Graphene
Opportunity

I'm not interested in going into
industry or property development
or creating 'graphene valley' as the
government would like me to. It's a bit
silly for society to throw a little bit of
money at something and expect it to
change the world. Everything takes time.
- Sir Andre Geim, the co-discoverer
of graphene and Nobel Laureate
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Introduction

A decade ago when we published the first edition of the Nanotechnology
Opportunity Report, there were predictions of untold riches for early investors, the
replacement of all manufacturing as we know it, and the mythical trillion-dollar
market.

Cientifica went against the grain by predicting that it would be hard for anyone to
make money from nanomaterials, and that the real value would be in the
applications. This has been borne out by the failure of even large global companies
such as Mitsubishi Chemical and Bayer to make much headway with fullerenes
and carbon nanotubes, and the failure of countless smaller nanomaterials
producers. On the other hand companies making use of nanomaterials, Germany's
Magforce Technologies and the US based BIND Therapeutics have shown what can
be achieved when nanomaterials are applied to large addressable markets, in this
case drug delivery.

A similar amount of hype currently surrounds graphene, with wild predictions of
applications ranging from microelectronics to water treatment. This report
examines these claims and taking the rational approach, for which Cientifica is
known, considers how valid these are and evaluates the chances of success.

As with nanomaterials, many companies currently producing graphene are
destined to burn brightly and then be unceremoniously snuffed out when scale up
or access to applications fails to materialise. As with all Cientifica reports, we look
beyond the hype and take a rational and dispassionate look at the entire graphene
value chain, from graphite to THz electronics.

There will be long-term winners, and we indicate what strategies are required to
join this small elite band, and we provide a wealth of lessons from our previous
experience in nanotechnologies and life sciences.

Most importantly, we look beyond the narrow graphene or nanotechnology worlds
and assess graphene's chances of success in competing with a wide range of other
technologies, many of which have not been considered by those concentrating
solely on graphene.
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A brief history
of Carbon

Nanomaterials

Carbon is one of the essential building blocks of life on earth and is the 15th most
abundant element on earth and the 4th most abundant in the universe.

But until 1985 pure carbon was thought to only exist in two forms, diamond and
graphite. Diamond is a tetrahedrally bonded arrange of carbon atoms, with the
covalent bonding yielding very high strength.

Graphite, the other form of pure carbon, has a layered planar structure with the
planes of carbon atoms being loosely bonded, hence its use as a lubricant or as
'lead' in pencils.

With their discovery of buckyballs in 1985, Richard E. Smalley Robert F. Curl and
Harold W. Kroto not only won the Nobel prize for elucidating the structure of a new
form of carbon but opened the floodgates to a wide range of a carbon allotropes.

Buckyballs, also known a Fullerenes or C60 are a spherical arrangement
of carbon atoms resembling one of Buckminster Fuller's geodesic
domes or soccer ball. These were quickly followed by various other
buckyballs, from C20 to C80 and the related structures carbon
nanotubes, discovered by Sumio Ijima.

For a while carbon nanotubes were seen as the big
breakthrough of nanotechnology, with
companies both large and small piling into the
area to get a piece of this new black gold. As
often happens with nanomaterials, realizing
any return on the huge investment in
production capacity proved farmore difficult than
people would ever imagine. Investors lost substantial amounts
of money in venture-backed companies such as C60 and
Carbon Nanotechnologies Inc. (CNI), while industry giants
such as Bayer struggled to sell their product for over a
decade before recently throwing in the towel.

The reason for the failure of other types of carbon
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nanomaterial is simply that while the properties may be amazing
on the scale of a few hundreds of nanometers, translating those
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properties into the real world proved far more difficult than anybody ever imagined.
Commercialisation was further hampered by the realization that these small high
aspect ratio structures could behave, in a toxicological sense at least, in a similar
way to asbestos.

The final hurdle to still be overcome in the case of carbon nanotubes, is cost. Just
like an earlier carbon material, carbon fibre, carbon nanotubes do offer fantastic
performance but at fantastic cost, and this limits their application to high end,
cost- insensitive applications such as motorsport, sporting goods and defense,
none of which offer the kind of volumes required for large-scale producers to
realize any kind of return on investment.

While graphene has been known about for decades it was only isolated in 2004 and
received a lot of publicity when Andre Geim and Konstantin Novoselov received the
Nobel Prize for physics in 2010. Unlike previous carbon nanomaterials, graphene
appears to lend itself to processing either through CVD grown sheets of the
material or by dispersing nano platelets of graphene in various other media to
produce inks paints and coatings. While prices for graphene are still high, the
rapidly increasing competition, plus major efforts at the academic level to find new
ways of synthesizing graphene are expected to make the prices tumble.

While it is no means certain that graphene will change the world, at the time of
writing its prospects appear far rosier than those of previous carbon
nanomaterials. Paths have been identified to large scale economic manufacture,
and the material lends itself to large scale processing via a wide rang of
technologies. As a result, it should be possible to integrate graphene into a variety
of production processes with relatively little disruption.
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Can Graphene

Succeed

Investors lost substantial amounts of money in venture backed companies such as
C60 and Carbon Nanotechnologies Inc. (CNI), while industry giants such as Bayer
struggled for over a decade before recently throwing in the towel.

Where Fullerenes Failed?
The reason for the failure of other types of carbon nano materialJust like an earlier
carbon material, carbon fibre, carbon nanotubes do offer fantastic performance but
at fantastic cost, and this limits their application to high end, cost insensitive
applications such as motorsport, sporting goods and defense, none of which offer
the kind of volumes required for large-scale producers to realize any kind of return
on investment.

Fullerenes
The Frontier Carbon Corporation was established in Japan in December 2001 as a
joint venture of the Mitsubishi Chemical Corporation and Mitsubishi Corporation
with the goal of becoming the world leader in the commercial production of nanoscale carbon products.

The initial announcement claimed that Mitsubishi Corporation and Mitsubishi
Chemical Corporation will make fullerenes available in quantity beginning in early
2002 under a new joint venture to be known as Frontier Carbon Corporation (FCC).
Mass production, anticipated to reach 1,500 tons a year by 2004, will permit
fullerenes to be bought at prices 10 to 100 times lower than those currently
prevailing.

In 2003 FCC began operating a 40-tons- per-year, commercial-scale, low-cost
plant producing fullerenes, which had been difficult to achieve by previous
methods. FCC claimed to have started delivering Fullerene samples at prices 10
times lower than those prevailing in the market in February 2002.

In 2005 it was claimed that more than 400 Japanese companies have purchased
sample lots and are developing commercial products with unique characteristics.
Some products using fullerenic materials are already commercialized in Japan, for
example coatings for bowling balls, fiber reinforced composites for badminton
rackets, tennis rackets, and golf club shafts, lubricants for car air conditioners and
coatings for glass.
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Lessons
for Graphene

While Frontier carbon still exists, Mitsubishi Corporation sold 50% of the business
to Showa Denko K.K. in January 2013, and fullerenes still remain a technology is
search of an application.

A decade ago there were 60 companies
producing carbon nanotubes of one form or
another. IBM was talking about replacing
silicon with nanotube transistors, and
potential applications ranged from novel

Carbon Nanotubes
Carbon Nanotechnologies Inc was founded at Rice University, Houston, Texas,
home of the Late Richard Smalley who was awarded the Nobel Prize for chemistry
for his part in the discovery of fullerenes.

forms of data storage (NRAM as developed
by Nantero) through conducting composites
to space elevators.

