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Abstract. Conventional curved carbon nanostructures such as fullerenes, capped nanotubes
and cones can be produced by insertion of pentagons – sources of high]y concentrated curvature
- into initially flat hexagonal lattice of single crystalline graphene. This paper is focused on a new
approach (suggested and brief]y discussed ear]ier [I.A. Ovid’ko // Rev. Adv. Mater. Sci. 30 (2012)
201]) which potentially allows one to fabricate principally new curved carbon nanostructures with
arbitrary geometries/shapes. The approach represents insertion of special defects into grain
boundaries (GBs) of initially flat polycrystalline graphene. Since special defects typically serve as
flexible sources of weakly concentrated curvature, this approach opens intriguing possibilities to
fabricate new carbon nanostructures with novel properties controlled by their curvature. In par-
ticular, elastic strains created by weakly varying curvature in polycrystalline graphene can effec-
tively tailor its electronic properties and thus be exploited in electronics based on design of
moderately curved graphene. Also, in this paper, technological schemes/strategies are outlined
which can be potentially exploited in the fabrication of new curved carbon nanostructures through
GB engineering in graphene.

In general, graphene with its outstanding electronic
and mechanical properties represents the subject
of intense research efforts [1-3]. Along with its unique
structure and characteristics, graphene also serves
as a mature material for other curved carbon
nanostructures like fullerenes, carbon nanotubes and
cones [3-8]. These conventional curved
nanostructures can be produced through insertion
of defects in the form of pentagons into initially pris-
tine hexagonal lattice of graphene. For instance,
insertion of n = 1, 2, 3, 4, and 5 pentagons also
called positive topological disclinations into a flat
graphene sheet transforms it into topologically and
physically distinct cone-like carbon structures with
various curvature characteristics carried by these
topological disclinations [4,5,7]. A semi-spherical

cap of a carbon nanotube contains 6 positive topo-
logical disclinations (pentagons) [4,7]. Fullerenes
represent carbon nanostructures each containing
12 positive topological disclinations (pentagons)
[6,7]. These examples illustrate the standard con-
cept that arrangement of topological disclinations
and associated curvature in carbon monolayers dif-
ferentiate topologically and physically distinct car-
bon nanostructures.

Up to date, only single crystalline graphene has
been considered as a mature material for other car-
bon nanostructures. Recently, polycrystalline
graphene sheets containing GBs – ]ines dividing
crystallites/domains with different lattice orientations
- have been fabricated; see, e.g., [9-14]. This opens
novel intriguing possibilities to generate new curved
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carbon nanostructures from mature polycrystalline
graphene through its GB engineering. In review ar-
ticle [8], in parallel with consideration of GB struc-
tures and their effects on the mechanical and trans-
port characteristics of graphene, it has been sug-
gested to insert GBs with partial (non-topological)
disclinations producing curvature into initially flat
graphene and thus form principally new curved car-
bon nanostructures different from fullerenes, cones,
nanotubes and other conventional carbon allotropes.
The main aim of this paper is to give a more tar-
geted presentation of the discussed novel approach
to fabrication of new curved carbon nanostructures
through GB engineering in graphene. In doing so,
along with fundamental description of partial
disclinations at GBs, a special attention will be paid
to technological schemes/strategies that can be
potentially exploited in the fabrication processes in
question. Also, the author will briefly discuss per-
spectives in use of the suggested approach for de-
sign and creation of weak variations in curvature of
graphene, that produce “frozen-in” strain fie]ds
strongly affecting and often controlling spatial varia-
tions in electronic properties of graphene specimens.
The latter is of crucial importance for development
of graphene-based electronics.

The key role within the new approach is played
by partial disclinations at GBs in polycrystalline
graphene [8]. Therefore, for the aims of this paper, it
is important to describe the difference between
conventional topological disclinations in single crys-
talline graphene and partial disclinations at GBs in
polycrystalline graphene.

