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Due to graphene’s amazing attributes, scientists and in-
dustry experts refer to it as a “miracle material” and are ex-
cited about its potential to revolutionize various markets. 
Graphene and its variants continue to be studied extensively 
and may enable advances such as bendable and transparent 
computer screens, inexpensive desalinated water using gra-
phene membranes, low-cost and efficient solar panels, ultra-
fast microcomputers, and light and powerful batteries that 
charge within minutes. Graphene has been studied for tissue 
engineering, wound care, and as probes for muscle stimula-
tion and biological electrodes[3]. Graphene’s full range of 
possibilities seems to be a long way from being discovered.

Graphene Types
Single-layer graphene (SLG) is the purest (and usually most 
expensive) form of graphene that is suitable for applications 
like high-frequency electronics. Multi-layer graphene (MLG) 
consists	of	a	small	number	(roughly	2–10)	of	layers	of	stacked	
graphene and displays a variety of qualities depending on the 
number of layers. Graphene oxide (GO) can be prepared by 

oxidation and exfoliation and contains a high percent of oxy-
gen. This material displays different traits than other forms of 
graphene and is especially suited for membranes (like mem-
branes that allow water to pass but block other molecules) 
and various medical applications. Reduced graphene oxide 
(rGO) is graphene oxide that was processed to relieve it of its 
oxygen content, used for various applications like conduc-
tive inks and sensors. Graphene platelets consist of small 
stacks of graphene and get their name from a curved, plate-
like morphology. These nanoplatelets usually enjoy a thin but 
wide aspect ratio and are considered effective for providing 
barrier properties. Other lesser known carbon allotropes in-
clude graphyne (with both benzene and acetylene bonds) and 
graphdiyne (with both benzene and diacetylene bonds).

Graphene production Methods
Graphene is a graphite derivative and many methods of mak-
ing graphene exist. These methods can be roughly divided 
into bottom-up (for example, chemical vapor deposition, 
epitaxial growth on SiC, arc discharge, chemical synthesis) 
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Graphene is a single, tightly packed layer of carbon atoms arranged in a hexagonal honeycomb lattice. 
It is a 2D material, which at only one-atom thick is said to be 200 times stronger than steel and able to 
move electrons across its surface up to three orders of magnitude better than silicon. It is also the best con-
ductor of electricity and heat known to man and features intriguing optical properties. Graphene is very  

lightweight,	flexible,	and	has	a	 large	surface	area.	
Sheet graphene comes at a relatively high price at 
the moment, but depending on improvements to 
current manufacturing processes, it is expected to 
become less expensive. Figure 1 shows a typical 
graphene hexagonal sheet structure.
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and top-down (such as vari-
ous exfoliation methods) 
approaches. A bottom-up 
approach refers to the cre-
ation or synthesis of gra-
phene from carbon atoms, 
as opposed to top-down 
approaches that extract gra-
phene from bulk graphite in 
different ways.

There are three main ways 
of producing graphene: liq- 
uid phase and thermal exfo-
liation, chemical vapor de- 
position, and synthesis on 
silicon carbide. Liquid phase 
and thermal exfoliation is 
a process in which solvents 
or thermal treatments are 
used on graphite to break 
it into graphene flakes. The 

resulting graphene usually contains several layers with many 
impurities, so it is not high quality graphene, but the process 
is cheaper than others and can be scaled to mass production.

Chemical vapor deposition (CVD) is considered to be the 
leading method for fabricating high quality graphene. This 
method involves depositing gaseous carbon atoms on a cop-
per foil or polyester film, then transferring the graphene film 
to substrates (for example, silicon). The CVD process can be 
controlled to minimize the amount of defects and produce 
relatively pure graphene. The CVD process continues to de-
velop with a few companies offering CVD deposition systems 
dedicated to graphene, such as Graphene Square (Republic of 
Korea). Also, magnetron sputtering of graphite has been in-
vestigated to make multilayer graphene[4].

Synthesis on silicon carbide involves the graphitization of 
silicon atoms at high temperatures. Modern technology al-
lows control over the number of graphene layers and enables 
scientists to obtain a very high quality over a wide area. The 
high cost of silicon carbide and the requirement for elevated 
temperatures to achieve the sublimation are the main short-
comings of this process.

prominent properties of Graphene
Electrical conductivity: Graphene is a zero bandgap semi-met-
al and is an excellent conductor. In fact, it is considered to be 
the best electron conductor at room temperature in its perfect 
form. The resistivity of a perfect graphene sheet is ρr=1x10−6 
Ω-cm, which is lower than that of silver, ρr=1.6 x 10−6 Ω-cm. 
High electron and hole Hall mobility of about µh=15,000 cm2/ 
V-s (room temperature) makes graphene especially promising 
for electronic and battery applications. The mobility of gra-
phene is about 10× the electron and 30× the hole mobility of 
silicon (with 1 x10-15 cm-3 carrier concentration). In reality, the 
situation is more complicated. The resistivity of graphene is 

also affected by the substrate on which the graphene rests. If 
the graphene is not perfect (i.e., it has defects), this diminish-
es the conductivity. Of course, using multiple graphene layers 
rather than one single sheet of graphene means that net con-
ductivity will be lower.

