrinsic ripples.5,6 The strain
associated with such corrugations
has been predicted to alter gra-
phene band structures in two main
ways: (i) lattice distortion shifts the
on-site energy of pz orbitals due to
changes in the lattice constant be-
tween carbon ions; and (ii) lattice
deformation modulates the elec-
tron-hopping amplitude between
sublattices, giving rise to an effec-
tive gauge field that constricts the
electron motion in graphene as if
under the influence of a real mag-
netic field.21�23 Strain engineering
has been proposed as a method for
manipulating graphene's electronic
and optical properties and for en-
hancing interaction and correlation

effects.23 However, the bottleneck
of strain engineering in graphene
has been the ability to produce
relatively large strain within a certain
length scale. The typical graphene
ripples observed on a SiO2 substrate
have height variations of 1�5 nm
over a distance of 20�60 nm, giving
rise to a random strain of 1%, which
is too weak to induce the formation
of a sufficiently large pseudomag-
netic field.21

Coupling massless Dirac particles
in graphene to strain via a pseudo-
magnetic field creates an electrody-
namic environment that is solely
dependent on the local deforma-
tions of the honeycomb lattice.10

Random corrugation due to height
variation of the underlying sub-
strate is undesirable because it cre-
ates random fields and restricts
the charge mobility in graphene
due to flexural phonons.7 Both
theory and experimental observa-
tion have shown that only specific

deformation patterns with trigonal
symmetry are capable of producing
uniform pseudomagnetic fields, as
determined by the relationship be-
tween graphene's lattice symmetry
and strain distributions.22 Appropri-
ately designed strain patterns with
the correct symmetry are required
for tuning the dynamics of carriers,
which may enable novel applica-
tions of graphene. In this regard,
we recently showed that geometri-
callyprecise strain texture ingraphene
can be engineered by controlling the
adhesion of the graphene on a ruthe-
nium (Ru) substrate. A buckling in-
stability arising from the lattice mis-
match between graphene and the
substrate produces a graphenemoiré
superlattice. The graphene moiré
superlattice consists of periodic un-
dulations that form “valleys” and
“humps” that resemble the surfaces
of bubbles in bubble-wrappackaging
(Figure 1a). As illustrated in Figure 1a,
b, oxygen molecules were used as a

Figure 1. (a) Graphene blisters on graphenemoiré superlattice on Ru(0001). (b) Formation of graphene nanobubbles (GNBs)
by oxygen intercalation. (c) Sequence of five dI/dV spectra taken at A�E points: (d) black (A); blue (B), olive (C), violet (D), wine
(E); dashed lines in c: Gaussian fit. Inset of (c): Normalized peak energy (En� EDirac)/(2epvF

2BS)
1/2 versus sgn(n)(|n|)1/2 for Landau

energy peaks (n =�3,(2,(1, 0) observed on A�E points of hexagonal GNB in d, which follow the expected scaling behavior
from the equation (black, red, blue, magenta, olive sets corresponding to normalized peak energy in scanning tunneling
spectroscopy curves of A�E, respectively). (d) Three-dimensional scanning tunneling microscopy of hexagonal graphene
nanobubbles. Adapted with permission from ref 10. Copyright 2012 Nature Publishing Group.
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reactive intercalant to delaminate the
adhered graphene from the Ru sub-
strate, such that graphene in the
“hump” and “valley” regions sintered
together to form a geometrically
well-defined bubble whose edges
follow the symmetry of the moiré
superlattice. As the delamination pro-
cess involves bond breakage and is
thermally activated, the deterministic
shape evolution of the bubble can be
controlled by the reaction tempera-
ture. A pseudomagnetic field of hun-
dreds of Tesla can be produced in
graphene bubbles showing strains in
the range of 10�15% (Figure 1c,d).
Such an enormous pseudomagnetic
field is not accessible by laboratory
techniques. Scanning tunneling spec-
troscopy (STS) reveals Landau level
peaks induced by the pseudomag-
netic field. These peaks are shifted
to higher energy in the regions
of the bubbles with the highest
strain (i.e., the edges). These nano-
bubbles allow the manipulation
of electronic properties of gra-
phene, as well as the exploration
of frontier physics in the high-
field regimes.9,10

Strain in graphene does not
break time reversal symmetry but
does deform theBrillouin zone. Edge
states and Landau levels are thus
expected to coexist in graphene
nanodots strained along three main
crystallographic directions, which
can be used to create graphene
pseudomagnetic quantum dots.22,24

