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Graphene possesses a
number of extraordinary
mechanical, electrical,
thermal, optical and
electronic properties, and
therefore, holds enormous
potential for profoundly transforming
the next generation technologies,
including computer chips, mobile
phones, internet, electronic gadgets,
flexible displays, solar cells,
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Research Purpose

Graphene is undoubtedly emerging
as the most promising nanomaterial
because of its unique combination of
superb properties, which opens a
way for its exploitation in a wide
spectrum of applications. However, it
has to overcome a number of
obstacles before we can realize its
full potential for practical
applications. One of the greatest
challenges being faced today in
commercializing graphene is how
to produce high quality
material, on a large scale at
low cost, and in a
reproducible manner.
The quality of graphene
plays a crucial role as
the presence of
defects, impurities,
grain boundaries,
multiple domains,
structural disorders,
wrinkles in the
graphene sheet
can have an
adverse effect on
its electronic and
optical properties. In
electronic applications,
the major bottleneck is
the requirement of large
size samples, which is
possible only in the case of
CVD process, but it is difficult
to produce high quality and
single crystalline graphene thin
films possessing very high electrical
and thermal conductivities along
with excellent optical transparency.
,C
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is projected to grow to $67 million in
2015 and $675.1 by 2020 at a
Compound Average Annual Growth
Rate (CAGR) of 58.7% within a
period of 5 years. Another report
entitled "world market for graphene
to 2017" by the future markets, Inc.
2011 estimates that the production
volume of graphene in 2010 was 28
tonnes and is projected to grow to
573 Tonnes-2017.
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Graphene, the youngest member of
the nanocarbon family, is a single
layer of sp2- bonded carbon atoms
arranged in a honeycomb shaped,
hexagonal lattice. In 2010, Andre
Geim and Konstantin Novoselov won
the Nobel Prize in Physics for their
groundbreaking research on
isolating graphene from
graphite that comes from
the lead of a humble
pencil. The discovery of
graphene created a
tidal wave of interest
in this “Wonder
Material” of the 21st
Century. The epoch
making successive
discoveries of
fullerene, carbon
nanotube, and now
graphene
epitomizes the
dawn of a new era
of carbon.

structural composites and so on and
so forth. Its fascinating attributes
have triggered an avalanche of
research publications and patent
filings. The industry, private investors
and governments, are providing
substantial funding in graphene
research and innovation, which will
help in accelerating the pace of its
commercialization. USA, European
countries, Korea, Japan and other
Asian countries are investing a large
amount of financial capital. It is
expected that the market for
graphene would grow by leaps and
bounds in the coming decade.
According to the latest report
“Graphene: Technologies,
Applications and Markets” released
by BCC the global graphene market
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Challenges and
Opportunities
for the Mass
Production of High
Quality Graphene:
An Analysis of
Worldwide Patents

Epitaxial Growth on SiC
Thin films (>50 μm)

Fig. 1 A shematic showing the conventional
methods commonly used for the synthesis
of graphene along with their key features, the
current and future applications
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Another issue of concern in the
synthesis of graphene by
conventional methods involves the
use of toxic chemicals and these
methods usually result in the
generation hazardous waste and
poisonous gases. Therefore, there is
a need to develop green methods to
produce graphene by following
environmentally friendly approaches.
The preparation methods for
graphene should also allow for
in-situ fabrication and integration of
graphene-based devices with
complex architecture that would
enable eliminating the multi step and
laborious fabrication methods at a
lower production cost.
The major hurdle in manufacturing
graphene on an industrial scale is
the process complexity and the
associated high cost of its
production, which results in
expensive product. For example,
currently, the selling prices of 50x50
monolayer graphene thin films by
Graphene Square are $263 and
$819 on Cu foil and PET thin film,
respectively. Graphene nanoplatelets
(5-8 nm thick) manufactured by XG
Sciences is sold at about $219-229/
kg. The high cost of graphene is one
of the major obstacles to its
widespread adoption for commercial
applications.
In the present article, an attempt has
been made to carry out an extensive

survey and analysis of global patents
pertaining to the various processes
of graphene synthesis. The article
initially summarizes the current
status of the conventional
approaches for the synthesis of
graphene based on the survey of
literature. There are several good
reviews available on the subject (1-7)
and the interested readers may like
to refer to the same for obtaining
further details. The article particularly
focuses on large-scale production
methods for making high quality
graphene.
Currently, the most common
techniques available for the
production of graphene are shown
schematically in Fig. 1, which
includes micromechanical cleavage,
chemical vapour deposition, epitaxial
growth on SiC substrates, chemical
reduction of exfoliated graphene
oxide, liquid phase exfoliation of
graphite and unzipping of carbon
nanotubes. However, each of the
above methods can have its own
advantages as well as limitations
depending on its target
application(s) as depicted in Fig. 1.
In order to surmount these barriers in
commercializing graphene,
concerted efforts are being made by
researchers at various R&D
institutes, universities and
companies from all over the globe to
develop new methods for large scale

production of low-cost and high
quality graphene via simple and
eco-friendly approaches.

Patent analysis
The present study has been
conducted to provide an overview of
the current patent landscape of the
graphene production methods with a
view to assess the future directions
for an early commercialization of
graphene technology.
A comprehensive patent search was
carried out with different synonyms
of graphene in combination with a
variety of synthesis techniques
coupled with appropriate truncations
and proximities. The search strings
as shown in Table 1 were used for
carrying out the patent search in the
present case. The search was based
on Thomson Innovation database8,
and it resulted in 1520 retrieved
patents. Among these, only 241
patents were found to be relevant to
the subject matter, and hence only
these were considered for in-depth
analysis.