In 2002 the magazine Small Times produced an article which should have set
alarm bells ringing headlined “CNI HAS THE BRAINS, THE CASH, NOW ALL IT
NEEDS IS THE MARKET.” The article continued “Carbon Nanotechnologies Inc.

At the time of writing there are a similar
number of graphene companies, with more
popping up every week. Few of these will
survive to the end of the decade. Some are
opportunistic companies with a tenuous

seems to have it all – a Nobel laureate as its co-founder, a veteran management
team, $15 million in angel funding and a working pilot plant. What the carbon
nanotube producer lacks is a commercial product and a market. CNI is positioning
itself to dominate once that happens by building its business and production
capabilities simultaneously.”

connection to graphene trying to associate
themselves with a 'hot sector', others are

By February 2005 the company had 30 patents issued, 70 applications pending

mineral producers with graphite in their

and were hoping to use their IP portfolio to corner the world market for

portfolio trying to add some value, while

carbon nanotubes.

others still are simply phantom companies
with nothing in the way of products.

The strategy had one fatal flaw – there wasn't a market to corner. While carbon
nanotubes had myriad potential applications, no one had then succeeded in finding
one that resulted in a sensible business model for either producers or users.

By March 2007 CNI had been acquired by Arrowhead Research for $5.5m in stock
that was also soon to head south, and merged with a similar company Unidym.
By February 2009 Unidym lost its CEO and closed down the old CNI facilities in
Houston, and by June the company reported that it had 'zero employees.'
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Types of

Graphene

Graphenes fall into two broad categories - those derived from mined graphite as a
starting material, and those grown or deposited, usually from a gas phase.

While the graphene work that won the Nobel Prize was based on cleaving mined
graphite with a piece of scotch tape until a single layer of carbon was left, this is
impracticable for large scale manufacturing.

Derived Graphenes
Derived graphenes start with mined graphite, and use a variety of
techniques–plasma, mechanical and chemical – to separate out the carbon layers.
This results in the formation of multilayer structures, typically containing a few
hundred layers of graphene that are contained in platelets a few tens of microns
across, and often referred to as graphene nanoplatelets or GNPs.

While this method provides a cheap and scalable way to produce graphenes, the
use of acids in the exfoliation process inevitably damages the surfaces of the
nanostructures, degrading their structural integrity, functional performance and
mechanical strength.

Synthetic Graphenes
Synthetic graphenes are grown from a vapour phase, and can be produced in high
quality single layer films, albeit with defects. A carbon-containing gas, such as
methane, is injected into a furnace at around 900 °C, and a layer of graphene is
deposited on a metal plate that acts as a catalyst for the reaction.

However, the need to heat, cool and cycle the vacuum, and then transfer the
graphene onto an insulating substrate, means that there is a limit to the
throughput of this production technique. While a number of companies are
working on a more scalable roll-to-roll process, this technology is still at the lab
stage for the most part.

Large Scale Production
While much is made of the ability to produce graphene by the ton, we have trodden
similar ground with fullerenes and nanotubes before. A common mistake was
to develop a capacity to produce tons of materials before the market demand
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had been created, leading to a vastly underutilised and eventually out-dated
production facility.
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While there is a chicken and egg element to supply and demand of nanomaterials –
“we'll buy it if you can make a ton” vs. “we'll make a ton if you buy it” – it is more
helpful to think of graphenes in terms of useable area produced.

As an example, 20g of an appropriately functionalised graphene material,
dispersed in a litre of ink with a loading of 20% graphene, could coat two football
pitches. Whilst large scale production is required for applications in bulk materials
such as conducting or reinforced polymers, many other uses will only require high
quality functionalised graphene by the kilo – not the ton.

Applications of Graphenes
As with any new material, the potential applications of graphene have been the
first to grab the headlines. However, the wide variety of materials known as
graphenes requires some explanation.

Many of the high profile applications of graphenes – stretchable electronics,
flexible displays and morphing phones–are predicated on the availability of high
quality single layer graphene which is either transferred or directly grown in situ.

As previously noted, the ability to grow high quality defect free graphene and
transfer it to a substrate of choice is still very much limited to lab scale
experiments, although there is confidence in the scientific world that
the next ten years will provide a variety of solutions to this issue.

Key applications of the graphite-derived graphenes are those
that involve dispersing the material to create a paint or ink.
These include printed electronics, electromagnetic shielding,
barrier coatings, supercapacitors, and smart windows.

While many of these materials are multilayer and are generally viewed as
being unsuitable for transparent coatings, some dispersions are already
approaching the specifications needed for use in touch screens. In addition,
the low cost and increasing availability of derived graphenes is hastening their
application in composites.
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The Graphene

Opportunity

A variety of market predictions have been produced to date, almost all of these are
concerned with the production of bulk graphene, and for reasons previously
discussed, price pressure and competition means that many of these are unlikely
to be accurate.

The $885 Million
Graphene Opportunity
(USD million)

As we outline in the “investing in Graphene” white paper the key to unlocking
the graphene opportunity is the ability to take advantage of the myriad
applications of graphene rather than remaining at the bottom of the value chain
as a graphene producer.

Graphene Production
The medium term market for graphene products in 2018 is estimated to
be $884 million, with bulk graphene estimated to represent between 1%
and 10% of that total.

For graphene producers the total addressable market by 2018 will
therefore be some $8-88 million, with over 50 companies fighting for
their slice.
This makes it hard to justify major investment in graphene producers unless it
is part of a wider strategy.
This represents the addressable opportunity
in 2018, and represents in many cases the
early phase of market penetration, where
most graphene based applications will still
represent below 1% of the market. This also

In this respect graphene is little different from other nanomaterials.
While demand for raw graphene is expected to increase after 2020 as more
commercial applications mature, investors should be suspicious of graphene
producer valuations.

only covers current applications of graphene
and takes no account of technology
breakthroughs between now and 2018.

Graphene Applications
The graphene application market is broken down by market below, and further
discussed in the following chapters.

This represents the addressable opportunity in 2018, and represents in many cases
the early phase of market penetration, where most graphene based applications
will still represent below 1% of the market. This also only covers current
applications of graphene and takes no account of technology breakthroughs
between now and 2018.
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Graphene
Opportunities in

Advanced
Materials

The term “advanced materials” really serves as an umbrella term in which a host
of applications can be covered and addressed, everything from coatings to
structural composites. While it may be used as a catchall phrase here it is a
meaningful one nonetheless and certainly represents areas in which graphene has
the most promising initial applications.

In virtually all of these advanced materials, we are referring to some kind of
polymer composite material that makes up a coating, part of the matrix of some
solid material or a membrane.

The mechanical, chemical, electronic and barrier properties of graphene along
with its high aspect ratio make graphene attractive for applications in
composite materials.

While graphene does have some important properties that make it
attractive for all these applications, there are certainly some market
hurdles. Not the least of which is again the manufacturing costs.
Graphene nanoplatelets that may be appropriate for
some of these applications may cost $150/kg,
whereas graphene films can cost as much as
$100,000/m2.

Beyond the typical price problems with graphene, it
also suffers from agglomeration issues when dispersed in
resins, which is highly problematic for any kind of application in
which graphene is used in a material matrix. This is a problem for other
nanomaterials as well, such as carbon nanotubes.