Thermal conductivity: Pure graphene sheets are the best 
thermal conductor known to scientists. However, graphene 
that contains defects, such as in smaller flakes, does not 
perform as well. Using graphene flakes in combination with 
other materials (in a graphene-enhanced composite) leads to 
a material that features very high thermal conductivity. These 
thermal foils are already being commercialized. The thermal 
conductance of graphene is about σt=5.3 x 103 Wm/K, graph-
ite in comparison is σt=25–470	Wm/K.

Temperature stability: Graphene starts to decompose at 
350°C in air, with 10% weight loss at 650°C and 90% loss at 
700°C. Graphene oxide is a bit more air stable but will also 
decompose at higher temperatures. However, in vacuum, 
graphene is stable to 2000°C. In comparison, graphite is used 
for very high temperature applications (steel and glass indus-
tries), with a melting point of 3650°C.

Optical transmission: A single graphene sheet is 97.7% trans-
parent to white light, which means that it absorbs 2.3% of the 
light. Multilayer graphene has much lower transmittance. In 
Fig. 2, a comparison of different transparent conductors is 
shown over the visible spectrum: single layer graphene (SLG), 
2 nm NiOx, three layer graphene (3LG), multilayer graphene 
(MLG), and 240 nm ITO. SLG had a sheet resistance of Rs=1338 
ohms/sq., 3LG had Rs=300 ohms/sq., Ni/Au had Rs=37 ohms/
sq., MLG had Rs=80 ohms/sq., and ITO had Rs=30 ohms/sq. 
The combined transmittance and conductive properties of 
graphene makes it an ideal transparent conductor in single 
and three sheet forms[5].

Fig. 2—Spectral transmittance of several transparent conductors,  
including single layer graphene (SLG), 2 nm NiOx, three layer  
graphene (3LG), protected graphene 3GL/NiOx, multilayer graphene 
(MLG), 240 nm ITO, and a Ni/Au semitransparent metallic conductor[5].  
Courtesy of AIP.

Fig. 1—Graphene structure, show-
ing six member carbon rings, sp2 
bonded. Sheet thickness is 3.35 Å, 
with atomic spacing of 1.42 Å[1,2].  
Courtesy of U.S. Army Material 
Command, www.flickr.com/ 
photos/armymaterielcommand/ 
6795812766.
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Graphene and Coatings
Graphene possesses various exceptional properties that can 
open the door to many new types of coatings, paints, and 
inks. Graphene can make more durable coatings that do not 
crack and are resistant to water and oil. In addition, its excel-
lent electrical and thermal conductivity can be used to make 
conductive paints, and a strong barrier effect can contribute 
to high performance antioxidant, scratch resistant, and UVA 
blocking coatings. Graphene enables a wide array of function-
al coatings and paints, for many possible applications. Among 
these are high performance adhesives, antibacterial coatings, 
solar absorber paints, anti-rust coatings, anti-fog paints, and 
nonstick coatings for various domestic applications such as 
frying pans and countertops.

Commercial Activity
Graphene-enhanced products have yet to reach widespread 
commercialization. Nonetheless, graphene-enhanced coat-
ings, especially graphene platelets for paint additives, are 
being commercialized. The overall market for graphene is 
projected to reach $35 million in 2016, however, $15-25 mil-
lion is in product sales and the balance is spending for R&D 
development. The projected market for 2026 is expected to 
reach $220 million (IDTechEX). From past projections, one 
will note that the overall market had slowed some and pos-
sibly become more realistic. In graphene patents, China leads 
with over 2200, followed by the U.S. with greater than 1700, 
and then the Republic of Korea with over 1100 patents. The 
largest holding of corporate patents is Samsung (Suwan, Re-
public of Korea) with 422 patents, followed by IBM (Amonk, 
N.Y.) with 167 patents, and LG Electronics (Seoul, Republic of 
Korea) with 124 patents. Currently, 
the market has excess capacity in 
graphene platelet production. Man-
ufacturing output by selected com-
panies is shown in Fig. 3.

One developing use of graphene 
is in battery electrodes to increase 
charge capacity. Graphene has a 
theoretical surface area of 2630 
m2/g. For lithium batteries, gra-
phene-modified electrodes offer 
faster charging times and better sta-
bility for silicon electrodes. Another 
developing area is in inks for inkjet 
printing, especially as conductors 
for heaters and electrical conduc-
tors. Because graphene has better 
electrical conductivity, σe=550 S/cm 
compared to graphite inks at σe=70 
S/cm and carbon black at σe=10 S/cm.