Growth in Patents
Fig. 2 shows the historical worldwide
patent priority filing trend in the area
of graphene synthesis. As can be
noted, the first patent (US6824086
B1) on the exfoliation process for the
preparation of graphene was filed in

Table 1- The search string used for carrying out the patent analysis for the graphene synthesis techniques
Name of
Area of search
search

Keywords

Time line

(INPADOC
Families)

String-1

Claims title and method, manufacturing, making, preparation, process,
abstract
synthesis

2000- 2011 29518

String-2

Claims title and graphene, grafenol, graphén, graphene, graphitic platelets,
abstract
graphitic ribbon, graphitic flakes, graphitic sheet

2000-2011

String-3

Full text

Final

scotch-tape, scotch tape, electrochemical intercalation
2000-2011
electrochemical synthesis, electrochemical deposition,
graphite exfoliation,chemical vapour deposition, CVD,
mechanical exfoliation, mechanical milling, mechanical
shearing, mechanical cleavage, self assembling, chemical
reduction, micromechanical cleavage, arc discharge, chemical
reduction, unzipping of carbon nanotubes, scission of carbon
nanotubes, graphite oxide reduction, vapour phase epitaxy,
silicon sublimation, epitaxial growth, MBE, physical vapor
deposition, PVD, molecular-beam epitaxy, pyrolysis, ion
implantation, chemical synthesis, electroplating deposition
String-1 and string-2 and string-3

2000-2011

3817
26236

1520
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100

country, which clearly shows that
USA is the world leader in this area.
The maximum numbers of patents
(135, 31.76%) have been filed from
the USA, followed by South Korea
(82 patents, 19.20%), China (44
patents, 10.35%), Japan (37 patents,
8.70%) and Europe (26 patents,
6.11%).
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Fig. 2: Annual growth of patents related to graphene synthesis

1999, and subsequently granted in
2001. It is quite evident from this
graph that the number of patent
filings remained relatively low all the
way up to 2006. From 2007 onwards,
there has been a steep rise in patent
application filings, which highlights
the increasing commercial potential
of graphene production
technologies. It is noticeable that the
curve shows a downward trend in
filings beyond 2009-2010 reflecting a

time lag (18 months) when patents
are published after filings.

Geographical Distribution of
Patents:
Fig. 3(a) is a world map showing
priority countrywise distribution of
patenting activity related to graphene
preparation methods. Analysis based
on priority countries is indicative of
the innovative capabilities of a

The bar chart given in Fig. 3(b)
indicates the number of patent
applications filed in various patent
issuing authorities. It may be noted
that the maximum number of patents
were filed through USPTO, which
clearly signifies the importance of
this technology for commercial
exploitation on a global scale, since
the USA is undoubtedly the largest
potential market for the advanced
technologies and products Further
examination of patents filed in
USPTO has revealed that,
particularly, Korea and Japan have
filed a large number of patents in
USPTO (i.e., Korea has filed 24
patents out of the total 68 while
Japan filed 10 patents out of the total
23, respectively). South Korea and
Japan, both the countries are

Finland (1)

Germany (1)
Netherlands (1)

Poland (1)
Slovak Republic (1)

Great Britain (2)
France (4)
United States of
America (102)

China (31)

Japan (23)
Republic of Korea (68)

Maxico (1)

India (1)
Singapore (2)

Australia (2)

Fig. 3 (a) Priority countrywise distribution of patenting activity related to graphene preparation methods
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In view of the major intellectual
property (I.P) contributions made by
the academic/research institutes to
the field of graphene synthesis, it
would be pertinent to take a closer
look at their role in this activity.
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Fig. 3 (b).Geographical distribution of patent applications related to graphene synthesis filed
in various patent issuing authorities

investing millions of dollars for near
term applications and
commercialization of graphene.
Many big players like Samsung
Group, Hitachi, Fujitsu, Nippon
Telegraph Co., Sony Corp., ULVAC
Corp., are heavily involved in
developing graphene based
electronic devices. Moreover, South
Korea. is committed to invest about
$ 200-300 million for graphene
commercialization9. In view of the
above facts, and USA being the
largest economy and the biggest
market in the world it is quite obvious
that both these countries would
naturally be interested in protecting
their IP rights in the US, and thereby,
could exploit this potential market.

R&D activity in the rapidly emerging
area of graphene synthesis. As
shown in the bar chart of Fig. 4, the
analysis reveals that academic/
research institutes from all over the
globe are doing a significant amount
of research and hold the lion’s share
of patents (120 patents), i.e. about
50% of the total patents filed
worldwide. The second category
among the assignees leading the
patenting activity is independent
inventors (30 patents), out of which,
Jang Bor Z from Wright State
University has filed 25 patents. Fig. 4
also shows that Samsung Group is
the world leader with 16 patents to
its credit followed by a number of
companies, including Guardian
Industries Corp., Hitachi Ltd.,
Nanotek Instruments, Hewlett
Packard Development Co., L.P.,
Fujitsu Ltd., IBM Corp etc.

Assignee Analysis

Assignees

Efforts have been made to identify
the key players actively pursuing
Academic/Research Institute
Samsung Group
Research Collaborations
Guardian Industries Corp
Hitachi Ltd
Nanotek Instruments Inc
Hewlett-Packard Development Company L.P
Fujitsu Ltd
International Business Machines Corp
Northrop Grumman Systems Corporation
Mitsubishi Gas Chemical Company
GM Global Technology Operations Inc
Vorbeck Materials Corp
Independent Inventors
Others

120
16
14
5
4
4
3
3
3
2
2
2
2
30
31
0

20

40

60

80

Number of patents
Fig. 4: Assignee-wise segmentation of patents related to graphene synthesis

100

120

The number of patents owned by the
top ten academic/research institutes
is given in the bar chart of Fig. 5, and
it is evident that Seoul National
University followed by
Sunngkyunkwan University (SKKU),
both from South Korea are the most
active assignees with 7 and 5
patents to their credit, respectively.
Other active assignees are University
of Texas (5 patents), Rice University
(4 patents) and University of
California (4 patents) all from USA.
Other major players in this category
are Chinese Academy of SciencesInstitute of Chemistry, China, Korea
Advanced Institute of Science and
Technology (KAIST), Korea, US
Department of Energy, USA,
Chonnam National University and
Kyung Hee University, Korea. It is
noteworthy that among the top ten,
six universities belong to South
Korea alone.