Engineering a strained superlattice
in graphene on insulating substrates
seems promising as it may offer a
new method for generating a peri-
odic potential, whereby a sizable
band gap may be opened in gra-
phene. This band gap can be created
by placing graphene on top of a
prepatterned substratewithperiodic
arrays of nanoclusters, nanostripes,
and nanotrenches, on which the for-
mation of periodically corrugated
graphene can be induced. One inter-
esting possibility is the use of light
or electrical energy to actuate expan-
sion or contraction of the patterned
nanostructures (such as piezoelectric
materials), thus allowing the strain in
graphene to be tuned.
It is worth mentioning that the

curvature-induced rehybridization

between the pz and σ orbitals of
carbon atoms may reshape the
chemistry of graphene, such as by
creating reactive sites for hydrogena-
tion or by offering adsorption poten-
tial wells for trapping molecules.25,26

In a bubble, for example, the outer
(convex) face has a higher density
of electrons compared to the inner
(concave) face, which explains our
previous observation that an array
of graphene nanobubbles can have
higher electrochemical activity than
flat graphene.8 Charge transfer in the
direction normal to the basal plane
of flat graphene is known to be parti-
cularly sluggish, due to anisotropic
charge transport in the two-dimen-
sional plane.
We find that graphene bubbles,

when covalently bonded to a sub-
strate such as diamond (Figure 2),
act as liquid cells by entrapping
fluid between the bubbles and the
substrate.8 Due to the graphene's
impermeability, water trapped inside
the bubbles can be heated to super-
critical conditions without evaporat-
ing. Thus, the bubbles can serve
as excellent optical windows and

Figure 2. (a) Atomic force microscopy images of bubbles formed by thermally restructuring graphene on a diamond C(100)
crystal. (b) Molecular dynamics simulation showing the covalent bonding that occurs between diamond and graphene after
the dehydrogenation of the diamond surface at high temperature, which allows the edges of the bubbles to be sealed.
(c) Sealed graphene bubbles on diamond act as a hydrothermal anvil cell, trapping supercritical fluid when heated to high
temperatures.
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liquid cells for studying high-pres-
sure, high-temperature reactions.

Topological Defects and Periodic Grain
Boundaries in Graphene. Structural de-
fects in graphene are important
because they strongly influence its
physical and chemical properties,
even at low concentrations. Unlike
vacancies with dangling bonds or
extrinsic dopants, intrinsic topologi-
cal defects accommodate lattice im-
perfections (curvature or vacancies)
but conserve the three-fold sp2

bonding of carbon atoms. Plastic
deformation of curved graphene
sheets, as in fullerene or carbon
nanotubes, as well as vacancies or
grain boundaries, can induce topo-
logical defects. A topological defect
is a local reconstruction of the
hexagonal carbon lattice to form
nonhexagonal carbon rings. These
unique structures create new possi-
bilities for extending the properties
of graphene.

The simplest topological defects
in graphene are disclinations
(individual pentagons or hepta-
gons).27 They can be found in full-
erenes and carbon nanotubes but
appear less frequently in planar
graphene because an individual dis-
clination induces curvature in, and
thus large strain on, the system. The
pairing of a pentagon and a hepta-
gon is energetically favorable due to

curvature cancellation, which results
in pentagon�heptagon (5�7) pairs
(Figure 3a) known as dislocation
cores.28,29 Scanning tunneling mi-
croscopy (STM) and high-resolution
transmission electron microscopy
(HRTEM) have revealed 5�7 pair
defects in both carbon nanotubes
and graphene.30�34 Besides indivi-
dual 5�7 pairs, dislocation cores can
also be found in clusters, which form
complex structures, including the
55�77 defect (Stone-Wales defect,
Figure 3c),31,35�37 the 555�777 de-
fect (Figure 3d),33�35 and the flower
defect (Figure 3e).34,38 Other forms
of nonhexagonal rings, such as the
5�8�5 defect (Figure 3b),33,35 have
also been identified experimentally.
Individual or clustered topological
defects can be found naturally in
graphene grown using chemical va-
pordeposition,30,32 epitaxialgraphene

on SiC,36,38 or graphene generated
in situwith HRTEMusing the electron
beam.33�35,37

Topological defects can modify
the electronic properties of graphene
by acting as scattering centers or as
sources for self-doping.14 Certain clus-
tered topological defects (including
topological defect 5555�6�7777)
have been estimated to open a local
band gap on the order of 200 meV.35

One interesting scenario is the
alignment of individual or clustered
topological defects into extended
structures by taking advantage
of the fact that there is a thermo-
dynamic force for these defects to
cluster together (Figure 4a). Recent
experimental studies have identified
topological defects (mostly 5�7pairs)
as building blocks for grain bound-
aries inpolycrystallinegraphene.30,39

Grain boundaries constructed of ex-
tended topological defects not only
give rise to entirely new properties
but may also be integrated into
practical devices. Chen and co-work-
ers reported the synthesis of spatially
ordered arrays of micrometer size
grain boundaries and demonstrated
device fabrication across a single
grain boundary.40