Graphene paints
UK-based Applied Graphene Materials (AGM) (Cleveland, UK) 
is collaborating with the paint company Sherwin-Williams 
(Cleveland, Ohio) Protective and Marine Coatings, and corro-
sion management operation TWI Limited, in a venture to de-
velop graphene-based anticorrosion paints. The companies 
added that the scheme could have a major impact on corro-
sion, which is estimated to cost the UK economy about £10 
billion ($12.3 billion) every year in repairs on equipment used 
in the construction, petrochemical, and transport sectors. 
AGM stated that it is looking at adding graphene in different 
formulations. One application it has identified is on ship hulls, 
below the water line, for corrosion protection. The graphene-
enhanced coating should also increase the hull’s lubricity, 
which will have benefits of increasing fuel efficiency and in-
creasing speed of passage through the water.

The Sixth Element Materials (Changzhou, China), a company 
that focuses on R&D, mass production, and sales of graphene 
and related materials, showcased its graphene-zinc anticor-
rosion primer. The primer is used for offshore wind towers, 
which can be sold at a competitive price compared with zinc 
rich epoxy primer.

TBA British Electro Conductive Products (Rochdale, UK)  
released a sprayable transparent conductive coating based on 
a carbon nanotube (CNT) and graphene nanoplatelets (GNP) 
hybrid material. TBA is targeting the food, electronics, pharma-
ceuticals, and petrochemicals markets. The new ATEX-com-
pliant product is available as a clear, antistatic aerosol, and it 
should also be available as bulk paint. Its application will safe-
guard electronic equipment used in explosive environments 
and bring it up to European standards. ATEX is an EU directive  
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Fig. 3—Graphene producers and production tonnage/pa. Courtesy of K. Ghaffarzadeh/IDTechEx[6].

there is excess  
capacity in the  
industry. the  
utilization rate is still  
in single digits.

the capacities are 
mostly nominal and 
have not been 
independently 
verified. they exist 
mostly to signal to 
end users that high 
volumes can be 
supplied should value 
be proven in an  
application.
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describing what equipment and work environment is allowed 
in an environment with an explosive atmosphere.

The University of Manchester (UK) has teamed up with 
Amsterdam-based paints and coatings company Akzo Nobel,  
to investigate graphene oxide-based paints and coatings 
that provide protection against rust and corrosion for large 
metal structures, such as oil rigs, tankers, and bridges. Also, 
researchers at the University of Manchester developed a new 
coating made from graphene-oxide that can be used to en-
able ultra-strong non-corrosive coating paints, hermetic food 
packaging, and even a good substrate for flexible electronics. 
The material behaves like graphite in terms of chemical and 
thermal stability but becomes very strong mechanically.

Graphene Coatings
Garmor (Orlando, Fla.), the University of Central Florida spin-
off formed to develop a new graphene oxide flakes production 
process, has developed graphene oxide-based coatings use-
ful for limiting UV radiation damage to sensors and polymers. 
Garmor’s transparent GO-films are reportedly derived from a 
commercially viable and scalable process that can be readily 
implemented with minimal constraints, see Fig. 4.

A series of Stanford University (Palo Alto, Calif.) experiments 
demonstrated that graphene may be able to replace tantalum 
nitride as a sheathing material for chip wires, to help electrons 
move through copper wires more quickly. Scientists say that 
“using graphene to coat wires could allow transistors to ex-
change data faster than is currently possible and the advan-
tages of using graphene could become even greater in the fu-
ture, as transistors continue to reduce in size.”

In the collaboration between the University of Basel and 
Empa in Switzerland, scientists have investigated the above-
average lubricity of graphene using a two-pronged approach, 
combining experimentation and computation. Researchers 
state that the results of this study help them to better under-
stand the manipulation of chemicals at the nanometer level 
and pave the way for creating frictionless coatings.

Scientists from Monash University (Melbourne, Australia) 
and Rice University (Houston) developed a thin  graphene 

film anticorrosion coating. Their new coating can make cop-
per more resistant to corrosion—almost 100 times better 
than uncoated copper. According to the researchers, this is 
the best graphene-based anticorrosion material developed 
yet. Related to this, researchers from Rensselaer Polytechnic  
Institute (N.Y.) developed a graphene-based coating that can 
be used to make rough surfaces more water resistant. The new 
graphene “drapes” are less than a nanometer thick and are 
optically transparent and chemically inert. In fact, researchers 
say this new coating can be used to make better lab-on-chip 
devices and self-cleaning surfaces.
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Fig. 4—UV protection film based on dispersed graphene oxide (GO) 
into a coating on polycarbonate coated (left side) onto polycarbon-
ate. Right side shows uncoated substrate. Courtesy of Garmor.
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