Industry- Institute Collaboration
Although graphene is still in an
embryonic stage, it is anticipated to
have vast potential for future
generations of electronic devices,
advanced batteries, supercapacitors,
multifunctional composites and so
on. In view of the commercial
importance of graphene, a number
of universities/institutes are
collaborating with industry,
particularly from South Korea and
USA. The multinational companies
are funding the university research
through industrial sponsorship.
These industry-university
collaborations would help in
translating the promising research
results into marketable products.
Samsung Electronics Corp., a
multinational player from South
Korea is taking a major lead in
collaborating with a few academic
institutions, including Sungkyunkwan
University (SKKU), Hanyang
University and Leyland Stanford Jr.
University, USA.

9
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Fig. 5: Number of patents related to graphene
synthesis for the top 10 academic/research institutes

The most successful example of
these collaborative efforts is the
prototype development of a flexible
large size (63cm) transparent touch
screen made with graphene. This
development is the outcome of joint
efforts between Samsung and SKKU
and represents a major milestone in
commercialization of graphene for
electronics application. The striking
feature of this technology is an
innovative manufacturing approach
involving growth of graphene film by
Chemical Vapor Deposition (CVD)
technique on a large size copper foil
followed by a novel method of
roll-to-roll transfer and chemical
doping to produce flexible
transparent electrodes suitable for
OLED display and solar cell
applications. The focus of the
cooperation between Samsung and
Hanyang University is also to
develop flexible transparent
electrodes via CVD process.
Samsung and Leyland Stanford Jr.
University are jointly working on the
development of graphene based
electronic devices such as Field
Effect Transistors (FETs) by using
Molecular Beam Epitaxy (MBE). It is
important to note that Samsung is
jointly holding the patent rights with
the above universities.
As discussed in the introduction,
there are a number of conventional
techniques available for the
preparation of graphene. The
ultimate choice of the technique
would depend on the property
requirements and the form of
graphene (i.e., whether it is

10

suitable approach. For the
applications such as electrodes for
batteries or supercapacitors, sensors
etc., moderate purity graphene
flakes would be the right candidate,
where methods like liquid phase
exfoliation of graphite or chemical
reduction of graphene oxide could
be used.

7

Seoul National University

3

Graphene Synthesis Methods
4
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6
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Number of patents

nanoplatelet or thin film or
nanoribbon etc.) suitable for the
targeted application. In general, CVD
and epitaxial growth are the
preferred methods for the
manufacturing of high-value
electronic and optoelectronic
devices, where large areas and high
quality thin films with high electrical
and thermal conductivities along with
excellent optical transparency are
the prime requirements. In the case
of low-end applications such as
fillers for plastics, conductive inks
and paints, the quality of graphene
may not be a major issue, but the
availability of large quantities of
material in the form of nanoplatelets/
flakes/powder at an affordable price
is an essential requirement. In such a
case, thermal decomposition of
intercalated graphite would be a

In view of the immense potential of
graphene for commercial and
strategic applications, scientists from
all over the world are intensively
pursuing research and development
activities to develop a variety of
techniques for its synthesis, as
evidenced by the large number of
scientific publications and patents
that have appeared in recent years.
Of course, the focus has been on
large-scale production of high quality
graphene at low cost. Currently,
innumerable techniques are
available for the preparation of
graphene. However, one can broadly
classify them into two main
categories, i.e. Bottom-up (e.g.,
CVD, epitaxial growth on SiC, arc
discharge, chemical synthesis etc.)
and Top-down (e.g., exfoliation
methods) processes.

Patenting Trends of Preparation
Methods
Synthesis of graphene has been
classified according to the
Molecular Beam Epitaxy, 1
Laser irradiation, 2
Pyrolysis, 3
Arc Discharge, 3
Lithography, 3

CVD, 92

Self assembly, 3
Electrically-assisted synthesis, 5
Ion implantation, 5
CNT unzipping, 6
Chemical synthesis, 7
Epitaxial growth, 17

Exfoliation methods, 94

Fig. 6: Segmentation of graphene synthesis methods
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The data was analysed and is
presented as a three-dimensional
graph in Fig. 7 for each of the top
patent assignees against the
synthesis methods. It is interesting to
note that most of the multinational
corporations such as Samsung
Group, IBM, Hitachi Ltd. etc. are
following the CVD approach to
develop high-end electronic or
optoelectronic products based on
high quality large area graphene thin
films. In contrast, the start-up
companies such as Nanotech
Instruments (Angstron Materials), XG
Sciences, Vorbeck Materials Corp.
are directing their efforts towards
developing processing routes like
exfoliation, chemical synthesis, etc.
for the large scale production of
graphene nanoplatelets used for lowend products, e.g., fillers for plastics,
battery and supercapacitor
electrodes, conductive inks and
coatings etc. Academic/research
institutes are focussing on
developing diverse approaches like
electrochemical exfoliation,
microwave-assisted synthesis, liquid
phase exfoliation, chemical
synthesis, CVD and so forth. Some
of the key players making significant

47
44

Ac

techniques employed by analysing
the filed, published and granted
patents. Based on this analysis (Fig.
6) it is quite evident that substantial
patenting activity is directed towards
the development of CVD (92 patents)
and exfoliation (94 patents)
techniques. Although it is not shown
in the pie chart of Fig. 6, it may be
noted that exfoliation methods
mainly include 1) mechanical
exfoliation of graphite, 2) liquid
phase exfoliation of graphite and 3)
chemical exfoliation of graphite
oxide. Other dominant techniques
are epitaxial growth on SiC
substrates (17 patents), chemical
synthesis (7 patents) and unzipping
of carbon nanotubes (6 patents). All
the above mentioned methods have
significant potential for scaled-up
production of graphene at an
affordable cost. The pie chart also
shows other emerging techniques
like ion implantation, electrochemical
deposition, arc discharge, self
assembly, laser irradiation etc.