However, it is somewhat behind the curve in these advanced material applications
where other nanomaterials, such as multi-walled CNTs (MWNTs), metallic
nanowires and nanoclays have been used for well over a decade. Even with this
enormous head start, these other nanomaterials haven't taken a significant market
share from other cheaper and traditional resins, which is a pretty grim indicator for
graphene as well.
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Key Applications in Energy Storage and Generation

Advanced
Materials

•

Paints and Coatings

•

EMI Shielding

•

Barrier coatings

•

Membranes

•

Rustproofing

•

Structural Composites

Despite the uphill road, the promise that graphene is going to be a
player in the advanced composite market appears assured simply
by the number of companies involved in the carbon business
already establishing programs on graphene and grapheneoxide production. As a result, it is possible to expect
graphene-based composites to appear on the market within
a few years.

With some estimates place the aggregate graphene market, for
all applications, at 9 million in 2012 to $126 million in 2020,
representing a compound annual growth rate (CAGR) of 40 percent, the
composites market will compete with energy storage for market supremacy
through the end of the decade, reaching $32 million and $30 million, respectively, in
2020.

This gives a market for 2017 of $48.4 million.
However, before graphene takes its anticipated place in the market place, graphene
flakes over 10 mm in size will need to be easily obtainable—the dimension required
to use in full the advantage of the high Young's modulus of graphene. While that
dimension is still in the offing, researchers have demonstrated that graphite flakes
thicker than one monolayer can provide a significant level of reinforcement, thus
making the implementation of graphene-based composites realistic within a
shorter time.
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GRAPHENE IN ADVANCED MATERIALS
Application Use in Advanced
Materials

Strengths/Weakness
Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Paints &
Coatings

Anti-corrosion coatings.
Barrier films.
EMI Shielding.
Conductive adhesives.

Five times thinner than
conventional antirust
coatings.
Non-toxic.
Can be applied to almost
any metal conforming to
complex surfaces.

Cost remains a significant
battier to wide commercial
adoption of graphene in
this area.
It has to compete not
only with the low-cost, but
low-performance of
carbon black, but it also
will be going head-tohead with MWNTs that
have superior performance
characteristics and
currently lower prices to
graphene.

Carbon black,
SiOx, AlOx, SiNx,
Multi-walled
carbon nanotubes

Good. Adding graphene powder
to various polymer matrixes reduces
permeability to various gases by
several times. While this may not
currently be sufficient for OLEDs, it is
more than adequate for food
packaging and bottlemaking.
However, graphene will struggle for
applications until commercial scale
production of graphene is available
at costs below CNT. Currently, the
pricing of commercial, research
grade CNT ranges from 1 to 2 USD/g
(MWCNT) to hundreds USD/g
(SWCNT). The average cost of
graphene oxide is estimated at 30
USD/kg, which is still higher than
that of graphite nanoplatelets (10
USD/kg).

Membranes

Gas separation.
Water purification

As usual, graphene faces
pretty stiff price
competition against both
traditional materials and
nanomaterials.

Structural
Composites

Smart packaging.
Aircraft structural parts.

Extremely thin structure
and strength. High flux
and tunability:
membranes that quickly
filter fluids and can be
easily tailored to let
certain molecules
through while trapping
others.
Adhesive capabilities.

Zeolites,
Mesoporous
silica, Glassy
polyimides and
polyetherimides,
Polysulfones and
polyethersulfones,
Polydimethylsilox
ane,TiO2
Nanowires

Good. Lockheed Martin's launch of
“Perforene” is a good indicator for
this application. Its strengths and
weaknesses for membranes stack up
about the same as for paints and
coatings. However, membranes do
have a somewhat higher
performance threshold than paints
and coatings. This could translate
into a good or a bad thing for
graphene.

Structural
Composites

Smart packaging.
Aircraft structural parts.

Modulus, electrical and
thermal conductivity,
transparency,
impermeability and
elasticity. GNPs are more
easily dispersed than
MWNTs in a resin and
have a much smaller
effect on resin viscosity
at any given conductivity
level.

MWNTs possess higher
specific strength and
modulus. The price of
graphene must be within
two to five times the cost
of carbon black in order
to be competitive.

Carbon black,
carbon, fiber,
graphite, carbon
nanotube, glass
fiberNanowires

Good. The commercial position
held by carbon fibers is so strong
that graphene will need substantial
development before it will be
economically feasible to use it as the
main reinforcement component.
However, for applications that have
not yet been developed in which
electrical conductivity will be a key
feature, graphene may

PAINTS AND COATINGS
In attempting to break out markets for any kind of material, you are always going to
have some degree of overlap and redundancies. In the case of graphene-based
paints and coatings their applications range from conductive inks (which were
covered in our chapter on flexible electronics) to anti-static electromagneticinterference shielding, and gas barrier applications.
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The advantage that graphene has in these applications, beyond its properties such
as transparency and conductivity, is that it can be grown directly on the surface of
almost any metal under the right conditions. As a result, it could form a protective
conformal layer on complex surfaces.

Anti-corrosion
Because graphene is highly inert it can act as a corrosion barrier against water and
oxygen diffusion. In fact, graphene has been found to be the thinnest anti-corrosion
coating known to man. Graphene is as effective as conventional anti-corrosion
coatings, but five times thinner.

The market for anti-corrosion coatings is huge. According to a 2002 study by the US
Federal Highway Administration, the total cost of corrosion across the entirety of
the country was $276 billion, some 3.2% GDP; around the same amount that the US
spends on its military.

Because of this vast rusting infrastructure, the size of anticorrosion coating market
was $5 billion in 2010 and grew by around 13% from 2009. CAGR is forecasted at
19% through to 2015 in nominal revenue terms.

If graphene is going win a portion of this market is going to have to compete with
much cheaper alternatives. If the manufacturing costs can be reduced significantly,
graphene's superior performance characteristics should win it some market share.
However, it will likely not win a majority portion of the market.

Assuming a 19% CAGR gives a 2017 anti corrosion coating market of $16.8 billion.
Assuming a maximum 10% market share, and a 10% loading of graphene on the
various materials, gives a grapheme opportunity of $168 million.

Barrier Films
Barrier films ticks all the major boxes for graphene's strengths. Graphene's
transparency, impermeability, and conductivity are an ideal match for use in
transparent conductive coatings and barrier films.

Despite the hot pursuit by start-ups and multinationals alike, adoption of
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graphene-based transparent conductive films (TCFs) will be delayed by a slew of
technical and economic challenges, growing to just $6 million in 2020.
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EMI Shielding
Graphene is a very efficient at EMI attenuation. As little as 0.1 vol. % graphene to
epoxy or polyester is all that is required. The advantage is that relatively
inexpensive form of powder graphene is perfect for this job. However, at even this
low price, graphene will have to compete with carbon black, which is many orders
of magnitude cheaper.

Opportunities for Graphene in Paints & Coatings
Adding graphene powder to paints and coatings--Good. The addition of graphene to
various polymer matrixes has repeatedly proven to reduce permeability to
various gases by several times. While this may not currently be sufficient
for OLEDs, it is more than adequate for food packaging and bottlemaking.
However, graphene will struggle for applications until commercial scale
production of graphene is available at costs below CNT. Currently, the
pricing of commercial, research grade CNT ranges from 1 to 2 USD/g
(MWCNT) to hundreds USD/g (SWCNT). The average cost of graphene oxide is
estimated at 30 USD/kg, which is still higher than that of graphite nanoplatelets (10
USD/kg).

