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Graphene nanomesh: new versatile materials

Jun Yang,a Mingze Ma,a Laiquan Li,a Yufei Zhang,a Wei Huang*a,b and
Xiaochen Dong*a,b

Graphene, an atomic-scale honeycomb crystal lattice, is increasingly becoming popular because of its

excellent mechanical, electrical, chemical, and physical properties. However, its zero bandgap places

restrictions on its applications in field-effect transistors (FETs). Graphene nanomesh (GNM), a new gra-

phene nanostructure with a tunable bandgap, shows more excellent performance. It can be widely

applied in electronic or photonic devices such as highly sensitive biosensors, new generation of spintro-

nics and energy materials. These illustrate significant opportunities for the industrial use of GNM, and

hence they push nanoscience and nanotechnology one step toward practical applications. This review

briefly describes the current status of the design, synthesis, and potential applications of GNM. Finally, the

perspectives and challenges of GNM development are presented and some suggestions are made for its

further development and exploration.

1. Introduction

Nanostructured materials are increasingly becoming popular
due to their high surface-to-volume ratios. For a long time,
two-dimensional crystals were considered to be thermodyna-
mically unstable at finite temperatures, and they could not be
fabricated until the emergence of graphene. Since its experi-
mental discovery in 2004, the two-dimensional (2D) atomic
crystal structure has attracted considerable interest for its
potential application as an excellent electrical conductor.1,2 It
can be assembled into 0D fullerenes, 1D nanotubes or 3D
graphite. Graphene is a single layer of sp2-hybridized carbon
and has remarkable chemical stability and physical properties
such as excellent electrical conductivity, excellent mechanical
strength, superior thermal conductivity, and high theoretical
surface area (∼2630 m2 g−1).3 Its potential applications
are numerous, including nanoelectronics, nanocomposites,
chemical sensors and biosensors, and solar cells.4 In 2006,
Ruoff and co-workers first demonstrated a solution-based
process for producing single-layer graphene using graphite
oxide (GO) by the Hummers’ method.5,6 After that, several
methods have been made available for the mass-production of
graphene, e.g., liquid-phase exfoliation of graphite,7 chemical
vapor deposition (CVD),8 synthesis on silicon carbide (SiC),
molecular beam epitaxy, etc.9,10 Among these methods, CVD is

one of the most widely used approaches to synthesize large-
scale and high quality graphene films based on the possibility
of thermal catalytic decomposition of gaseous hydrocarbons
on the surface of some metals with the formation of various
nanocarbon structures.11–16 Furthermore, high quality gra-
phene film can be fabricated by the CVD process with organic
solvents as carbon source under atmospheric pressure.17,18

Table 1 describes the different methods employed for the
synthesis of graphene film.

Traditional FETs are based on silicon metal–oxide–semi-
conductor field effect transistors (MOSFET). The miniaturiza-
tion of MOSFETs has been the key to the progress in
integrated circuits. Size scaling has enabled the complexity of
integrated circuits to double every 18 months.19 However,
MOSFET scaling is approaching its limits, and in the long run,
it will be necessary to introduce new materials to break
the Moore’s Law to ensure that the FET performance
continues to improve. To achieve this goal, a number of FETs,
such as GaAs, InP, and silicon n-channel MOSFETs, have
been developed.20 However, these methods require the use
of expensive transition-metal elements. Graphene, with high
conductivity and 2D structure, is an ideal candidate for the
fabrication of FET devices with a single back gate and
good electronic properties.21,22 Compared with traditional
electrode materials, graphene-based materials show some
novel characteristics.23 However, devices with the channels
made of graphene without sufficient bandgap cannot
be switched off at room temperature, and therefore are is
not suitable for logic applications. However, the band structure
of graphene can be modified by doping, hydrogenation,
graphene nanoribbon, graphene nanomesh, or graphene
nanoring.24

aJiangsu-Singapore Joint Research Center for Organic/Bio-Electronics & Information

Displays and Institute of Advanced Materials (IAM), Nanjing Tech University,

30 South Puzhu Road, Nanjing 211816, China
bKey Laboratory for Organic Electronics & Information Displays (KLOEID),

Nanjing University of Posts and Telecommunications, Nanjing 210046, China.

E-mail: iamxcdong@njtech.edu.cn, iamwhuang@njtech.edu.cn

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 6, 13301–13313 | 13301

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 N
an

ya
ng

 T
ec

hn
ol

og
ic

al
 U

ni
ve

rs
ity

 o
n 

27
/1

0/
20

14
 1

3:
10

:0
2.

 

View Article Online
View Journal  | View Issue

www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c4nr04584j&domain=pdf&date_stamp=2014-10-17
http://dx.doi.org/10.1039/c4nr04584j
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR006022


2. Graphene nanoribbons (GNRs)

GNR, as the name suggests, is a thin strip cut along a certain
orientation of the graphene plane. There are two types of
GNRs: armchair nanoribbons and zigzag nanoribbons
(Fig. 1).25,26 It has been predicted that both of them with
narrow widths (below 20 nm) have an open bandgap, and their
bandgap is relevant to their widths. The bandgap of GNR can
be calculated with the equation: Eg = 0.8/W, where Eg is the
bandgap and W is the ribbon width in nanometer.27 Because
of their interesting electronic property, GNRs have been
demonstrated as a promising candidate material for future
post-silicon electronics such as transport materials and FETs.