First, let us consider geometry of topological
disclinations in single crystalline graphene having
hexagonal lattice. Any topological disclination pre-
serves the hexagonal crystallinity everywhere in the
lattice, except for one elementary cell being a m-
membered ring with integer m  6. It is character-
ized by a disclination strength (6-m)60° having dis-
crete values. For instance, a pentagon as a topo-
logical disclination is characterized by the strength
60° and can be produced in a graphene sheet as
follows: a cutout of a sheet wedge within an angle
60° from a pristine graphene and subsequent at-
tachment of cut surfaces to each other [4,6] (Figs.
1a-1c). As a result, one pentagon cell is generated
and large elastic in-plane strains occur in the lat-
tice having hexagonal crystalline order outside the
cell (Fig. 1c). In the case of a free-standing graphene
sheet, insertion of a pentagon into it causes its buck-
ling in the third dimension (Fig. 1d). The buckling
provides an exchange of in-plane elastic energy for
bending energy and transforms the sheet into a

curved cone structure (Fig. 1d). In the context dis-
cussed, the strength 60° of the topological
disclination (pentagon) serves as a measure or, in
other terms, “charge” of curvature associated with
this disclination.

In the general situation, insertion of a topologi-
cal disclination with a discrete strength (6-m)60°
(where integer m  6) into a flat graphene sheet
transforms the sheet into a curved structure, whose
curvature characteristics are specified by the dis-
crete strength (6-m)60° p]aying the ro]e of “curva-
ture charge” [4,5,7,8]. Discrete va]ues (6-m)60° of
topological disclination strength are large by mag-
nitude, in which case there are certain limits in con-
struction of curved carbon nanostructures through
insertion of topological disclinations into a mature
single crystalline graphene. In fact, the list of all
realistic curved carbon nanostructures that can be
made of single crystalline graphene is presented in
paper [7], and this list is limited.

The new approach is based on the idea to insert
non-topological disclinations having continuously
valued strengths into GBs of polycrystalline
graphene. Strengths of non-topological GB
disclinations can vary rather widely. In particular, as
it will be demonstrated below, such disclinations
can have very sma]] “curvature charges”. As a coro]-
lary, insertion of non-topological GB disclinations
into polycrystalline graphene sheets potentially al-
lows one to fabricate, in practice, unlimited number
of topologically and physically distinct carbon
nanostructures with various complex geometries.

GBs in polycrystalline graphene are lines that
divide mutually tilted crystallites. Each GB is char-
acterized by tilt misorientation angle  between its
adjacent crystallites. GBs typically consist of pen-
tagon-heptagon pairs or, in other terms, dipoles of
topological disclinations, playing the role of
misorientation carriers [8-19]. (Note that dipoles of
topological disclinations are also equivalent to dis-
locations in hexagonal lattice [8,16,17].) The tilt
misorientation  of a periodic GB in graphene is
determined by linear density of its constituent di-
poles of topological disclinations and their types
[8,15-18].

In previous studies, it has been directly or indi-
rectly assumed that GBs in graphene have
misorientation angles whose values are constant
along GB lines; see, e.g., [9-17]. In this paper, as
with review article [8], consideration is focused on
GBs having step-like variations in the GB
misorientation along GB lines in graphene. The
points where the GB misorientation changes in the
abrupt, step-like manner represent partial GB
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Fig. 1. Geometries of (a)-(d) topological disclination in single crystalline graphene and (e)-(f) partial grain
boundary disclination in bi-crystalline graphene (for details, see text).

disclinations different from topological disclinations.
More precisely, by analogy with partial GB
disclinations in conventional polycrystals [20-23], a
partial disclination at a line GB in graphene is de-
fined as a point separating GB fragments with dif-
ferent misorientation angles, whose difference is the
disclination strength . When a partial disclination
of strength  is inserted into a flat polycrystalline
graphene sheet, its transformation (driven by an
exchange of in-plane elastic energy for bending en-
ergy) into a curved carbon structure occurs, in which
case the strength serves as “curvature charge”
associated with this disclination.