MEMBRANES
While graphene has been shown to be among the most impermeable materials
ever discovered, making the substance ideal as a barrier film, it may not be as
impenetrable as people thought. It turns out that it is possible to engineer relatively
large membranes from single sheets of graphene grown by chemical vapor
deposition so that it has intrinsic defects, or holes. These flaws in turn can make
graphene useful in filtering microscopic contaminants from water, or that separate
specific types of molecules from biological samples.

In March 2013, Lockheed-Martin patented a graphene water filter under the name
Perforene. It is intended for use in desalination and water filtration. The membrane
technology was originally developed at MIT. It uses an array of 1nm holes in a
graphene sheet as a reverse osmosis filter. Since the holes are engineered into the
graphene, they are made to the specific size in which water molecules fit through
the holes but any other molecule is too large.

Graphene
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Market observers believe that Perforene's first large-scale application will be in
desalination. One of the big cost factors for water desalination is the energy that is
required to force the water through the membrane in a process known as reverse
osmosis. With graphene being so thin, it is expected that the energy requirements
will be significantly less to force the water through the membrane thereby reducing
costs. Lockheed Martin believes that graphene membranes can desalinate the
same volume of water as current membranes for mere pennies on the dollar in
comparison. It is also expected that it could run the process hundreds of times
faster than current membranes.

In addition to desalination, graphene oxide membranes provide a method for
passively removing water from solution in various chemical processes.
Graphene oxide offers a cheaper alternative but still has the property of arranging
itself into layers, like a laminate. The layers are spaced so that a single layer of
Figure:

water molecules can fit between them, and capillary channels through the

Lockheed Martin's Perforene membrane

membrane either shrink closed in low humidity or rapidly clog with water

features holes one billionth of a meter or

molecules. The result is a vacuum-tight seal which frictionlessly passes water

less in a graphene sheet that trap sodium,

vapor and blocks all other materials from escaping, even helium.

chlorine and other ions from sea water.

Opportunities for Graphene in Membranes
Replacing membranes in gas separation and water purification and desalination
systems—Good. Lockheed Martin's launch of “Perforene” is a good indicator for
this application. Graphene's strengths and weaknesses for membranes stack up
about the same as for paints and coatings. However, membranes do have a
somewhat higher performance threshold than paints and coatings. This could
translate into a good or a bad thing for graphene.

With desalination currently so expensive and pure water becoming ever more
scarce, a method that makes desalination more affordable has a very strong
market pull working for it.

We should get a pretty good indication on how graphene will fare in this market in
short order passed on the fortunes of Lockheed Martin's Perforene.

Graphene
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STRUCTURAL COMPOSITES
Graphene will face a strong competitor in the area of structural composites from
carbon fibres, which hold a leading commercial market position. This stranglehold
carbon fiber has on the market means that graphene will need substantial
development before it will be economically feasible to use it as the main
reinforcement component. In addition, pure graphene might not have the same
adhesion properties to the matrix as carbon fibres, which would require more
chemical modification of graphene.

However, graphene as an additive to a composite matrix polymer could increase the
operating temperature level of composites, reduce moisture uptake, induce antistatic behavior, give lightning strike protection and improve composite compressive
strength. There are also a number of applications for which it is difficult to use
carbon fibers that would still benefit from excellent mechanical reinforcement
(injection-molded composites).

Currently carbon fiber composites approximately control 45% of the $20 billion
structural composite market. It is expected that graphene will slowly penetrate this
market with its market share growing from 0% today to 0.27% in 2018.
This will translate into a market size of $78 million in 2018. The winning graphene
production methods will be liquid-phase exfoliation and oxidisation-reduction.
CVD or scotch-tape methods will not serve this market.

Despite these hopeful numbers, graphene has still not proven itself
in commercial products. The development timelines for many
products will inevitably be long.
This is because many reply on high performance and therefore
must undergo multiple rounds of tests in the field. The market
penetration is therefore unlikely to be any higher.

Structural materials are expected to jump from $44.5 million in 2017 to $167.6
million in 2022, a CAGR of 30.4%.

Graphene
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Opportunities for Graphene in Structural Composites
Used in resins of structural composites—Good.

The commercial position held by carbon fibers is so strong that graphene will need
substantial development before it will be economically feasible to use it as the main
reinforcement component. However, for applications that have not yet been
developed in which electrical conductivity will be a key feature, graphene may have
a leg up on some of the more traditional materials such as carbon fiber and carbon
black. However, graphene's nanomaterial rivals in this market place have ten years
of development behind them have resulted in dramatically lower prices for the
product and better methods for exploiting the strength of nanotubes instead of
merely using them as an expensive filler where they didn't impart any of their
unique characteristics.

Graphene
Opportunity
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Graphene
Opportunities in

Microelectronics

While companies such as IBM have been producing graphene transistors for
several years now, these are—and will remain—lab-based curiosities, useful only
for generating intellectual property and prior art, as well as marketing IBM's
capabilities. As with all competing approaches to 'beyond silicon' we are at least a
decade from real commercial opportunities. The reason is simple, silicon, while not
perfect, is good enough for most applications. Combined with over sixty years of
scientific and engineering expertise on silicon, engineers have constantly pushed
silicon beyond its theoretical performance limits, by combining it with other
materials and rearranging the architecture of device fabrication.

The high-speed applications which graphene may engender, will only ever
represent a small part of the semiconductor market in the same way high-speed
processors only make up a small segment by volume of today's semiconductor
market.

Key Applications of graphene in microelectronics
• Transistors
• Digital Logic
• RF Analogue
• Large Area (Thin Film)
• Flexible electronics
• Conductive inks
• ITO Replacement for transparent conductors
• Electronic Components
• Interconnects
• Heat sinks

The Barriers to the Use of Graphene as Semiconductors
The lack of a band gap is a problem for anyone attempting to use graphene as a
direct replacement for silicon. Current approaches such as chemical modification
and the use of bilayers have only succeeded in opening a band gap of 350meV,
limiting the on/off ratio to about 103, much less than the required 106. Worse still,

Microelectrnics and Displays

they also lead to the degradation of the carrier mobility in graphene hobbling the
very speed which graphene was promising.

Graphene
Opportunity
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Another prerequisite is the production of large-area uniform polycrystalline
graphene films which have to be grown on a substrate which is then removed –
known as the transfer process, i.e. transferring the graphene from a conducting to
a non conducting substrate which is required for it to function as an electronic
device. Writing in Nature, Graphene Nobel Prize winner Kristov Novoselev explains:

At present, the process is expensive owing to large energy consumption and because the
underlying metal layer has to be removed. However, once the transfer process is optimized
this method may indeed be disruptive and cost-effective.

A number of issues need to be resolved before graphene CVD technology can become
widely used. Graphene growth on thin (tens of nanometres) films of metals needs to be
achieved, simultaneously gaining control of the domain (grain) size, ripples, doping level
and the number of layers. Control of the number and relative crystallographic orientation
of the graphene layers is critical because it will enable a number of applications which
would require double, triple and even thicker layers of graphene. Simultaneously, the
transfer process should be improved and optimized with the objectives of minimizing the
damage to graphene and of recovering the sacrificial metal.

The transfer process might be as complicated as the growth of graphene itself.
However, there are a number of applications which rely on conformal growth of
graphene on the surface of the metal, and do not require graphene transfer at all:
high thermal and electrical conductivities as well as excellent barrier properties allow
graphene greatly to enhance the performance of copper interconnects in integrated circuits.
Also, because graphene is inert, it is an excellent barrier for any gas, and it forms a
conformal layer on metal surfaces with the most complex topographies: such coatings can
protect against corrosion.