High-quality GNRs are important in the application of gra-
phene nanoelectronic devices. As a result, there has been sig-
nificant progress in the fabrication of GNRs, with many new
approaches being developed. The main methods are as
follows: (1) top-down lithography methods; (2) GNRs from
unzipping carbon nanotubes (CNTs); (3) sonochemical
method and other chemical method; (4) when top-down meets
bottom-up.28 However, the smallest width produced by litho-
graphy approaches is only 15–20 nm, which prevents us from
obtaining GNRs with a sufficiently large band gap. Addition-
ally, high quality GNRs with narrow width can be obtained by
other methods. For example, Feng’s group fabricated GNRs
with a width below 10 nm with the top-down and bottom-up
method.29 Huang and co-workers reported a rational approach
to fabricate sub-10 nm GNRs using top-down meets bottom-up
technology, and the GNRs-FETs have good electric transport

performance.30 In this study, they used pre-synthesized nano-
wires as etch mask. Compared with conventional lithography,
Dai’s group showed an approach in making GNRs by unzip-
ping multi-walled carbon nanotubes with plasma etching of
nanotubes partly embedded in a polymer film. The GNRs had
smooth edges and a narrow width distribution (10–20 nm).31

Unzipping CNTs with well-defined structures in an array will
allow the production of GNRs with controlled widths, edge
structures, placement and alignment in a scalable for device
integration (Fig. 2).32 Innovatively, nanowires can be obtained
using various chemical approaches with controllable sizes
down to 1–2 nm. The widths of the resulting GNRs were
mainly determined by mask width (nanowire diameter). But it
is difficult to obtain GNRs with smooth edges and controllable
widths at high yields with this method. As documented,
chemical approaches33 and self-assembly processes can also
produce GNRs of desired shapes and dimensions for funda-
mental and practical applications.

Owing to the opened bandgap, the GNRs-based FETs
present high on–off ratio and excellent electronic properties.
For example, the FETs fabricated with a width of 10–15 nm
GNRs had an on–off ratio around 10, and the on–off ratio
increased sharply when the width shrank down to the sub-
10 nm regime.30 It was reported that the highest room temp-
erature on–off ratio of 107 for a GNR-FET was achieved by Dai’s
group by GNRs synthesized sonochemically with ribbon width
in the sub-5 nm regime.33 Also, it was shown that most experi-
mentally fabricated GNRs-FETs were p-type transistors with
charge neutrality point moved to the positive gate region, and

Table 1 Properties of graphene film obtained by different methods9

Method
Crystallite
size (μm) Sample size (mm)

Charge carrier mobility
(at ambient temperature)
(cm2 V−1 s−1) Applications

Mechanical exfoliation >1000 >1 >2 × 105 and >106

(at low temperature)
Research

Chemical exfoliation ≤0.1 Infinite as a layer of
overlapping flakes

100 (for a layer of
overlapping flakes)

Coatings, paint/ink, composites, transparent
conductive layers, energy storage, bioapplications

Chemical exfoliation
via graphene oxide

∼100 Infinite as a layer of
overlapping flakes

1 (for a layer of
overlapping flakes)

Coatings, paint/ink, composites, transparent
conductive layers, energy storage, bioapplications

CVD 1000 ∼1000 10 000 Photonics, nanoelectronics, transparent conductive
layers, sensors, bioapplications

SiC 50 100 10 000 High-frequency transistors and other electronic
devices

Fig. 1 (a) Zigzag and armchair GNRs;25 (b) STM topograph of zigzag, armchair and unassigned GNRs with edge symmetries labeled.26
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with either slightly or heavily suppressed electron transport. It
was primarily due to the absorption of charge impurities and
oxidation of carbon–carbon bond during the fabrication
process.

In addition to the applications in the field of FETs, GNRs
also can be used in gas- and bio-sensing,34,35 memory cell,36

magnetoresistance37 and electrochemical lithium storage.38

The methods for fabricating GNRs are still in development.
For instance, Bao’s group reported the use of metal salts
infused within stretched DNA as catalysts to grow nanoscopic
graphitic nanoribbons.39 The nanoscopic graphitic nanorib-
bons were micrometre in length, 10 nm in width, and took on
the shape of the DNA template. The DNA strand was converted
to a graphitic nanoribbon by utilizing CVD. Moreover, Omid
et al. used GNRs and modified GNRs for selective cancer cell
imaging, photothermal therapy, and accelerated differenti-
ation of human neural stem cells.40–42

3. Graphene nanomesh

Although GNRs possess opened bandgaps and the GNRs-
based FETs present excellent electronic properties, there also
exist many problems, such as experimentally observed trans-
port behaviors, edge roughness induced localization effect and
coulomb blockade effect, etc.27,43 According to the scaling law,
the width of GNR in the sub-10 nm regime is required to
achieve sufficiently large bandgap for room temperature tran-
sistor operation. For example, a bandgap of 0.67 eV (like Ge)
requires a GNR width of 2–3 nm, which is a challenge to fabri-
cate. To ensure GNRs devices come with desired characteristics
and their integration into useful circuits precise placement of
multiple GNRs into densely organized arrays is required.44–46