Assignees

Fig. 7: Segmentation of patents related to synthesis methods and the assignees

contributions to this research field
are Seoul National University and
Korea Institute of Science and
Technology (CVD), University of
Ulsan, Chonnam National University
(Exfoliation technique); Beijing
Institute of Technology and Institute
of Physics, Chinese Academy of
Sciences (Epitaxial growth); National
Nanomaterials and University of
Idaho (Chemical synthesis); Stanford
Junior University and Rice University
(Unzipping of CNTs) and so on.

Innovative Approaches for the
Large Scale Production of High
Quality Graphene
As we have discussed earlier,
graphene offers numerous
opportunities for commercial
exploitation because of its limitless
potential for applications such as
ultra strong and tough composites,
touch screens, energy storage,
ultra- fast transistors and so on.
However, to realize its true potential
for real life applications one needs to
produce it in large quantities at an
affordable cost, and depending on
each application one has to tailor it
in a suitable form and required
quality. In order to meet these

challenges, all-out efforts are being
made by the worldwide scientific
community to develop innovative
approaches for the production of
graphene. Some of the emerging
routes for the synthesis of graphene
along with the active players are
introduced below.

Chemical Vapor Deposition
(CVD) for Electronic and
Optoelectronic Devices
Graphene is an ideal candidate for
the manufacture of the next
generation miniaturised, lightweight,
ultra-fast and high frequency
electronic and optoelectronic
devices. The quality of the graphene
is of paramount importance for these
applications and for this purpose one
has to produce large area graphene
monolayer or few layer thin films of
ultimate purity, large domain size,
and uniform thickness. Moreover, the
material should be free of any
defects, grain boundaries, structural
disorder, and wrinkles. CVD route
has the potential to produce
graphene thin films to meet these
stringent requirements. The other
requirement is that one should be
able to produce it on a large scale by
adopting continuous production

11
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process. Table 2 presents various
innovative approaches along with
key features, end product, targeted
application(s) and assignee/active
player to produce graphene thin
films. Some of the notable
achievements are shown in Table 2,
which include roll-to-roll continuous
production of graphene thin films for
transparent electrodes, synthesis of
single crystalline continuous thin
films of graphene on liquid copper
surfaces and low temperature CVD
synthesis of transfer-free graphene
films. Other important inventions are,
the fabrication of single crystalline
graphene arrays
(WO2012051182A2), large area
synthesis of high-quality graphene
films on copper foils10, substrate-free
gas phase synthesis of graphene
sheets by microwave plasma CVD
process (US20100301212A1) etc.
Recently, scientists from National
Institute of Advanced Industrial
Science and Technology, Japan
developed a low temperature
(300-400 0C) surface wave plasma
chemical vapour deposition (SWPCVD) technique11 to synthesize
graphene-based conductive films,
which are ideally suited for the
fabrication of touch panels. The
process is capable of producing
large-area graphene-based films with
excellent optical and electrical
properties and is suitable for
industrial scale automated
manufacturing processes for various
applications.
Table. 2: Emerging CVD
Techniques for the Synthesis of
Graphene Thin Films
Production Method: CVD process
involving sodium ethoxide solution
in ethanol
Assignee (Spin-off / licensee
company): Durham University
(Durham Graphene Science Ltd
(DGS)), UK
Key Features: A simple and
scalable process capable of
depositing graphene films on
non-metal substrates
End Product: Few-layer graphene

12

platelets and thin films

copper substrates

Targeted Application(s):
Composite materials, Batteries,
capacitors, sensors etc.

Assignee (Spin-off / licensee
company): Sungkyunkwan
University Foundation for
Corporate Collaboration, Korea

Reference: WO2011012874A1
Production Method: Process for
producing ripple-formed graphene
sheet
Assignee (Spin-off / licensee
company): Samsung Techwin Co.,
Ltd, and SKKU, Korea
Key Features: Forms deformationcapable graphene sheet that
prevents or suppresses changes in
electrical resistance when
subjected to mechanical
deformation

Key Features: Continuous and
large scale production of graphene
film for transparent electrodes of
superior quality as compared to
commercial ITO electrodes
End Product: Monolayer graphene
film
Targeted Application(s):
Graphene electrodes for touch
screen
Reference: WO2011046415A2

End Product: Graphene sheet
containing periodic ripples

Production Method: Epitaxial
growth of graphene on single
crystal Ru ( 0001) substrate

Targeted Application(s):
Electronic device, sensors etc.,
that require flexibility

Assignee (Spin-off / licensee
company): Brookhaven Science
Associates, LLC

Reference: US20110171427A1

Key Features: Structurally perfect
defect-free graphene films with
single crystalline domains of linear
dimensions of >200μ

Production Method: Fabrication
process involving ambient
pressure (CVD) on polycrystalline
Ni films, to produce large area
films of single/ few-layer graphene
film followed by their transfer to a
wide variety of substrates like SiO2/
Si or SiO2 etc.
Assignee (Spin-off / licensee
company): MIT, USA
Key Features: Large area
graphene films (single or few layer)
with uniform thickness and good
mechanical stability on any type of
substrate
End Product: Graphene film
Targeted Application(s):
Transparent electrode, transistor
device, optical detector,
interconnect, on-chip capacitor etc.
Reference: US20100021708A1
Production Method: Roll-to-roll
production and chemical doping of
essentially single layer graphene
films grown by CVD onto flexible