The game-changing breakthroughs would be the development of graphene growth on
arbitrary surfaces and/or at low temperatures (for example, using plasma-enhanced CVD
or other methods) with a minimal number of defects. The former would allow one to avoid
the complex and expensive transfer step and promote better integration of this 2D crystal
with other materials (like Si or GaAs). The latter would improve compatibility with modern
microelectronic technologies and allow significant energy saving.

Graphene
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TRANSISTORS
The Holy Grail of graphene research has been high-speed transistors. This quest
was based on graphene's high-electron conductivity that would ultimately lead to
the development of THz electronics. In turn, the development THz electronics would
lead faster data transmission and processing.

However, the entire field of graphene research in developing transistors has been
hindered by one giant weakness of the “wonder material”: It does not possess an
inherent band gap. While research teams around the world have developed
methods of engineering a band gap into graphene, in all but one of the three
transistor types listed in the Table does it stand any chance of making it into
electronic devices within the next decade.

GRAPHENE IN TRANSISTOR APPLICATIONS
Application Use in
Electronics

Strengths/Weakness
Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Digital Logic
Transistors

Desktop and laptop
computers

High electron mobility.
Possible to engineer
band gap.

Lacks inherent band gap

Crystalline silicon

Negligible. Engineering band
gap cannot be reproduced reliably.
Silicon is too dominant

RF Analogue
Transistors

Mobile
telecommunication
devices

Field-effect mobility.
Lack of band gap not
necessarily a major issue.

Incumbent materials
established and still
superior. Loses
amplifying capability
(could be because it lacks
a band gap).

Crystalline silicon,
Indium
phosphide,
Gallium arsenide

Possible. Poor amplifying
capability possibly due to lacking a
band gap coupled with superiority
of established materials leaves small
opportunity.

Large-area
Transistors
(Thin-Film
Transistors)

Displays

No clear strength in this
area.

No method now exists
for producing graphene
over large areas in a cost
effective way. All of the
existing and emerging
alternatives outperform
graphene.

Amorphous
silicon,
nanocrystalline
silicon,
polycrystalline
silicon, oxide
semiconductors

Negligible. Graphene offers no
benefit over current and emerging
materials and cost-effective
production methods currently don't
exist.

A roadmap for graphene K. S. Novoselov1, V.
I. Fal9ko2, L. Colombo3, P. R. Gellert4, M. G.
Schwab5 & K. Kim6 Nature 11458, 11
October 2012

Digital Transistors
A material that can't be turned ON or OFF by its nature is not one that lends itself
to digital applications. But the obstacles to commercialization are not just the lack
of inherent band gap. When the material is engineered to have one, it's simply not
adequate for the job and can't even be reproduced reliably. Alternative materials
have much better performance characteristics, are easier to produce and are much

Graphene

further along in the development cycle for use in digital transistors.

Opportunity
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RF Transistors
RF transistors used in mobile devices do not appear to be as handicapped by
graphene's lack of a band gap as with other transistor types. In addition to the lack
of a band not being thought to be a drawback, graphene's superior field effect
mobility provides it with faster switching speeds.

Unfortunately, graphene in RF transistors suffers from strange saturation
characteristics that limit its amplifying capabilities. This property is also worrisome
because research is beginning to show that these saturation effects may in fact be
caused by its lacking a band gap.

The greater obstacles that graphene in RF transistors may face is the quality of the
competition. Indium phosphide (InP), Gallium Arsenide (GaAs) and
crystalline Si transistors not only have a big head start in their development
cycle, but by all accounts they at this moment have better performance
characteristics.
Because of this, while graphene stands a chance in RF transistors, it is
already behind in the race.

Large-Area Transistors (or Thin-Film
Transistors)
One would think that thin-film transistors used in various
display technologies could grab a piece of the market
since crystalline silicon is just so inadequate for these
applications. The challenge graphene faces, however, is not from
crystal line silicon but from the alternative semiconductor materials. Chief among
these is amorphous silicon where it rules the roost for LCD displays. In emerging
display technologies, like OLED and 3D displays, organic semiconductors look
better positioned in terms of properties to take hold of that market.

Another significant problem graphene faces is that the form of the material best
suited for these applications requires the mechanical exfoliation production method
(the “Scotch-tape” method), which lacks scalability and can't produce large areas
of the material. But even with the highest quality graphene the other materials
outperform graphene in key performance characteristics.

Graphene
Opportunity
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Opportunities for Graphene in Transistors
Digital Logic Transistors—Negligible. Engineering a band gap into graphene falls
short of key performance requirements and even the inferior band gap that is
produced can't be reproduced reliably.

RF Analogue Transistors—Possible. The lack of a band gap does not appear to be
a non-starter for these transistors. However, graphene has displayed some strange
saturation characteristics that impacts its ability to amplify a signal—a critical
performance characteristic for RF transistors. If that can be sorted out, graphene
still faces some stiff competition from more established materials that at this point
enjoy better performance characteristics.

Large-Area Transistors (Thin-film Transistors)—Negligible. Only the highestquality graphene can meet the performance requirements of these applications and
the only current method that can produce this quality of graphene is the
mechanical exfoliation method, which can produce the material in large enough
areas. Even if other production methods like CVD could produce the same quality
graphene, the rival materials still have better performance characteristics.

Market Estimates
At this point, the prospects for graphene in transistor applications are so dim that it
would be speculative and become simply hopeful that they could constitute any
kind of market size within the next decade.

FLEXIBLE ELECTRONICS
Flexible electronics have been touted as the next big thing for some time now.
Things like rollable E-paper seemed to have been absolutely assured success in
the minds of futurists but never seemed to generate the same kind of interest in
the marketplace. But finally the emergence of touch-screen displays in smart
phones and tablets has finally realized the kind of demand that had been for so long
expected in flexible electronics.

For our analysis we have looked at both the use of graphene as a replacement for
Indium Tin Oxide (ITO) in transparent conductors and at graphene as a conductor
material in functional inks used in printed electronics. While printed electronics are

Graphene

not always used in applications that require flexibility, in many cases they are.

Opportunity
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GRAPHENE IN FLEXIBLE ELECTRONICS
Application

Strengths/Weakness

Use in
Electronics

Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

ITO Replacement
for Transparent
Conductors

LCD/OLED Screen,
LED/OLED lighting,
Touch Screens,
Photovoltaics

Graphene has superior
transmission
performance
characteristics over ITO
and single-walled carbon
nanotubes. It possesses
superior mechanical
flexibility over ITO, giving
it unsurpassed durability.

Only the highest quality
graphene produced
through the costly and
non-scalable
mechanical cleavage
method (the “scotchtape” method) is
sufficient.

Silver flake, Silver
nanoparticles,
Silver nanowires,
Silver ion, Copper
nanoparticles,
Copper oxide
nanoparticles

Possible. Samsung has already
developed touch-screen displays
using graphene in place of ITO.
Because there does not exist a
scalable production method for the
graphene required in this application
other materials will likely be
adopted earlier. In addition, the real
market issue for flexible displays is
not a lack of transparent conductors,
but a lack of products and a resulting
market pull.