But these methods cannot improve significantly the perform-

ance of GNRs. In order to overcome the problems, a new
nonzero bandgap derivative of graphene structure, called
graphene nanomesh (GNM), was synthesized.47–53 Basically,
GNM comprises singer or few-layer graphene into which a
high-density array of nanoscaleholes are punched. This type of
nanostructure can also open up a bandgap in large graphene
sheets and bestow on it semiconducting performance. The
electronic structure of nanomesh is determined not only by
the types of edge (zigzag or armchair) but also the amount of
edges. Theoretical studies, including the opening of bandgap
in the electronic band structure and the dependence of this
gap on the GNM porosity and pore lattice symmetry, have
been implemented to explore the relationship between GNM
structure and electronic properties, mechanical properties and
thermal properties.54–57 Moreover, it was demonstrated that
GNM-based transistors could support driving currents nearly
100 times greater than that of individual GNRs devices with a
comparable on–off ratio. Therefore, GNM is the most ideal
material for transistor channel in terms of delivering a large
ON-current. Compared to the basal planes in normal graphene
sheets, the nanoscale periodic or quasi-periodic nanoholes
within GNM possess more active sites and edges for faster
electron transport and higher electrocatalytic activity. It can be
concluded that GNM is a new and fascinating nanostructure
and will attracted increasing attention.

The bandgap opening in large sheets of graphene has been
demonstrated by punching high-density array of periodic
nanoholes.58 Depending on the neck width, the meshing
orientation and the shape of holes, a bandgap of higher than
0.5 eV could be achieved.59,60 In the graphene honeycomb
lattice of carbon atoms, the charge transport can be well
described by a simple nearest-neighbor tight binding (TB)
model. Enormous efforts have been made on theoretical
models and calculations on GNM to predict the change in
electronic structures due to lattice modification by
perforating.61–63 Fundamental understanding of the gap
opening in GNM could be gained using the TB model of the
π bond with the nearest-neighbor interaction. William Oswald
et al. reported that the periodic perturbation induced by peri-
odic nanoscale holes caused a change of GNM between a semi-
metal and a semiconductor, depending on the variation of
lattice vectors.59 As evidenced by the facts, increasing neck
width of a semiconductor GNM reduces the bandgap. Indeed,
the GNM-induced bandgap strongly limits the contributions of
chiral tunneling and thermionic transmission at the Dirac
point and better control of the potential and the thermionic
current. One remaining issue that should be considered when
designing GNM devices is the atomic edge disorder of the
holes. In principle, this disorder can detrimentally affect the
output current.

3.1 Methods to fabricate GNM

Because of the special nanostructure of the GNM, the syn-
thesis of large area GNM needs to be demonstrated using the
state-of-art techniques to achieve larger device density for rea-
lizing its practical applications. Also, it is highly expected that

Fig. 2 (a) The gradual unzipping of carbon nanotube to form a nano-
ribbon. (b) AFM image of partly stacked multiple short fragments of
nanoribbons. The height data (inset) indicates the ribbons are generally
single layer. The two small images on the right show some other charac-
teristic nanoribbons. (c) SEM image of a multi-terminal device based on
multilayer (∼10 nm thick) stacked GNRs with platinum electrodes. Inset:
larger image of similar device.32

Nanoscale Review
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the prepared GNM can open the graphene bandgap and
increase its specific surface area (SSA) and transparency. Up to
now, several methods have been developed to fabricate high
quality GNM, such as block copolymer lithography, self-
assembled monolayers of colloidal microspheres, photo-
catalytic pattern, and so on. Next, these novel strategies for the
fabrication of GNM will be introduced in detail.

3.1.1 Block copolymer lithography. Block copolymer litho-
graphy is a novel method for the fabrication of GNM, as shown
in Fig. 3. Mechanically peeled graphene flake was used as the
starting material, although the approach described here can
be readily extended to graphene films obtained through
chemical exfoliation or CVD growth. A 10 nm thick silicon
oxide (SiOx) film was first evaporated onto graphene film as
the protecting layer and grafting substrate for the subsequent
block copolymer nanopattern. The poly(styreneblock-methyl
methacrylate) (P(S-b-MMA)) block copolymer thin film pat-
terned in cylindrical domains on the surface as etching tem-
plate and a CHF3-based reactive-ion etch (RIE) process
followed by oxygen plasma etch was used to punch holes into
the graphene layer. Following hydrofluoric acid (HF) dip to
remove the oxide mask, GNM was obtained, and the free-
standing GNM could be lifted off the substrate by etching away
the underlying silicon oxide.

To fabricate high quality GNM, top-down lithography com-
bined with block-copolymer spheres have been adopted, but
this technique usually suffers from complicated steps, extre-
mely high costs, and contaminations arising from the direct
contact mask. For example, block copolymer has a hydro-
phobic block and a hydrophilic block. The amphiphilic block
copolymer molecule could form micelles with a hydrophilic
core and a hydrophobic corona in media of low polarity, while
aggregates with the opposite composition are exhibited in sol-
vents of high polarity. The BCP can generate ordered structure
for etch mask by self-assembly.51 In this sense, it is expected
directly formed GNM can retain its inherent graphene nature.