End Product: 1-10 atomic layers
graphene film
Targeted Application(s):
Electronic devices, high quality
mirrors, sensors etc.
Reference: US20100255984A1
Production Method: An innovative
CVD approach to synthesize
graphene flakes and continuous
films on liquid copper surfaces.
Assignee (Spin-off / licensee
company): Beijing National
Laboratory for Molecular Sciences,
CAS, China
Key Features: This unique
process results in the formation of
single-layered, large size (~10,000
µm2), monocrystalline hexagonal
graphene flakes as well as
continuous films on liquid copper
surfaces. The absence of any grain
boundary on liquid copper
surfaces reduces the graphene
nucleation density and enables self
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assembly of single-crystalline
flakes into compact and wellordered structure. The synthesized
flakes/films show high carrier
mobility, good conductivity and
the capacity for carrying high
current density.
End Product: Monolayered,
self-aligned, large size, singledomain graphene flakes and
continuous films
Targeted Application(s):
Electronic devices such as Field
Effect Transistors etc.
Reference: Proc Natl Acad Sci U
S A. 109(21) (2012) 7992-7996
Production Method: CVD
technique involving diffusionassisted technique to synthesize
large area graphene films directly
on SiO2/Si, plastics and glass
substrate at close to room
temperature (25-160 0C).
Assignee (Spin-off / licensee
company): UNIST AcademyIndustry Research Corporation,
Korea
Key Features: The method will
enable manufacturing graphenebased electronic devices with
fewer steps and under less
stringent conditions. It is suitable
for mass production of large-area
graphene films than the growth
and transfer method.

directly grown on SiC semiconductor
substrate without any need for its
transfer (unlike in the case of CVD
graphene on metal substrates). The
advantages of epitaxial growth
technique are its compatibility with
the present day Complementary
metal–oxide–semiconductor (CMOS)
technology and its scalability, which
can help in realizing the ultimate
dream of ushering in new era of
graphene-based electronics. A few
examples of emerging methods for
growing superior quality mono- and
few- layers epitaxial graphene on SiC
are given in Table 3. These methods
include sublimation of silicon at very
high temperatures, confinement
controlled sublimation and vapour
phase epitaxy (CVD).
Table. 3: Novel Approaches for
Epitaxial Growth of Graphene on
SiC Substrates
Production Method: The process
involves growth of graphene on SiC
surface by sublimation of silicon at
temperatures above 1400 0C under
controlled environment and heating
cycles
Assignee (Spin-off / licensee
company): R. Yakimova, M.
Syvajarvi and T. Iakimov
(Graphensic AB), Sweden
Key Features: It enables growth of
graphene monolayer with superior
quality and uniformity and suitable
for large-scale production

End Product: Graphene layers of
1-2 nm thickness

End Product: Monolayer graphene
on hexagonal silicon carbide

Targeted Application(s): Flexible
electronic devices and displays

Targeted Application(s): Highly
energy efficient white light emitting
diodes for general illumination
(energy savings), UV diodes
(environmental cleaning sterilization
and disinfection) and energy
efficient and faster diodes and
transistors.

Reference: WO2011111932A2
Epitaxial Graphene (EG) on SiC for
Graphene-based Electronic
Devices
Epitaxial Graphene has superlative
electronic properties, and therefore
has the potential to replace silicon
for the next generation ICs and
ultra-fast (100 GHz to THz
frequencies) high performance
electronic devices. EG is the most
promising candidate for graphenebased electronics as it can be

Reference: WO2012036608A1
Production Method: Confinement
Controlled Sublimation (CCS) to
produce epitaxial graphene
Assignee (Spin-off / licensee
company): Georgia Institute of
Technology, USA

Key Features: The method
involves encapsulation of the SiC
crystals in graphite enclosures,
and thereby, captures the
evaporated silicon from escaping
to the atmosphere and bringing
growth process to equilibrium
End Product: High quality
epitaxial graphene mono- and
multi-layers on both the Si-face
and C-face of SiC single crystals
Targeted Application(s): Highend electronic devices that
operate at very high frequencies
Reference: US20090226638A1
Production Method: The method
comprises vapour phase growth
(CVD) of epitaxial graphene on
SiC substrate that involves
controlling the sublimation of
silicon from the substrate by a flow
of inert gas. The process also
incorporates propane, silane or
other hydrocarbons
Assignee (Spin-off / licensee
company): Instytut Technologii
Materialow Elektronicznych,
Poland
Key Features: The process
enables the synthesis of high
quality predetermined number of
graphene layers with desired
doping level. This technique
enables large-scale production
using commercial CVD equipment
End Product: Epitaxial graphene
on SiC substrate composed of
1-100 atomic carbon atom layers
Targeted Application(s):
Microelectronic applications such
as high speed transistors,
terahertz oscillators, gas sensors
etc.
Reference: EP2392547A2