Atomistic structures of grain
boundaries have been discussed
in a few theoretical papers.29,41,42

In general, nonhexagonal rings such

Figure 3. Structures of topological defects (TD) in graphene: (a) 5�7 dislocation; (b) 5�8�5 dislocation; (c) 55�77 clustered
topological defect; (d) 555�777 clustered topological defect; (e) flower defect, which is a closed loop of 5�7 pairs. (f) Aperiodic
grain boundary (GB); (g) θ = 32.2� periodic grain boundary; (h) θ = 0� periodic translational grain boundary.
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as five-, seven-, and eight-membered
rings can exist at grain boundaries
to accommodate lattice mismatch
between two graphene domains.
For reasons similar to curvature
cancellation, these rings pair to
form dislocation cores. Although
grain boundaries are often aperiodic
(see Figure 3f), the ground-state
grain boundary structures should
contain periodic arrays of disloca-
tion cores separated by hexagonal
rings. The packing density of dislo-
cation cores varies with the domain
misorientation angle θ (ranging from
0 to 60� for graphene). For small-
angle grain boundaries (θ close to
zigzag direction at 0� or armchair
direction at 60�), there is low packing
density of topological defects, which
leads to large separation between
5�7 pairs. The stress field of a 5�7
pair will induce out-of-plane buckling
in graphene. This result is supported
by STM images of graphene grown
on Ir(111), where hillocks with large
separations were observed at θ ≈ 2�
grain boundaries.30 For large-angle
grain boundaries (θ close to 30�) with
high packing density of topological
defects, stress fields associated with
5�7 pairs will mutually cancel each
other, leading to structures with
low formation energy. The theo-
retically calculated highest pack-
ing density occurs at θ = 32.2�,
with only 5�7 pairs (no hexagons)
at the grain boundary region (see
Figure 3g).29,41 Although this struc-
ture contains the most defects,
it has the lowest formation en-
ergy and the highest mechanical
strength among all grain boundary

structures, due to effective stress
field cancellation.29,41,43,44

To date, most of the experimen-
tally observed grain boundaries in
graphene have been meandering
and aperiodic.39,45 These bound-
aries become electron scattering
centers, which degrade the conduc-
tivity of the graphene sheet. Using
STS, Biro and co-workers found that
conductance at grain boundaries
decreased by around 10-fold com-
pared to the host graphene.46

The self-doping effect has also
been studied by STS, whereby
grain boundaries had been found
to exhibit higher electron affinity
and exhibited stronger n-doping
character than the host material,
creating p-n-p or p-p0-p junctions
across the grain boundary.46,47

Louie and Yazyev proposed that
low-energy charge carriers in gra-
phene are either transmitted or
reflected when crossing a grain
boundary. For transmission across
a periodic grain boundary, trans-
lational symmetry of the grain
boundary requires momentum k )

parallel to the grain boundary to be
conserved.Dependingon the relative
orientation of the graphenedomains,
conductance channels with given E
and K ) on both sides of the grain
boundary either match well or have
significant misalignment (no mo-
mentum conservation) with each
other. In the latter case, low-energy
charge carriers are totally reflected by
the grain boundary, which is equi-
valent to the presence of a trans-
port gap. The transport gap de-
pends solely on the dislocation core

periodicity at the grain boundary.
Simulation of amodel reflective grain
boundary (see Figure 4b) showed the
on/off current ratio to be higher than
1000.19 Hence, practical transistors
could be built from tailored peri-
odic grain boundaries. Periodic grain
boundaries can also introduce van
Hove singularities in the local density
of states (DOS) ofgraphenewithin0.5
eV of the Dirac point.29 Electronic
instability at van Hove singularities
is believed to give rise to new phases
with properties such as superconduc-
tivity,magnetism, and charge density
waves.48

Lahiri and Batzill reported the
first experimental observation of
an extended grain boundary com-
posed of paired pentagon and oc-
tagon rings (5�8�5) (Figure 3h) in a
layer of graphene on nickel.49 Simu-
lation showed that this line defect
was metallic in the longitudinal di-
rection, which allowed it to act as a
metallic wire for nanodevice appli-
cations. A small magnetic moment
was calculated for each unit cell of
the 5�8�5 grain boundary andwas
shown to increase under strain.50

This increase suggests that the
5�8�5 grain boundary may be fer-
romagnetic. It is also predicted that
this structure will exhibit two de-
generate valleys at the Fermi level,
which can be used as a valley filter
in graphene valleytronics.51

Chemical Reactivity of Defects in Gra-
phene. While the physical, electronic,
and magnetic properties of the de-
fects ingraphenehavebeen the sub-
ject of intense research interest from
physicists,18,52 thepotentialapplications