3.1.2 Nanoparticles local catalytic hydrogenation. The
local catalytic approach is another commonly used method to
produce GNM, and the process is schematically shown in
Fig. 4a. First, the graphene flakes produced by the mechanical
cleaving of natural graphite were transferred on SiO2/Si sub-
strate and annealed at 400 °C in a forming gas (5% hydrogen,
95% ultrahigh purity argon gas) for 5 h to remove absorbents
and contamination. Then, a thin Cu film was deposited onto
the graphene surface by thermal evaporation in high vacuum.
Through controlling the thickness of Cu film and the anneal-
ing temperature, various sizes and densities of Cu nanoparti-
cles (NPs) could be formed on the surface of graphene. In the
annealing process, with Cu NPs as the catalyst, the graphene
under and around the Cu NPs would be dissociated into the
Cu NPs and reacted with H2 to form methane through local
catalytic hydrogenation of carbon, and leaving plenty of hole
rims around the Cu NPs. After the Cu NPs were removed by
Marble’s reagent, the graphene regions between the Cu NPs
could be reserved and the graphene nanomesh formed.
Fig. 4b, c, and d show the SEM images of Cu NPs on the single
layer graphene (SLG) by deposition and annealed Cu film with
1, 2, and 4 nm in thickness, respectively. It can be seen that
Cu NPs distribute on the surface of SLG uniformly. With the
increase of thickness of Cu film from 1 nm to 2 or 4 nm, the
average diameter of Cu NPs increased, while the average
density of Cu NPs decreased. This result indicates that the size
and density of Cu NPs could be easily controlled by the thick-
ness of Cu film. Fig. 4e, f, and g are the SEM images of the
resulted graphene nanomesh after the Cu NPs were removed,
corresponding to Fig. 4b, c, and d, respectively.64

3.1.3 Nanosphere lithography. Nanosphere lithography, or
so-called colloidal lithography, is a low-cost and relatively
high-throughout technology for patterning nanostructures

Fig. 3 Schematic of the fabrication of graphene nanomesh.47

Fig. 4 (a) Schematic diagram for the fabrication of GNM through the
local catalytic hydrogenation of carbon in high temperature. (b), (c), and
(d) are the SEM images of Cu NPs deposited on single layer graphene
with 1, 2, and 4 nm thickness, respectively. (e), (f ), and (g) are the SEM
images of GNM corresponding to (b), (c), and (d) after the Cu NPs were
removed. The scale bar is 200 nm.64
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without the need for expensive equipment. The key step in
nanosphere lithography for producing GNM using colloidal
microspheres is by making a periodic porous mask for etching
graphene. The fabrication steps for making uniform-sized
GNM are presented in detail in Fig. 5. It can be found that this
approach is versatile, as different combinations of the mask
materials and etching procedures, as well as different colloidal
spheres and different approaches for their assembly and
removal, can be used. The colloidal spheres were deposited on
the substrates by convective self-assembly and removed by
ultrasonication in a water bath. The procedure can also be
easily adjusted for using other monodisperse spheres, such as
polystyrene beads.53 As shown in Fig. 5g, Raman spectra of the
unpatterned areas indicated the synthesized graphene films
were mostly monolayers with a less than 1 : 2 G-to-2D intensity
ratio, and a symmetrical 2D band was centered at 2690 cm−1

with a full width at half-maximum of 35 cm−1. At different
areas of the unpatterned graphene, only a tiny D band was
observed or not at all, and no D′ band was present. On the con-
trary, in the patterned areas, both D and D′ bands were clearly
observed due to a high percentage of edge atoms in GNM. In
GNM with neck width <20 nm, the intensity of the D band was
comparable to or higher than that of G band. Fig. 5h shows an
SEM image of the GNM obtained by masking etch graphene
using 110 nm silica particles. This image demonstrates that
narrow (width <20 nm) necks in the GNM are attainable using
the described procedure.

Recently, Wang and co-workers have also fabricated GNM
on a patterned Cu foil using this technique. The resulting
GNM had significantly smoother edges than that of post-
growth etched GNM. More importantly, the transistors based
on as-grown GNM with neck width of 65–75 nm had a mobility

nearly 3-fold higher than those derived from etched GNM with
similar neck widths.50

3.1.4 Nanoimprint lithography. Nanoimprint lithography
is a simple method of fabricating nanometer scale patterns
with low cost, high resolution and high throughput. As sche-
matically illustrated in Fig. 6, a graphene nanomesh can be
regarded as a quasi-periodic network of multiple GNRs. First,
microscopic or larger graphene features are deposited onto a
substrate using electrostatic printing of graphene (Fig. 6a),
which can incorporate graphene features over large areas and
obtain a high yield of monolayers and bilayers. Other methods
such as mechanical exfoliation/printing and CVD can also be
used here for different purposes. Next, a polymeric resist layer
is spin-coated on the top of graphene films (Fig. 6b), and an
imprint template bearing hexagonal pillars is used to imprint
the hexagonal mesh pattern into the resist layer (Fig. 6c and
Fig. 6d). After the imprint process, O2-based reactive ion
etching (RIE) is performed to etch away the underlying gra-
phene and get the nanomesh structures (Fig. 6e). Finally, the
resist is removed in a solution, and GNM is formed (Fig. 6f).
Such fabrication route is completely based on low-cost, high-
throughput lithographic technologies and provides an efficient
way to produce ordered graphene nanostructures over large
areas.65

It is clear that block copolymer lithography, nanoparticles
local catalytic hydrogenation, nanosphere lithography, and
nanoimprint lithography have different sets of advantages for
the fabrication of GNMs and the resulted GNMs have various
surface morphologies and electronic performance.