Exfoliation Methods
As we have pointed out earlier,
graphene has vast potential for
applications such as polymer
composites, conductive coatings
and inks, fuel cells batteries,
catalysts and ultracapacitors
because of its unique combination of
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very high strength and stiffness, and
excellent electrical and thermal
conductivities. These applications
require huge quantities of graphene
in the form of nanosheets,
nanoparticles or nanoplatelets at a
reasonable cost; however, purity is
not the major issue in this case.
Therefore, economically viable
processes for its mass production
have to be developed. The projected
cost of nanographene in the near
future is about US $ 11/kg12 and if
this goal really could be achieved
then it would even compete with
CNTs in the markets for composites,
conductive coatings, and others.
Exfoliation techniques have the
potential for the large scale
production of low cost
nanographene. Table 4 summarizes
some of the important exfoliation
routes recently developed to
produce nanographene on a large
scale. It is interesting to note that
some of these developments based
on the research carried out at the
universities have led to the creation
of start-up companies, which include
XG Sciences, Vornbeck Materials,
Angstron Materials. In a few cases,
the universities and the companies
carried out collaborative research
jointly. As shown in Table 4, some of
the key developments are
microwave-assisted exfoliation
technique, intercalation and
exfoliation of graphite flakes with the
aid of gases, mechanical exfoliation
technique for the large scale
production of graphene nanoflakes
by controlled ball milling of graphite
flakes in a liquid medium or
continuous rubbing of solid graphite
block against rotating glass
substrates in a solvent while
simultaneously subjecting it to
ultrasonication treatment. Another
important development in this area is
the advent of rod-coating (Meyer
rod-coating) technique13 for the
industrial-scale production of
reduced-graphene oxide-based
(RGO) flexible transparent
conducting films for touch screen
applications. This novel strategy
follows a solution-processing
approach that combines the rod–
coating technique with a newly
developed room temperature
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reduction method14 to fabricate a
large-scale and uniform RGO film
directly on PET and Si substrates.
The attractive feature of the new
process is its potential suitability for
the roll-to-roll manufacturing of RGO
films for flexible electronic devices.
Table. 4: Exfoliation Methods for
Large Scale Production of
Graphene
Production Method: Microwaveor radiofrequency-assisted
exfoliation of intercalated graphite
Assignee (Spin-off / licensee
company): Board of Trustees of
Michigan State University (XG
Sciences), USA
Key Features: Rapid and low
cost process for converting
intercalated graphite into
graphene nanoplatelets;
promising route for the mass
production of graphene
nanoscale platelets; inexpensive
alternative to carbon nanotubes
for various applications.
End Product: Graphite
nanoplatelets
Targeted Application(s):
Composte materials, catalyst
supports, battery and fuel cell
electrode coatings, conductive
inks, barriers for fuel tanks, RFI
shielding for cables, conductive
composites for ESD application,
EMI shielding, electrostatic
painting
Reference: US20060241237A1
Production Method: Thermal
expansion of graphene oxide
followed by mechanical
separation
Assignee (Spin-off / licensee
company): The Trustees Of
Princeton University, (Vorbeck
Materials). USA
Key Features: Produces
multifunctional filler that improves
the mechanical properties,
thermal and electrical
donductivities, and gas barrier
properties of composites and
formulations.

End Product: Functionalized
graphene nanosheet (80%)
Targeted Application(s):
Conductive inks and coatings for
printed electronics, composite
reinforcement, electrodes for next
generation batteries
Reference: US7658901B2
Production Method: The process
consists of wet ball milling for the
exfoliation of graphite flakes in a
suitable organic solvent such as
N,N-dimethylformamide (DMF).
The ball milling balls are coated
with soft polymer that reduces
damage to the graphite structure
from repeated impacts during the
milling process
Assignee (Spin-off / licensee
company): Fujian Kaili Special
Graphic C, Huaqiao University and
Xiamen Knano Graphene
Technology, China
Key Features: It is a low-cost
process amenable to large scale
production. It uses inexpensive
graphite powder as a feedstock
End Product: A mixture of
single- and few-layer graphenes
with a thickness < 3 layers
Targeted Application(s):
Nanocomposites for
multifunctional applications,
conductive coatings, conductive
inks, electrodes for batteries and
supercapacitors, applications
requiring EMI, ESD and RFI
shielding
Reference: WO2011054305A1
Production Method: The
synthesis of graphene in a liquid
medium comprises continuous
rubbing of a solid graphite rod/
block against substrates like
glass, polymers, ceramics etc.
while subjecting the medium to
ultrasonication.
Assignee (Spin-off / licensee
company): French National
Center for Scientific ResearchUniversity of Strasbourg, France
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Key Features: A simple low-cost
process for the preparation of
graphene with high yield and is
amenable to large-scale
production.

formic acid etc. The process is
suitable for large scale production
of graphene at low cost. It is a
simple process that requires short
processing times.

End Product: A few layer
graphene flakes (1-10 layers)
having lateral dimensions of a few
µm

End Product: Graphene
nanosheets

Targeted Application(s):
Preparation of the dispersion of
graphene nanoflakes in a liquid
medium
Reference: WO2011055039A1
Production Method: Intercalation
of graphite flakes with
environmentally friendly gases at
high atmospheric pressure and
suitable temperature followed by
exfoliation process to yield
graphene nanoplatelets
Assignee (Spin-off / licensee
company): Nanotek Instruments,
Inc. (Wright State University), USA
Key Features: An economical
and mass production process
(synthesis of graphene up to 0.1
kg)
End Product: Graphene
nanoplatelets. Each platelet
contains about 1-20 graphene
layers
Targeted Application(s):
Multifunctional composites and
coatings, lithium-ion batteries and
fuel cells
Reference: US7785492B1
Production Method: The
synthesis route involves oxidising
graphite by reacting it with
hydrogen peroxide and subjecting
it to microwave radiation followed
by ultrasonication treatment
Assignee (Spin-off / licensee
company): Chonnam National
University
Key Features: A green process
involving the use of
environmentally friendly hydrogen
peroxide instead of aggressive
oxidants like H2SO4/KMnO4,

Targeted Application(s):
Composte materials, conductive
coatings, battery electrodes etc.
Reference: WO2011083896A1
Production Method: Highthroughput solution processing of
large-scale graphene
Assignee (Spin-off / licensee
company): The Regents of the
University of California, USA
Key Features: The process
consists of reducing graphite
oxide paper in pure hydrazine
solution to produce single layer
graphene sheets over Si/SiO2
wafers.
End Product: Large area (20 X 40
µm) graphene sheets
Targeted Application(s): A wide
variety of applications such as
FETs, batteries, composite
materials, radar absorbent
materials, sensors, LEDs, display
device etc.
Reference: US20100273060A1