For illustration, let us consider an imaginary pro-
cedure for formation of a positive partial disclination

at a symmetric tilt boundary in a graphene sheet.
Fig. 1e presents two non-strained graphene bi-crys-
tals with symmetric tilt boundaries. The left bi-crys-
ta] has its right zigzag free surface X’BY’ and con-
tains symmetric tilt boundary AB with tilt
misorientation angle AB (  15.6o). The zigzag free
surface has two segments, X’B and BY’, ti]ted by

AB relative each other. The right bi-crystal has its
]eft zigzag free surface X’’BY’’ and contains sym-
metric tilt boundary BC with tilt misorientation angle

BC (  21.8o) larger than AB. The zigzag free surface
has two segments, X’’B and BY’’, ti]ted by BC rela-
tive each other (Fig. 1e). The bi-crystals are matched
at point B. There are open (free from graphene)
wedge-]ike sectors, X’BX’’ and Y’BY’’, each being
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Fig. 2. Flat and curved carbon nanostructures with partial disclinations. (a) Positive and (b) negative partial
disclinations (having strengths  6.2o and  -6.2o, respectively) are present at GBs in hexagonal lattice
of flat graphene bi-crystals. (c) A positive partial GB disclination transforms initially flat graphene sheet into
a cone-like carbon nanostructure. (d) A negative partial GB disclination transforms initially flat graphene
sheet into a sadd]e-]ike carbon nanostructure. (f  An imaginary “Oscar” carbon nanostructure/a]]otrope has
3D ]andscape corresponding to the famous Ho]]ywood statuette. Network of disc]inated GBs in the “Oscar”
carbon nanostructure is schematically shown as a network of solid lines. A magnified inset presents a grain
boundary fragment containing a partial positive disclination.

characterized by the angle /2, where  = BC J

AB > 0 (more precisely,  6.2o). Fig. 1f presents
the graphene bi-crystals which are strained in order
to fill the open sectors and match them at their zig-
zag free surfaces. As a result, a large strained bi-
crystal is formed which contains symmetric tilt
boundary ABC having two segments AB and BC
with tilt misorientation angles AB and BC, respec-
tively, where AB  < BC (Fig. 1f). The tilt boundary
ABC contains positive partial disclination (small full
triangle) characterized by the positive strength

 6.2o and associated with step-like change, BCJ

AB, in its tilt misorientation angle (Fig. 1f).
In general, strengths  of partial disclinations

have continuous range of their values, in contrast to
strictly discrete strengths (6-m)60o of topological
disclinations in graphene. More precisely, the
strength  of a partial GB disclination in polycrys-
talline graphene can have any value in the range:
- 60o <  < 60o, because (i) the strength  is defined
as the difference between misorientation angles,
say, AB and BC, of its adjacent GB fragments
(  = BC J AB); and (ii) each GB misorientation angle
can be valued in the range from 0o to 60o. In particu-

lar, in parallel with positive partial disclinations (Figs.
1f and 2a , their antidefects – negative partia]
disclinations (Fig. 2b) specified by negative strength
va]ues – can exist at GBs.

As with positive partial disclinations, negative
partial disclinations can be produced in a graphene
bi-crystal by an imaginary procedure like that pre-
sented in Figs. 1e and 1f), but with one distinct point
[8]. The tilt misorientation angles, AB and BC, of
the left and right GB segments AB and BC, respec-
tively, satisfy the inequality AB  > BC, in contrast to
the inequality AB < BC corresponding to positive
partial disclinations. As a corollary, when unstrained
bi-crystals like those presented in Fig. 1e are
matched at point B, there are overlapped wedge-
]ike sectors (containing graphene bi-]ayers  X’BX’’
and Y’BY’’. Each of these sectors is characterized
by the angle - /2, where = BC J AB < 0 (for de-
tails, see [8]).

By analogy with topological disclinations [4-8],
when a positive partial GB disclination is inserted
into initially flat free-standing graphene sheet, it
transforms into a cone-like carbon nanostructure
(Fig. 2c). Insertion of a negative partial GB
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disclination into initially flat free-standing graphene
sheet leads to its transformation into a saddle-like
carbon nanostructure (Fig. 2d). In both the cases
under discussion, the disclination strength speci-
fies curvature inherent to these curved
nanostructures.