3.1.5 Other methods. Apart from the formerly mentioned
GNM fabrication process using lithography technique, there
also are some other methods for making GNM. For example,
Zhang’s group reported idea proof-of-concept using anodic
aluminum oxide (AAO) membrane as etching mask to syn-
thesize large area GNM with the help of O2 plasma etching.4

As schematically illustrated in Fig. 7, when the thickness of

Fig. 6 Schematic fabrication process of GNM by nanoimprint
lithography.65

Fig. 5 (a–f ) Scheme for the fabrication of GNM. (g) Typical Raman
spectra of the unpatterned and patterned graphene areas on the same
substrate. (h) SEM image of GNM patterned using 110 nm-sized silica
particles.53
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poly(methyl methacrylate) (PMMA) was about 8 nm and
etching time about 30–60 s, the porous size of resulted GNM
was of uniform distribution. When 8 nm-thick PMMA was
used as the adhesion layer and O2 plasma etching was
performed for 30 s, GNM with pore size of ca. 67 nm and neck
width of ca. 33 nm was produced (Fig. 7g). Fig. 7h presents the
drain current (Id) versus drain–source voltage (Vd) curves of
GNM-based FETs at different gate voltages. Similarly, Park and
co-workers fabricated GNM on substrate directly via chemical
vapor deposition using Au nano-network as the metal
catalyst.20

However, the presence of PMMA directly contacted on the
surface of graphene film complicates the fabrication process
in terms of thickness control and the duration of O2 plasma
treatment. Also, the intrinsically isotropic nature of O2 plasma
etching and the relatively long pathway of the oxygen penetrat-
ing into the walls of the AAO make it difficult to achieve the
desired pattern during etching.

Recently, Fan et al. reported an easy method for the syn-
thesis of porous graphene nanosheets (PGNs) with MnO2

etching the graphene sheets. Moreover, they achieved excellent
electrochemical properties in high performance supercapaci-
tors. This approach also offers potentials for cost-effective,
environmentally friendly and large-scale production of PGNs
(Fig. 8).66,67

Akhavan reported a method to prepare GNM by UV-assisted
photodegradation using aligned ZnO nanorods as photo-
catalyst, where the tips of ZnO nanorods were brought into
contact with the graphene oxide (GO) sheets and achieved
controlled photodegradation of GO. In this work, GNM with a
pore size of ca. 200 nm was produced. Park’s group also
reported a method where the graphene meshes were syn-
thesized by CVD on a metal-catalyst layer covered with a self-
assembled silica spheres monolayer.68 In addition, reduced
GO nanomesh (rGONM) has also been reported.69 However,
there are still significant challenges for the easy preparation of
GNM. So far, GNM is mainly prepared by plasma oxidation of
graphene, CVD, or UV-assisted photodegradation of GO sheets

with photocatalyst. All the aforementioned approaches have
drawbacks, i.e., suffer from low throughput, complexity, high
cost, and so on.

3.2 Potential applications of GNM

As mentioned earlier, GNM with opened bandgap and large
area is suitable for the fabrication of high performance FETs.
Now, most theoretical works on GNM have focused on their
electronic70–75 and mechanical properties.55,76 In the graphene
honeycomb lattice of carbon atoms, the charge transport can
be well described by a simple nearest-neighbor tight binding
model. Recently, Hung Nguyen et al. proposed a model and
calculation, which could be used to investigate the exact
characteristics of the GNM devices.77 Also, the operation and
electronic performance of GNM-based transistors were investi-
gated systematically.78 The results indicated that GNM had a
greater bandgap because of its more ordered structure, and
compared with GNRs, GNM was more suitable for logic appli-
cations. More importantly, the GNM-based devices have higher
on–off ratio and higher field transport. Potential applications

Fig. 7 (a–f ) Schematic illustration of GNM fabrication process. (g) SEM image of large-area GNM with pore size of ca. 67 nm and neck width of ca.
33 nm. (h) Id–Vd plot of GNM-based FET.4

Fig. 8 (a) Illustration of the formation of porous graphene sheet;
(b) TEM image of PGNs; (c) cycle stability of the PGN electrode at
100 mV s−1 up to 5000 cycles.67
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for GNM include chemical sensing, supercapacitors, DNA
sequencing, photothermal therapy, and a new generation of
spintronics, among others.79–81

3.2.1 Applications in FETs. Owing to the opened bandgap,
GNM is suitable for the fabrication of high performance field-
effect transistors. In principle, the driving current and on–off
ratio of GNM-based transistors are determined by the density
and width of the interconnections. The density control was
achieved by varying the periodicity of initial polymer mask
with polymers precursors of different molecular weight, and
the width was controlled by both polymer mask and etching
condition. Similar to GNRs device, the GNM-based FET pre-
sents typically p-type transistor behavior. But GNM FETs can
deliver high current, nearly 100 times greater than individual
GNRs devices owing to the large number of conducting
channels, and with a comparable on–off ratio that is tunable
by varying the neck widths, as shown in Fig. 9. The highest
on–off ratio of 100 could be achieved with an average neck
width of around 7.0 nm. It should be noted that the require-
ment to achieve a similar on–off ratio in a bigger GNM device
is much more stringent than that in a smaller single GNR
device, as each conducting channel needs to be small enough
to afford a large on–off ratio. For the first order approximation,
GNM can be regarded as a conductive network of multiple
GNRs. Therefore, it is expected that the bandgap of GNM is
inversely proportional with the average ribbon width (i.e.,
Eg∼α/w, and α is a coefficient with the unit, nm eV). Further-
more, the on–off ratio of FET is exponentially proportional
with the bandgap (i.e., Ion/Ioff × exp (Eg/kT ), where k is Boltz-
mann constant and T is the absolute temperature). So the
Ion/Ioff value of GNM based FETs on a log scale is expected to be
inversely proportional with the average ribbon width, as
expressed in eqn (1), where C is a dimensionless constant. To
verify this dependence, Fig. 9d shows a semilog plot of the

measured Ion/Ioff data (squares) versus the inverse of the GNM
ribbon-width (1/w).