Chemical Synthesis Methods for
the Preparation of Graphene
The bottom-up chemical synthesis
routes have the potential for largescale production of graphene at an
affordable cost and may lead to a
paradigm shift in this field. A number
of patents related to graphene
chemical synthesis methods have
been filed (JP2009062241A,
KR2010108106A, WO2011017338A2,
CN101462719A, US20110201739A1,
WO2009029984A1 and
US20120068124A1). A simple
solvothermal reduction approach
developed by Choucair et al.
(WO2009029984A1) has been a
major breakthrough for low-cost,
facile and large-scale production of
graphene from non-graphitic

materials (Table 5). This discovery
has provided an impetus for the
large-scale production of
inexpensive graphene, and therefore
has the potential to provide
commercialization opportunities for
real-world applications. New-south
Innovations Pty Limited is seeking
industry partners to further support
the research and advance the proof
of concept for this process
technology and/or its applications15.
Recently, Singh et al16 have
developed an improved solvothermal
process for the mass production of
high-quality few-layer graphene. This
commercially viable process
represents a major advance in
graphene solvothermal production
technology. The salient features of
this process are:
1. It is a safer process as it uses
chemically non-explosive sodium
borohydride instead of sodium
metal that causes violent chemical
reaction.
2. The process does not require any
post pyrolysis of reaction product
in the high-pressure reactor unlike
the method reported by Choucair
et al., and thereby, reduces
processing time considerably.
3. In contrast to the previously
reported method, this technique
utilizes surfactant during the
reaction to achieve higher yield
and uniform dispersion of
graphene.
Another attractive option is to utilize
greenhouse pollutant gases and
naturally occurring and recyclable
minerals to produce high quality
graphene on a commercial scale.
One such type of process has been
developed by Graphene
Technologies (High Temperature
Physics, LLC), USA (Table 5). This
bottom-up process is capable of
producing high-quality, < 500nm
lateral dimensions, one to few layer
graphene nano-sheets. The
company is planning to launch
graphene and intermediate products
under the brand name GraphenXTM.
The most appealing feature of this
process is that it utilizes low cost,
widely available carbon dioxide gas
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(a major pollutant causing climate
change) or other carbon bearing
materials as a feedstock. It gainfully
utilizes a highly exothermic reaction
occurring between magnesium and
CO2, and thereby, substantially
reduces the energy requirement for
the production of graphene. The
other advantage of this process is
that along with graphene it also
produces novel materials, namely
MgO and magnesium aluminate
spinel nanopowders as well as
composites of these nanomaterials
intercalcated with multiple layers of
graphene. Another important aspect
of this processing technology is that
it recycles the important materials,
including Mg feedstock and HCl
employed in the separation and
purification of reaction products.
Table. 5: Chemical Synthesis of
Graphene from Non-graphitic
Materials
Production Method: The
solvothermal chemical synthesis of
graphene by the reduction of
ethanol using sodium metal
followed by pyrolysis of the
resulting ethoxide product that is
subsequently washed with water to
remove sodium salts
Assignee (Spin-off / licensee
company): University of New
South Wales (New-south
Innovations Pty Limited, Australia)
Key Features: A bottom-up,
scalable and low-cost approach to
produce bulk graphene sheets
from non-graphitic precursors
End Product: A single atom layer
thick graphene sheets
Targeted Application(s):
Composite materials, batteries,
catalysts, hydrogen storage,
electronic devices
Reference: WO2009029984A1
Production Method: The process
involves highly exothermic
oxidation-reduction reaction
between CO2 gas (or carbon
bearing gases) and magnesium
metal resulting in graphene and
magnesium oxide
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Assignee (Spin-off / licensee
company): High Temperature
Physics, LLC (Graphene
Technologies), USA
Key Features: Highly economical
process for the large- scale
production of nanoscale
graphene. It helps in reducing
greenhouse CO2 gas by
converting it into high- valued
graphene, and thereby, would
create demand for captured CO2
and reduce the requirement for
sequestration of CO2. The process
also produces ultrapure nano
MgO as a bye- product
End Product: Single or multilayer
graphene nanosheets
Targeted Application(s): Potential
applications include catalysts,
semiconductors, nanofillers for
plastics, hydrogen storage, etc.
Reference: US20120068124A1

graphite oxide also, and the
synthesized graphene shows
superior electrical conductivity and
high temperature stability as
compared to thermally exfoliated
graphene (Table 6).
Table. 6: Arc Discharge Synthesis
of Few-layered Graphene
Production Method: Hydrogen arc
discharge exfoliation process for
graphene synthesis from graphite
oxide combined with solution
phase dispersion and
centrifugation
Assignee (Spin-off / licensee
company): Chinese Academy of
Sciences, Institute of Metal
Research, China
Key Features: This low-cost
method produces defect-free
graphene on a large scale within a
short time. The resulting product
exhibits high electrical conductivity
and good thermal stability

Arc Discharge Method for the
Large-Scale Low-cost Production
of Graphene Nanosheets

End Product: Graphene
nanosheets with a transparent
wormlike morphology

Among the various chemical
methods available for the synthesis
of graphene, arc-discharge bottomup method shows significant
potential for the large-scale
production of few-layered highquality graphene nanosheets
(US20110114499A, CN101993060,
CN102153076). The graphene can
be synthesized by direct current
arc-discharge evaporation of pure
graphite electrodes in a variety of
gases, including H2, NH3, He, Ar, CO2
and their mixtures as well as air. The
process has many advantages: the
synthesized graphene is of high
purity and highly crystalline in
nature; it also exhibits high
crystallinity and high oxidation
resistance; the resulting graphene
sheets can be well-dispersed in
organic solvents, therefore they are
quite suitable for the solution
processing of flexible and conductive
films; arc-discharge synthesis can
also be used to synthesize graphene
doped with nitrogen
(CN101717083A).