Since strengths ( ) of partial GB disclinations in
graphene have their values in the continuous inter-
val: - 60o <  < 60o, such disclinations serve as very
flexible carriers of curvature (Figs. 2c and 2d). As a
corollary, their generation in a mature graphene rep-
resents a promising approach to construct new
curved carbon nanostructures. (Note that, by prac-
tice, any smoothly curved 2D surface in 3D space
can be constructed from cone- and saddle-like ele-
ments characterized by continuously valued curva-
ture. Sometimes, it is sufficient to use only saddle-
like structural elements in order to construct very
complex curved landscapes [24].) In particular, with
GB engineering in polycrystalline graphene, one can
generate curved carbon structures having, in prac-
tice, arbitrary shapes (Fig. 2e), and these struc-
tures are capable of exhibiting desired functional
and mechanical properties depending on their con-
trolled structural geometry/curvature. The suggested
approach can be also directly applied to fabrication
of curved silicon nanostructures through GB engi-
neering in recently discovered [25] silicene, a new
atomically thin material.

Now let us discuss potential technological strat-
egies allowing one to fabricate new curved carbon
nanostructures through GB engineering in polycrys-
talline graphene. The first key strategy has the four
stages: (1) Fabrication of a free-standing flat poly-
crystalline graphene sheet with equilibrium GBs
specified by constant misorientation angles along
their lines. (2) Arrangement of highly non-equilib-
rium conditions (e.g., high temperature and/or in-
tense irradiation) that enhance plastic deformation
of the sheet. (3) Plastic deformation of the initially
flat sheet under mechanical load, that produces its
desired curved shape. In doing so, highly non-equi-
librium conditions enhance plastic forming of the
sheet through transformations of equilibrium GB
structures into those containing partial GB
disclinations. (4) Return to conventional conditions
at which the curved carbon nanostructure with “fro-
zen-in” partia] GB disc]inations is stab]e and exhib-
its desired, curvature-induced properties.

The second potential strategy is in deposition of
carbon onto a metallic substrate having its surface
landscape corresponding to a desired geometry of
a new curved carbon nanostructure. It is expected
that carbon monolayer nanoislands deposited onto

different parts of the substrate gradually grow/ex-
tend and converge during the deposition process.
As a result of the convergence process, disclinated
GBs are formed between the converged nanoislands
that finally form a curved carbon nanostructure de-
posited onto the substrate. The formation of GBs
with partial disclinations allows the deposited car-
bon monolayer to adopt, by practice, any geometry
of the substrate surface.

Finally, as it has been noted above, GB engi-
neering in graphene can be effectively exploited in
design of weak variations in its curvature that pro-
duce strain fields and associated spatial variations
in graphene’s e]ectronic characteristics. This app]i-
cation of the new approach considered in this paper
takes into account theoretical findings [26-28] and
experimental data [29-31] which are indicative of the
fact that elastic strains generated in moderately
curved graphene structures such as bubbles and
balloons strongly influence the remarkable electronic
properties of graphene. Also, following theoretical
analysis and computer simulations [15], GBs them-
selves are capable of dramatically modifying the
electronic transport properties of graphene. With the
experimental data [29-31], results [15,26-28] of theo-
retical models describing the effects of strains and
GBs on the transport properties of graphene as well
as the new approach suggested in review article [8]
and developed in this paper, one can design and
fabricate polycrystalline graphene specimens with
“frozen-in” strain fie]ds and GB structures that con-
trol spatial distribution of electronic characteristics
of the moderately curved specimens. This is very
interesting and important for development of
graphene-based electronics. In the context dis-
cussed, the methods [29-31] for fabrication of single
crystalline graphene bubbles and balloons can be
generalized to the case of polycrystalline graphene
and thus used in formation of moderately curved
graphene` specimens containing stable disclinated
GB structures.

To summarize, in this paper, a previously sug-
gested [8] approach for generation of new carbon
nanostructures with various (in practice, arbitrary)
geometries from polycrystalline graphene has been
presented in detail. Within the approach, GB engi-
neering through formation of partial GB disclinations
in graphene potentially allows one to fabricate curved
carbon nanostructures that have complicated shapes
and can be treated as new carbon allotropes. Also,
the approach is promising in tailoring spatial pat-
terns of electronic structure and properties of mod-
erately curved graphene specimens having wide
perspectives for applications in electronics.
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