Ion=Ioff / eα=kBTðl=wÞ ¼ Ceα=kBTðl=wÞ ð1Þ

A more detailed analysis of the bandgap and conduction
subbands of GNMs requires a more precise calculation based
on a tight-binding model subject to a specific feature edge
(zigzag, armchair, or disordered). Such a calculation model is
also needed for precisely evaluating the carrier mobility of
GNM and other graphene nanostructures. In this work, the
carrier mobility of the graphene nanostructures produced by
electrostatic printing followed with plasma etching was esti-
mated to be ∼1000 cm2 (V s)−1 for holes and ∼200 cm2 (V s)−1

for electrons.82

It is important to compare the performance of GNM FETs
with those of bulk graphene or GNRs. The on-state conducti-
vity of the nanomesh is approximately 1–2 orders of magni-
tude lower than that of bulk graphene. The reduced
conductance comes from the limited current pathway and the
introduction of large quantity of edge defects. The unique
structural and electronic characteristics of GNM may also open
exciting opportunities in highly sensitive biosensors and new
generation of spintronics.83 In other words, compared with
GNRs-based FETs or bulk graphene device, GNM-based FETs
have the following advantages: (1) GNM FETs can deliver
current nearly 100 times greater than individual GNR devices;
(2) on–off ratio can be tunable by varying the neck widths; (3)
the on-state conductivity of the nanomesh is approximately
1–2 orders of magnitude lower.

3.2.2 GNM FETs based gas sensors. Besides high elec-
tronic performance of transistors, GNM based FETs are very
attractive in the sensing field due to their well-defined struc-
ture, ease of mass production in high-density array, large
contact area, and inherent capability of signal amplification.

As air pollution is becoming more and more serious, the
detection standards for gas sensitive devices become more
stringent. A lot of materials have been developed to fabricate
the sensors, like TiO2 nanoparticles,84 tungsten oxide nano-
wires/porous silicon composite,85 ZnO nanowires,86 and so on.
Due to its special properties, GNM becomes an ideal material
for developing small and compact high performance gas
sensors which are cheap and consume little power. For
example, Paul’s group used CH4 and ethanol grown GNM
films respectively to develop two kinds of FETs, which could
be used for gas detection with high sensitivity.87 In this experi-
ment, GNM FETs were fabricated with Ti (20 nm)/Au (180 nm)
as source and drain electrodes. As illustrated in Fig. 10a,
gEtOH nanomesh sensor exhibited the best response than a
gCH4 nanomesh sensor, whereas there was no response from
their film counterparts. Fig. 10b shows the detection perform-
ance of GNM FET sensors to NO2. The responses over the
tested range of 1–10 ppm NO2 was in the following order:
gEtOH nanomesh >gCH4 nanomesh > gEtOH film > gCH4

film. Further, the response time, defined as the time required
to reach a 90% of the maximum resistance change, for GNM

Fig. 9 Electrical properties of GNM based FET. (a) Schematic of
GNM-FET. (b) Drain current (Id) versus drain–source voltage (Vd) curves
at different gate voltage for GNM FET with channel width ∼2 mm and
channel length ∼1 mm. (c) Transfer characteristics at Vd = −100 mV for
GNM FETs with different neck widths.47 (d) Semilog plot of experi-
mentally measured Ion/Ioff data (squares) as a function of the inverse of
GNM ribbon-width (1/w).65
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sensors at 1 ppm NO2 in dry air was approximately 7 min and
decreased to 5 min at 10 ppm.

Recently, Johnson and co-workers found that single-
stranded DNA functionalized GNM devices presented high
sensitivity, selectivity and reproducibility for gas detection.88

Here, DNA was bonded onto the surface of GNM via π–π stack-
ing interactions between DNA bases and bulk graphene and
possibly via electrostatic/hydrogen bonding interactions
between the primary amines of the bases and oxygen-contain-
ing groups at the edges of GNM.89 Longer etching time caused
the electrical resistance to increase from several kilo-ohms to
the mega-ohm range (Fig. 10c, inset), consistent with the
expected decrease in the width of graphene channels and
increased carrier scattering from edge defects. Fig. 10d pre-
sents the dynamic responses to increasing concentrations of
dimethyl methylphosphonate (DMMP) for FETs based on as-
fabricated graphene, GNM, DNA-GNM based on oligomer
Seq1, and DNA-GNM based on Seq2. It was observed that as-
fabricated graphene devices responded to DMMP at the tested
concentrations 50–300 ppm and that the response was essen-

tially saturated at 50 ppm. The GNM response to DMMP was
roughly the same as that of CVD graphene for concentrations
below 100 ppm (∼−2%), but the magnitude of the response
increased to ∼−8% at 300 ppm. After DNA functionalization,
GNM devices showed a sequence-dependent response that
reflected the differences in the attraction between DMMP and
the two DNA sequences. DNA-GNM devices based on Seq1
showed a smaller vapor response magnitude than unfunctio-
nalized GNM, which was attributed to the suppression of
DMMP binding at the GNM edge due to the presence of DNA,
while DNA in the bulk region did not provide sufficient affinity
for DMMP binding to compensate for the response. In con-
trast, the responses to DMMP of DNA-GNM devices based on
Seq2 were enhanced at all concentrations tested, indicating
high affinity between this oligomer and DMMP. Table 2 shows
a set of responses for different sorts of devices tested against
selected analytes.