ITO Replacement
for Transparent
Conductors

Used in printed
electronics
applications for
creating bus bars in
photovoltaics; printing
the source/drain/gate
electrodes in logic and
memory circuits;
printing electrodes in
sensors; printing
touch buttons for
items in automobiles;
printing RFID
antennas; printing
interconnects for
packaging products

Graphene has superior
conductivity
characteristics over its
rivals

Currently graphene
loses out in terms of
cost against its main
rivals in this space.

Gold
nanoparticles,
Gold nanowires,
Carbon
nanotubes,
Carbon paste,
Copper
nanoparticle,
Copper/Silver

Good. Cheaper and better
manufacturing techniques will have
to be developed to make graphene
competitive in current applications
for conductive inks. But new
applications may offer a better
chance of market uptake, especially
if those manufacturing techniques
are improved.

ITO Replacement for Transparent Conductors
In the table above, we group together all the different flexible electronics that will
be impacted by new materials for transparent conductors. These applications
include touch screen displays, organic light emitting diodes (OLEDs) and E-paper.
For these uses, graphene does meet the basic threshold requirements, namely a
low sheet resistance with high transmittance coupled with high transmittance.
Graphene checks both those boxes with sheet resistance reaching 30Ω per square
of 2D area and an excellent transmittance of 97.7% per layer. Those are good
numbers, but they are not as good as ITO.

While some argue that the early stage of graphene development indicates that in
the near future graphene will exceed the performance of ITO, this claim has to be
called somewhat into question. The graphene capable of currently reaching these
performance characteristics are again produced by the unscalable mechanical
exfoliation method. For other production methods, like CVD, to reach that level of

Graphene

performance will take even more time.
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Another obstacle is just the sheer cost of graphene alternatives. While ITO is seen
as vulnerable because of its growing scarcity and rising costs, it is still cheaper
than the high-quality graphene that is vying to replace it. There is some question as
to whether if you increase the economy of scale of graphene production you would
diminish the quality of the graphene.

Another factor is that graphene is not alone as an alternative to ITO in transparent
conductors. Since these alternatives are further along in the development cycle as
a replacement for ITO and in some cases have equivalent mechanical flexibility
characteristics of graphene, it's hard to see graphene winning the competition.

Perhaps the biggest obstacle in the flexible electronics market is that outside of
touch screen displays, the demand for the technology remains speculative.

Market Estimates
ITO replacement market is a large target market. It is $2.8 billion today and will
reach $3.1 billion in 2018. With graphene's high price and noncommensurate
high performance it is not expected that graphene will
capture less than a tenth
of one percent of the market, putting market estimates at
around $1.4 to $3 million by 2018.

Conductive Inks
Conductive inks are the key element to printed electronics and the field
for printed electronics is broad, including:
•Bus bars in photovoltaics
• Source/drain/gate electrodes in logic and memory circuits
• Electrodes in sensors
• Touch buttons for automobile controls
• RFID antennas
• Interconnects for packaging products

Among these applications, it is RFID devices and smart packaging where graphene
looks to be in a position to excel. In the general field of conductive inks, graphene is

Graphene
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more expensive than many of the materials it is competing with, but many
anticipate that as manufacturing processes improve both in terms of quality and
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yield this price difference will shrink. In smart packaging, it is actually the cheaper
alternative to silver-based inks and given the nature of the smart packaging market
might give it an ideal position to be the dominant material of the market.

The real opportunity for graphene may be in new, as-of-yet undeveloped printed
electronic applications (which may or not be considered flexible) that will require
the superior conductivity characteristics of graphene over its rivals.

Market Estimates
RFID ANTENNAS
2.88 billion RFID tags were produced in 2011 and it is expected that 37.76 billion
will be produced in 2018. An anticipated market share of 4% for graphene will
translate into 1.5 billion tags. The will constitute a $6-million market.

INTERCONNECTS FOR PACKAGING PRODUCTS
Graphene is well placed in the smart packaging segment. It is cheaper than silverbased inks and outperforms carbon paste in terms of conductivity. This will make
the go-to choice for everything except that most demanding applications that will
require silver-based inks. Since disposability of smart packaging requires low cost,
it should win a lion's share of this market. Estimates expect that by 2018 40 million
products will use smart packaging enabled by graphene.

Opportunities for Graphene in Flexible Electronics
ITO replacement for transparent conductors—Possible. Samsung has done it.
They have produced a touch-screen display using graphene as the transparent
conductor. However, because of the technology hurdles that it must overcome along
with the market obstacles that it will face, it's not clear that Samsung's efforts
were much more than a proof that it could be done. The real issue here may be for
the market of flexible electronics to move beyond merely touch-screen displays into
entirely new products based on the technology.

Conductive Inks—Good. Cheaper and better manufacturing techniques will have to
be developed for graphene to win against its competitors in the current array of
applications for printed electronics, and many think that is still quite possible given
the nascent stage of research with the material. However, it is in future and as-of-

Graphene
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yet-undiscovered printed electronic applications where graphene may shine above
all others given its superior conductive qualities in functional inks.
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ELECTRONIC COMPONENTS
Electronic components, such as interconnects and heat sinks, are an often
forgotten but absolutely crucial aspect to today's high-speed electronics. Because
of that, they form a rather large market and any material that can make an impact
in them can be assured good revenues.

GRAPHENE IN ELECTRONIC COMPONENTS
Application

Strengths/Weakness

Use in
Electronics

Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Interconnects

Connecting
circuitry within
electronic devices

At high fields, graphene
has some of the highest
current densities
recorded—1000 times
higher than copper

There remain obstacles
in integrating graphene
with silicon

Carbon
nanotubes,
Nanostructured
nickel, Gallium
alloys

Good. Graphene interconnects
have higher current densities than
carbon nanotubes. There is also a
strong market pull. The ITRS predicts
that by 2015 copper-based vias that
connect the silicon surface to the
chips' wiring and connect one layer
of wiring to another simply will not
be able to do the job anymore.

Heat Sinks

Used in thermal
management systems
within computers

Graphene has nearly
unmatched thermal
conductivity with some
measurements putting its
ability to dissipate heat
at 20 times greater than
silicon

Poor thermal coupling
between graphene and
its substrates could lead
to heat dissipation
bottlenecks.

Highly ordered
pyrolytic graphite
(HOPG), Pyrolitic
graphite sheet,
Natural graphite,
SiC particles,
Continuous
carbon fibers,
Diamond

Good. Early measurements show
that graphene outperforms
diamonds in heat conduction. Also,
graphene's thinness lends it to
removing heat in small dimension
devices.

Market Estimates
The global market for passive and interconnecting electronic components was
valued at around US$135.8 billion in 2012. The market is expected to follow this
upward trend to cross US$215 billion at a CAGR of 9% by 2018. Heat sinks are
expected to make up US$2.64 Billion by 2015 and interconnects for 3D IC is
expected to grow from $2.21 billion in 2009 to $6.55 billion in 2016 at a CAGR of
16.9% from 2011 to 2016.

Graphene at least technologically is well positioned to take a place at the table
within these huge markets. It excels copper in key performance characteristics for
interconnects; it just needs to improve it's pricing, which is expected to fall as
manufacturing techniques improve. And for heat sinks is much superior than
diamonds in heat conduction.

Graphene
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Assuming a conservative adoption by the semiconductor industry with a market
penetration of 1% by 2017, heat sinks and thermal management represent a $31
million opportunity, while interconnects represent a $76.5 million market with a
chance to rapidly gain market share.