Targeted Application(s): Potential
applications include electronic
devices, transparent conductive
films, conductive composites,
Li-ion batteries and ultracapacitors

It is feasible to synthesize good
quality graphene sheets from

Reference: CN101993060A

Synthesis of High-quality
Graphene Nanoribbons (GNRs)
by Unzipping of Carbon
Nanotubes
Graphene is considered to be the
strongest candidate for replacing
silicon in the next generation of
electronic devices, in particular
ultra-fast Field-Effect Transistors
(FETs) because of its very high
carrier (electron/hole) mobility and
quantum-hall effect. However, the
absence of band-gap limits its usage
in digital switching, where high value
of on-off current ratio is an essential
requirement. Fortunately, this
limitation can be overcome by
inducing quantum confinement and
edge effects as in the case of narrow
width graphene nanoribbons
(GNRs).
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For the fabrication of FETs it is
absolutely necessary to obtain GNRs
with controllable widths and smooth
edges and the unzipping of CNTs
approach enables the large-scale
production of GNRs with high quality
and desirable characteristics as
required for device integration. Table
7 shows two promising routes for the
synthesis of high quality GNRs.
Table. 7: Synthesis of High-quality
GNRs by Unzipping of CNTs
Production Method: Mildly
oxidized MWCNTs are subjected
to unzipping process by
ultrasonication in an organic
solvent to produce graphene
nanoribbons (GNRs)
Assignee (Spin-off / licensee
company): The Board of Trustees
of the Leland Stanford Junior
University, USA
Key Features: The process is
suitable for large-scale production
of ultra-high quality GNRs with
smooth edges and narrow width
distribution
End Product: GNRs with narrow
widths (10-20 nm)
Targeted Application(s):
Graphene-based Field Effect
Transistors (FETs)
Reference: US20110244661A1
Production Method: The process
to synthesize graphene
nanoribbons by electrochemical
unzipping of carbon nanotubes
Assignee (Spin-off / licensee
company): Council of Scientific
and Industrial Research, India
Key Features: The
electrochemical approach is
capable of producing high quality
nanoribbons with controlled
widths and fewer defects
End Product: Graphene
nanoribbons
Targeted Application(s):
Composites, fuel cells and Li
battery electrodes
Reference: WO2012035551 A1

Environmentally Friendly
Approaches for the Synthesis of
High-quality Graphene
As we have seen earlier in the
Exfoliation Methods section, among
various methods, chemical reduction
of Graphene Oxide (GO) seems to
be the most promising route
because it enables large-scale
production of functionalized
nanographene at low-cost. Moreover,
through chemical functionalization
the unique electrical properties of
graphene can be exploited for a wide
range of electronic and
optoelectronic applications.
However, GO synthesized by
Hummer’s or modified Hummer’s
methods requires use of strong and
hazardous oxidizers such as
sulphuric acid potassium
permanganate etc. Moreover the
reduced graphene film is prepared
by subjecting GO to chemical
treatments using highly toxic and
unstable hydrazine, which requires
utmost care. In view of this, a
number of green approaches for the
synthesis of graphene and GO are
being developed. The present article
summarises some of the eco-friendly
graphene synthesis techniques in
Tables 4 and 5 (US20120068124A1,
WO2011083896A1,
WO2011055039A1). In addition, the
current status of environmentally
friendly approaches for the mass
production of graphene from GO
have been comprehensively
addressed in a recent review17.
Researchers from Sichuan
University, China have synthesized
graphene by chemical reduction of
graphite oxide using green and
eco-friendly polyphenol/green tea
juice as a reducing agent
(CN101875491A). The process
involves exfoliation of graphite oxide
by subjecting it to ultrasonic
treatment and then the resulting
product is used to prepare graphene
oxide solution in water with high
dispensability, biocompatibility and
good stability. This environmentally
friendly method is simple,
economical and suitable for largescale production of graphene

Concluding Remarks
Graphene undoubtedly is one of the
shining stars in the field of
nanotechnology today. Its intriguing
combination of spectacular properties
as well as a host of potential
commercial applications have
grabbed the widespread interest of
scientists and engineers the world
over. Graphene's potential
applications are vast and ever
growing. It could be put to use in
super light cables (space elevator?).
satellites and aircrafts; smart phones;
ultra-thin flexible displays; transparent
touch-screens; world’s fastest
transistors, bomb detectors, and so
on. But despite all such tall claims, it
has yet to make in-roads into real-life
applications. In order to realize its full
potential for practical applications,
one has to resolve the most
challenging problem; economically
viable mass production of high-quality
graphene via environmentally friendly
processes. Fortunately, it is quite
evident from the foregoing
discussions that this situation is about
to change soon, with new innovative
graphene synthesis routes appearing
on the scene. The present article
provides a general overview of the
current and emerging approaches for
the synthesis of graphene based on
literature and patent analyses. It also
outlines the possible directions for
future research and it is hoped that
future work along these lines would
help in addressing these concerns to
realize our dream of
commercialization of graphene
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Nanotech Insights, a quarterly newsletter
dedicated to nanoscience and technology,
already being published.
WITHIN INDIA (print copy+online access):
Academic Institutions /
Individuals: Rs. 2000 per year / 4 issues
Others: Rs. 5000 per year / 4 issues

SUBSCRIBE NOW!

OUTSIDE INDIA:
Print copy+online access: Rs. 10,000/-(~US$ 200)
per year / 4 issues
Online access only: Rs. 6,000/- (~US$ 125)
per year / 4 issues

The Cheque / DD should be drawn in favour of “ARCI-Nanotech Insights” payble at Hyderabad. Add
bank charges of Rs. 90/- for outstation cheques within India. You may also subscribe through Credit /
Debit Card.

For further details, please contact: H. Purushotham, Scientist-G & Head
CKMNT, 12-5-32/8, Vijayapuri Colony, Tarnaka, Secunderabad-500 017. India
Telephone: 040 2700 0251, 2700 7032, Telefax: 040 2700 7031, Website: www.ckmnt.com
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