Figure 4. (a) Structural model showing how an aperiodic grain boundary is generated when two graphene islands merge,
which transforms into a periodic grain boundary after annealing. (b) Charge transport in a periodic grain boundary;
electrons moving across the grain boundary are reflected, whereas electrons moving along the boundary are transmitted.
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of porous aromatic scaffolds in chem-
istry have not escaped the attention
of chemists. Solution-processed gra-
phene oxide (GO), which is made by
treating graphite with strong oxi-
dants and acids, can be considered
to be the insulating, disordered ana-
logueof thehighly conductingcrystal-
line graphene.16,17,53 In contrast to
early efforts on healing defects on
GO in order to transform it into
highly conductive graphene, increas-
ing attention is now devoted to
the introduction and enlargement
of defects to enhance useful prop-
erties like catalysis,53,54 sensing,55,56

energy storage, and energy tran-
sfer.57�59 In terms of chemical reactiv-
ity, thepresenceofdefects in the form
of holes, vacancies, or dislocations
created in the basal plane during its
preparation endow GO with redox-
active carboxylic and quinone diols.
These functional groups allow it to
function as a solid acid and/ormetal-
free catalyst60,61 for oxidative dehy-
drogenation (ODH) reactions. These
defects can be intentionally created
and enlarged by specific chemical
treatment.54,59,62 Unpaired spins are
likely to be created in these defects
and can enhance chemical reactivity
and magnetic properties.54

Defective graphitic structures
have shown remarkable catalytic
properties in gas-phase oxidation
(Figure 5, pathway a).60,61 Bao and
co-workers63 suggested that for
liquid-phase reactions, the zigzag
edges of rGO could act as the cata-
lytically active sites for hydrogena-
tion of nitrobenzene. They observed
that the catalytic yield increased
with the density of defects created
by treatment with nitric acid. We
recently discovered a sequential
base and acid treatment that can
create and enlarge the defects in
GO and impart on it enhanced cata-
lytic activities in the liquid-phase
oxidative coupling of amines to imi-
nes (up to 98% yield and 5 wt %
catalyst loading under solvent-free,
open-air conditions).54 The catalytic
activity and stability of holey GO
exceeds several types of noblemetal
catalysts.64,65 We further examined
the origin of this catalytic beha-
vior, which was linked to the sy-
nergistic effect of carboxylic acid
groups and unpaired spins at edge
defects (Figure 5, pathway b).54

The discovery of a simple che-
mical processing step to synthe-
size highly catalytically active GO
opens the possibility of industrial
scale carbocatalysis.

The enhanced interactions of
gas molecules and defects in

graphene materials can also be
used in the chemical sensing of
toxic gases. For example, Huang
et al.55 reported that hydrothermal
steaming of GO created an electri-
cally conductive, nanoporous rGO
network via an oxidative etching
process. The degree of etching and
resultant porosity can be controlled
by varying the reaction time.
Compared to nonporous reduced
GO, the nanoporous rGO shows
an almost 2 orders of magnitude
increase in sensitivity and improved
recovery time for NO2 detection.

OUTLOOK AND CHALLENGES

Pristine graphene may not be the
ideal material for some applica-
tions because its charge transport
is highly anisotropic, which renders
sluggish charge transport out of
plane. The gapless nature of pristine
graphene is also a major draw-
back in electronics. Engineering de-
fects into graphene, in the form of
strained structures or voids, is one
way of opening up new possibilities
for its use in electronics and chem-
istry. To this end, it is vital to inves-
tigate how strained structures or
topological defects, which typically
emerge at random, can be created
and assembled on graphene in a
controlled manner. Nonhexagonal
rings in graphene may be used

Figure 5. Voids and edge defects are decorated by catalytically active functional
groups like carboxylic, quinones, diols, and unpaired spins. Small molecules such
as oxygen (red dumbbell) are activated at these sites for subsequent oxidative
reactions. Organic molecules that bind to these reactive defect sites become
catalytically transformed. The diagram illustrates the oxidative coupling of
amines.54

In contrast to early

efforts on healing

defects on GO in order

to transform it into

highly conductive

graphene, increasing

attention is now

devoted to the

introduction and

enlargement of defects

to enhance useful

properties like catalysis,

sensing, energy storage,

and energy transfer.

PERSPEC
TIV

E



LU ET AL. VOL. 7 ’ NO. 10 ’ 8350–8357 ’ 2013

www.acsnano.org

8356

as building blocks for a new type of
carbon architecture that incor-
porates designed curvature. Grain
boundaries and defects may serve
as atomic-scale filters for atoms and
molecules or act as sites of con-
trolled chemical reactions. Device
scientists should consider exploit-
ing strain or topological defects
in graphene to create electronic
junctions. Thus, defect engineering
in graphene, as in bulk solid-state
materials, may emerge as an impor-
tant research field.
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