It can be seen that DNA functionalization leads to a signifi-
cant, sequence-dependent increase in the response to all con-
centrations vapor tests. These attributes make DNA-GNM
sensors potentially useful for the detection and classification
of vapors consisting of different kinds of compounds over a
wide range of concentrations and chemical families. The
sequence-dependent behavior in the vapor response data may
reflect more complex mechanisms beyond simple electrostatic
interactions.90–92 In addition, the excellent thermal properties
of graphene will permit the application of the GNM FETs for
high temperature gas sensing. Moreover, operating at higher
temperature will improve the sensor response, recovery times
and selectivity compared to room temperature operation.93 It
is believed that GNM FETs could potentially be functionalized
by other chemical groups and biomaterials for targeted
sensing and electronic nose-type applications in either gas or
vapor environments.

3.2.3 GNM based FETs biosensors. Owing to the high elec-
tron transfer rate, high quenching efficiency, ultra-large planar
structure, large surface area, excellent carrier mobility, and
good mechanical properties, graphene based FETs have proved
to be promising in bio/chemo sensing,94 such as DNA,95–100

protein,101–107 glucose108–110 and certain kinds of bacteria,111

and others.112 The first graphene FET based electrical biosen-
sors were demonstrated by Mohanty et al.,113 who made gra-
phene field-effect transistors from chemically modified
graphene, such as reduced graphene oxides or graphene
amines. The probe DNAs were anchored onto the surface of
graphene, after that complementary DNAs with fluorescent

Table 2 Vapor response for various type devices and analytes88

Analyte VOC
Est. conc.
(ppm) Graphene (%) GNM (%) GNM-seq1 (%) GNM-seq2 (%)

DMMP 200 −1.36 ± 0.2 −3.8 ± 0.3 −3.5 ± 0.3 −5.8 ± 0.5
Dinitrotoluene 90 −0.6 ± 0.1 −2.7 ± 0.4 −1.6 ± 0.2 −7.1 ± 0.3
Propionic acid 105 <0.1 <0.1 0.7 ± 0.1 1.3 ± 0.1
Hexanoic acid 8 <0.1 0.5 ± 0.2 0.8 ± 0.1 0.6 ± 0.1
Nonanal 11 −0.2 ± 0.1 −1.3 ± 0.2 −0.3 ± 0.1 −2.7 ± 0.2
Decanal 13 −0.7 ± 0.1 −0.8 ± 0.2 −0.2 ± 0.1 −2.2 ± 0.3

Fig. 10 (a) Current responses of FETs fabricated by gCH4 and gEtOH
grown GNM and their continuous film counterparts to 1 ppm NO2 in dry
air. (b) Dynamic responses of FETs fabricated by gCH4 and gEtOH grown
GNM and their continuous film counterparts exposed to various con-
centrations of NO2 in dry air.77 (c) Current-gate voltage characteristics
of different samples with 100 mV source-drain voltage (Vsd). Inset: I–Vsd

curves of GNM and graphene FETs at zero gate voltage. (d) Responses of
devices based on graphene, GNM, DNA-GNM based on Seq1, and
DNA-GNM based on Seq2 to DMMP.88
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activity would hybridize with probe DNAs. The hybridization
process would affect the current and the electrical field. By the
change of the response current, the target DNAs strand could
be investigated easily. The result could be confirmed by the
fluorescence. Subsequently, Ohno et al. demonstrated a label-
free immunosensing based on an aptamer-modified graphene
FETs (Fig. 11a). Immunoglobulin E aptamers with an approxi-
mate height of 3 nm were successfully immobilized on gra-
phene surface, as confirmed by atomic force microscopy. The
aptamer-modified graphene FETs showed a selective electrical
detection of immunoglobulin E protein. From the dependence
of the drain current variation on the immunoglobulin E con-
centration, the dissociation constant was estimated to be
47 nM, indicating good affinity (Fig. 11b).114

Although, a large number of reports based graphene FETs
biosensing have been published, there are almost no reports on
GNM FETs for biosensors. Compared with GNRs-based FETs or
bulk graphene device, GNM FETs have better performance
owing to their high current delivery, high on/off ratio, large
edge ratio, and so on. It is believed that GNM can be used to
fabricate high performance biosensors in the near future.