Opportunities for Graphene in Electronic Components
This looks to be an area where graphene could really succeed.

Graphene
Opportunity
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GRAPHENE OPPORTUNITIES IN
PHOTONICS & OPTOELECTRONICS
While much of the early research focus with graphene was aimed at applying it to
electronics—to address the threat of silicon running out of steam in keeping up
with Moore's Law—the real opportunity to many experts has been in the area of
photonics and optoelectronics. It is believed that in these applications the unique
combination of optical and electronic properties of graphene could be fully
exploited. Unlike electronics, with photonic and optoelectronic applications these
properties could be used even without the material having a band gap.

Graphene's high carrier mobility enables ultrafast extraction of photo-generated
carriers, which leads to high-bandwidth operation. Graphene also has a wide
spectral range including the ultraviolet to the infrared.

While optoelectronic applications for graphene include areas such as transparent
conductors and photovoltaics, we will only discuss these tangentially as they may
be impacted the applications we have listed below. We have covered both
transparent conductors in our microelectronics and display chapter along
with covering photovoltaics in our chapter on energy generation and
storage.

Key Applications of graphene in photonics
• Photodetectors
• Optical modulators
• Saturable Absorber Mode-locked laser
• Optical polarization controller

The market up for grab for graphene is a large one. The total global silicon
photonics product market is expected to be worth US$2.02 billion by 2015 and will
get there by experiencing a compound annual growth rate (CAGR) of 78.2% from
2010 to 2015. If that growth rate were to continue over the following five years until
2020—when graphene is expected to start taking market share in these
applications—the market could reach $36.3 billion.

Graphene
Opportunity

© Cient’fica 2013 Reproduction in whole or in part without permission of Cient’fica is prohibited.

GRAPHENE IN PHOTONIC AND SENSOR APPLICATIONS
Strengths/Weakness

Application

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Strengths

Weakness

Photodetectors

Wide spectral range from
ultraviolet to infrared, fast
optoelectronic response from
high mobility and zero band gap

Graphene can only absorb a
small fraction of incoming light.
Responsivity is limited.

Semiconductor
materials, i.e.
InGaAs, Ge

Possible. It's highly unlikely that we will be
able to buy a cell-phone or camera with a
graphene photodetector in it. However, in the
mid-IR or terahertz regime, graphene could be
much more competitive and provide a unique
technology solution. This could translate into
applications such as optical communications,
photovoltaics, and spectroscopy for graphene
photodetectors.

Optical
modulators

Ability to absorb a small amount
of incident light over ultra-wide
ranges of wavelengths and
combined with its ultrafast
response, could lead to faster
operating speeds.

High-quality graphene is
required with low-sheet
resistance for it exploit its
ultrafast response.

Silicon-based
modulators,
Lithium Niobate,
Indium

Good. The current competitive devices are very
expensive and graphene could actually be
cheaper in this application. If graphene
modulators can actually operate at their
theoretical limit of 500GHz, then we could see
networks that are capable of petabit or exabit
transmission speeds, rather than megabits and
gigabits. That would be a pretty strong
motivation for telecommunication companies to
make the transition.

Saturable
absorbers for
Mode-locked
laser

Ability to absorbs a significant
amount of photons per unit
thickness, allowing it to reach
saturation at a lower intensity
over a wide spectral range.
Ultrafast carrier relaxation time,
controllable modulation depth,
high damage threshold, high
thermal conductivity and wide
spectral range tenability.

Manufacturing techniques that
are more economical will need
to be developed

Gallium arsenide
(GaAs), quantum
dots, carbon
nanotubesPhosp

Good. Because only a small area of graphene is
required, more advanced manufacturing
techniques may not be required to use
graphene for this application before the year
2020. After 2020, graphene may find new
applications open up for as a saturable absorber
for passively mode-locked semiconductor laser
with comparatively easy fabrication techniques.

Optical
polarization
controller

Easy to integrate into with
silicon and devices are compact.

The level of control of high
quality will need to reach further
than current technology
permits.

Gallium arsenide
(GaAs), quantum
dots, carbon
nanotubesPhosp

Good. If graphene-processing technology
matures, devices that are a hybrid of graphene,
silicon and optical fiber could come into play as
early as 2020.

Photodetectors
Graphene has a lot going for it in photodetectors. In comparison to semiconductor
photodetectors the graphene variety have a wide spectral range from the ultraviolet
to infrared and fast optoelectronic response due to high electron mobility and zero
band gap.

The atomic thinness of graphene does play it against somewhat as a photodetector
since it cannot really absorb that much incoming light. However, that really just
limits the material for digital camera applications (Although there has been some
recent work there too). Instead graphene's wide spectral range could make it quite

Graphene
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useful in mid-IR to the terahertz regime for photodetectors. This would open up
applications such as optical communications, photovoltaics, and spectroscopy.
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Opportunities for Graphene in Photodetectors
Possible. It's highly unlikely that we will be able to buy a cell-phone or camera with
a graphene photodetector in it. However, in the mid-IR or terahertz regime,
graphene could be much more competitive and provide a unique technology
solution. This could translate into applications such as optical
communications, photovoltaics, and spectroscopy.

Market Estimates
Since graphene as a photodetector has its biggest opportunity as mid-IR
photodetector, it makes sense to look at its addressable market as midIR sensors. The mid-IR sensors market was estimated to be worth $509
million market worldwide in 2011. It is anticipated to increase tenfold to $5
billion by 2018. If mid-IR photodetector market continues to grow at 58% CAGR

Photonics

over the following five years, it could reach a $50 billion market by 2023.
At that time, graphene will start to take some market share, which could be as
much 5-10%.

Optical Modulators
Graphene's ability to absorb a small amount of incident light over ultra-wide
ranges of wavelengths and combined with its ultrafast response, could lead to
faster operating speeds for optical modulators. A graphene-based modulator
would have a small physical footprint, broad operation bandwidth, fast
modulation speed, low-insertion loss, and is insensitive to environmental
temperature changes.

Some experts believe that if graphene modulators can actually operate at 500GHz,
then we could see networks that are capable of petabit or exabit transmission
speeds, rather than megabits and gigabits. That would be a pretty strong
enticement for telecommunication providers to make that switch.

Another benefit that graphene has is that could be made to be less expensive than
current technology based on LiNbO3, which cost more than $4K, because they
wouldn't require the expensive fabrication costs of these other devices.

Graphene
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Opportunities for Graphene in Optical Modulators
Good. The current competitive devices are very expensive and graphene could
actually be cheaper in this application. If graphene modulators can actually operate
at their theoretical limit of 500GHz, then we could see networks that are capable
of petabit or exabit transmission speeds, rather than megabits and gigabits.
That would be a pretty strong motivation for telecommunication companies to
make the transition.

Market Estimates
It was estimated that the optical modulator market was worth
$3.7 billion in 2011. In the last five years, the optical
modulator market has grown at an average annual rate of
22.1%. If this growth should continue over the next 10 years,
it could reach a $27.1 billion market by 2021 at which time
graphene modulators could already be taking market share
from semiconductor modulators.

Mode-locked laser
The benefits of graphene as saturable absorbers for mode-locked lasers and THz
generators is a lengthy list:

•Ultrafast carrier relaxation time
• Controllable modulation depth
• High damage threshold
• High thermal conductivity
• Wide spectral range tenability

While that is an impressive list of benefits, perhaps the most important aspect of
graphene in this application is that you don't need much of it. Since the graphene
doesn't need to cover a large area, expensive fabrication methods for the graphene
are not required. As a result, some experts believe that it's possible to see
commercialization of graphene in this field before 2020.