3.2.4 Energy storage. Energy and environment are two
important considerations in the sustainable development of

civilization. The consumption of conventional fossil fuels
could be reduced by the use of clean and renewable energies
derived from the sun and wind. New materials which can effec-
tively convert and store renewable energies are the key to clean
technology. The 2D nanostructures, GNM, have shown some
promises in energy storage and conversion. For example, Ning
and co-workers used porous MgO layers as templates to syn-
thesize GNM by CVD.115 The fabrication process, the porous
structure, and application of GNM in gas storage are shown
in Fig. 12.116 It indicates that high capacity methane storage
(236v(STP)/v) and high selectivity to carbon dioxide adsorption
were obtained in the resulting GNM with a high specific
surface area (SSA) and a SSA-lossless high bulk density in
carbon nanomaterials. Afterwards, Co3O4–PGN composite
layers were synthesized using GNM as template, which pos-
sessed an ultra-high capacity (1543 mA h g−1 at 150 mA g−1),
excellent rate capability (1075 mA h g−1 at 1000 mA g−1) and
good cycling stability.117 In addition, the assembled asym-
metric supercapacitor using GNM as a negative electrode and
Ni(OH)2–graphene hybrid material as a positive electrode
showed great electrochemical performance.118 Moreover, the
nanomeshed structure of GNM could serve as nanoscale
vessels to load a huge family of compounds for the synthesis
of GNM based composites for the application of high perform-
ance Li-ion battery electrode.119,120 Using ordered structure of
GNM, Ren’s group was inspired to fabricate highly stretchable
and transparent Au nanomesh electrodes that could be
applied in foldable photoelectronics and muscle-like trans-
ducers.121 Recently, Qu’s group successfully assembled the gra-
phene nanomeshes into the structure-hierarchical foams
(GMFs) for the first time, in which the macroporous graphene
network was composed of graphene sheets with in-plane nano-
pores. The N- and S-codoped GMF electrode exhibited excellent
electrocatalytic activities for oxygen reduction reaction, which
is one of the best among all the graphene-based oxygen
reduction catalysts reported previously.122 These effects indi-

Fig. 11 (a) Schematic illustration of aptamer-modified graphene FETs.
(b) Time course of Id for an aptamer-modified graphene FET. At 10 min
intervals, various concentrations of IgE were injected.114

Fig. 12 (a) Illustration of the formation of porous structured nanomesh graphene (NMG). (b) Excess gas uptake of NMG samples. (c) Total volu-
metric gas uptake of NMG samples.116
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cated a bandgap might be opened up due to the potential
difference induced by the vertical electrical field. This tunable
bandgap was confirmed by optical measurement reported by
Wang and coworkers in which tunable absorption peak was
observed under variable external electric field.123

According to the literature, it can be found that GNMs has
excellent electronic properties and high performance in FETs
compared to GNRs. It is believed that not only can GNM be
applied in traditional electronic device configurations, such as
field-effect devices,124 it also provide a platform at a manage-
able scale for various applications, such as energy storage,
environmental remediation, biosensors, catalysis, composite
materials, and so on.125–129 However, besides the cost and the
complicated step in obtaining GNM, GNM also has some other
problems. For example, the low density of nanoholes and the
large distance between the adjoining holes failed to open up
the bandgap of graphene for FET operation. Although solution
oxidation methods have been recently reported, they could not
assemble GNM into multidimensional architectures.130,131

Thus, potential application fields and fabrication methods for
GNM still need to be explored (Fig. 12).

3.2.5 Other potential applications. Recently, graphene
based nanoplates attract more and more attention in imaging,
targeting and therapy of tumors applications because of its
outstanding physicochemical properties. It possesses strong
absorption in near-infrared (NIR) and selective uptake in
tumors.132–134 Photothermal therapy is a hyperthermia thera-
peutic method that usually employs light absorbing agents to
kill cancer cells under laser irradiation by heating with high
specificity and minimal invasiveness.135 A large variety of in-
organic nanomaterials, such as gold nanostructures,136 carbon
nanomaterials,137 palladium nanosheets,138 copper sulfide
nanoparticles,139 and tungsten oxide nanowires140 have been
widely explored. For example, Omid et al. proposed GNM to
be one of the most promising nanomaterials in both ultralow
graphene concentration and laser power photothermal
therapy.69 As shown in Fig. 13, the tumor selectively targeted
by rGONM-PEG-Cy7-RGD (reduced graphene oxide nanomesh
functionalized by polyethylene glycol (PEG), arginine–glycine–
aspartic acid (RGD)-based peptide, and cyanine 7) could be
eliminated entirely after ultralow power NIR photothermal
therapy. It also proves that GNM has potential applications
in ultraefficient cancer diagnosis and therapy with low side
effects.

4. Conclusions and outlook

In summary, GNM gives a potential pathway to realizing large
scale fabrication of semiconducting materials. Due to its
remarkable properties, GNM has become an active research
field for future electronic or other applications, such as highly
sensitive biosensors, catalysis, composite materials, and so on.
Although extensively investigated in laboratory, the fabrication
of high performance GNM devices still faces many challenges.
First, the quality and availability of “synthetic” graphene will
continue to be improved. Second, chemical modification of
graphene basal plane or its edges will substantially influence
graphene-based devices. The precise control the plane or
edges is of great concern. Third, the bandgap in GNM is con-
trolled by the same mechanisms proposed for GNRs, including
confinement, edge roughness induced localization and the
contribution of Coulomb charging. There are still many issues
to further research in a bid to obtain both smooth edges and
controlled narrow GNM, which can open a sizable and well-
defined bandgap. Fourth, the low density of nanoholes and
the large distance between the adjoining holes failed to open
up the bandgap of GNM. Additionally, preferential removal of
the GNM from the substrate is also vital. However, with the
improvement of synthetic routes, the prospect of replacing tradi-
tional materials with a low-cost carbon-based coating seems
feasible. It is believed that the performance of GNM based
devices can be further improved and the new material could
be applied in more fields including biosensors, energy storage
and photothermal treatment.
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