To date most of the research in applying graphene to saturable adsorbers has been
focused on fiber and solid-state lasers. However, it is possible for graphene-based
saturable absorbers can be used in semiconductor lasers as well. In future

Graphene

applications for semiconductor lasers, research has looked at the possibility of
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creating a single actively mode-locked Si hybrid laser that could enable optical
interconnection with a wavelength-division multiplexing scheme. But a graphenesaturable absorber could make possible a passively mode-locked semiconductor
laser with comparatively easy fabrication techniques.

Opportunities for Mode-locked lasers
Good. Because only a small area of graphene is required, more advanced
manufacturing techniques may not be required to use graphene for this application
before the year 2020. After 2020, graphene may find new applications open up for
as a saturable absorber for passively mode-locked semiconductor laser with
comparatively easy fabrication techniques.

Market Estimates
Back in 2000, the estimate for lasers used in telecommunications was just over $5
billion, after just having experienced 132% growth rate from 1999-2000.
That was, of course, the first explosion of the Internet. However,
demands for optoelectronic lasers have continued to grow over
the ensuing decade.

Diode and non-diode lasers haven't quite grown at the rate they
did, but they have continued to grow. Other estimates have
placed the diode and non-diode laser market at total revenues of over
$7 billion in 2011 with the value split almost 50/50 between the two.

Optical polarization controllers
Optical polarization controllers are passive components within an optoelectronic
system for manipulating the polarization of photons. Examples of these devices
are polarizers, which are a kind of optical filter, and polarization rotators (also
known as Faraday rotators), which is a magneto-optic device.

The main benefit of graphene in these applications is that easy to integrate it with
silicon an optical fibers. However, there remain some issues in gaining a higher
level of control over the parameters of high-quality graphene.

Graphene
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Opportunities for Graphene in optical
polarization controllers
Good. If graphene-processing technology matures, devices that are a hybrid of
graphene, silicon and optical fiber could come into play as early as 2020.

Market Estimates
The polarizer market was estimated to be $10.15 billion in 2011 and is expected to
reach $14 billion by 2016, representing a 6% CAGR from 2013 to 2016.

GRAPHENE OPPORTUNITIES IN
BIOMEDICAL APPLICATIONS
No application list for a nanomaterial would be complete without some citing of the
biomedical field. Graphene is no different in that regard. Of course, graphene will
be useful for electronic devices and transparent conductors used in biosensing and
bioimaging applications (applications tangentially discussed in our electronics
chapter), but research has shown that graphene can also be used in drug and gene
delivery applications and tissue engineering applications.

The characteristics that make graphene appealing in a number of non-medical
applications are the same ones that are attractive in the
biomedical field as well. Graphene's large surface
area and chemical purity and its easy
functionalization make it attractive for
biomedicine. Its mechanical properties of
strength and flexibility along with its intrinsic
biocompatibility make it potentially useful in
tissue-engineering applications and
regenerative medicine.

Key Applications of graphene in biomedicine
• Drug delivery
• Gene Therapy
• Tissue Engineering

Graphene

• Biosensing & Imaging

Opportunity
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The Barriers to the Use of Graphene in Biomedicine
In all of these biomedical applications, the research is very preliminary and really
only started as recently as 2008. Just based on regular drug development
timescales of nearly nine years (pre-clinical trials, clinical trials and FDA review),
we wouldn't expect to see much of this technology be on the market before 2020, at
least for drug and gene delivery.

While initial research has proven encouraging, the technical obstacles that still
exist are monumental. Perhaps most critical of these challenges is getting a better
understanding of how graphene interacts with tissue and cells, especially how the
cellular uptake mechanism operates.

While graphene oxide (GO) can be massively produced at an extremely low price,
the polymers (used to modify graphene are still expensive. As a result, the total
cost to synthesize a functional graphene bioconjugate is only marginally lower than
that for carbon nanotubes.

In addition, manufacturing techniques still need to be developed to ensure regular
graphene particle sizes to avoid variations in the concentrations of probes and
secondary antibodies. Also, the physics and chemistry at the surface of graphene
are not yet fully understood. And of the interactions of chemicals and biomolecules
at the graphene interface will play an important role in applying graphene as a
nanoscaffold in biosensing, bioimaging, and drug delivery.

With research at such an early stage, discussion of market potential may be a case
of putting the cart before the horse, especially when one looks at the somewhat
disappointing impact nanomaterials have had in the field over the last decade. Of
course, while many have been disappointed that nanomaterials have not brought us
a cure to cancer, various nanomaterials have been able to generate billions of
dollars in revenues for some pharmaceutical companies in drug reformulations
alone. If the hype can be kept at a minimum, and the marketplace can remain
patient, graphene could make a significant impact on biomedicine in the next 20
years.

Graphene
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GRAPHENE IN BIOMEDICAL APPLICATIONS
Application Use in
Biomedical Field

Strengths/Weakness
Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Serving as a
delivery
platform for
cancer
treatment
and other
drugs

Drug Delivery

Extremely high load
capacity; Capable of
delivering multiple
drugs

Bulk manufacturing
techniques need to be
developed; Years
behind other
nanomaterials in the
development cycle

Carbon black,
Carbon
nanotubes

Good. The development horizon is
so far away for graphene in all the
biomedical applications that all of
them should remain at merely
“Possible”. However, drug delivery
has really shown some remarkable
numbers thus far and outperforms
its carbon cousins enough at this
early stage to warrant an extra
notch on the scale.

Lowering
toxicity of
polymers
used in DNA
delivery into
cells

Gene Therapy

Lowers toxicity of
polymers used in gene
therapy and increases
the efficiency of
transferring DNA
material into genes.

Technology still lacking
thorough and profound
understanding of
graphene-cell (or tissue,
organ) in-teractions,
especially the cellular
uptake mechanism

Polymeric
nanoparticles,
dendrimers,
liposomes,
carbon
nanotubes, gold
nanoparticles

Possible. Graphene offers two
important benefits in gene therapy:
It has a relatively low toxicity and it
significantly increases the efficiency
of transferring the DNA material into
the gene. Gene therapy is growing
dramatically, but graphene is a little
late to the show.

Scaffold
material on
which to
grow tissue

Tissue Engineering

No significant harmful
effects on mammalian
cells; Better gene
transfection efficiency
compared to glass

Non-biodegradable
nature of graphene and
its potential long-term
toxicity concerns.

Carbon
nanomaterials,
i.e. carbon
nanotubes (or
their composites
with polymers
and inorganic
components),
nanoporous
materials,
hydroxyl apatite,
calcium
carbonate,
ceramics,
collagen,
chitosan

Possible. While research has
demonstrated that there are no
harmful effects on mammalian cells,
the fact that graphene is nonbiodegradable does present longterm toxicity concerns that may
pose a market obstacle.

Electrochemic
al detection
of
biomolecules

Biosensing

Graphene-based
biosensors show high
sensitivity and can be
employed for the
detection of both small
molecules and
biological
macromolecules.

The graphene used in
electrochemical
biosensors is often
obtained by chemical or
thermal reduction from
graphene oxide (GO).
This reduced GO has low
conductivity

Carbon
nanotubes, silver
and gold
nanoparticles,
nanowires,
quantum dots

Possible. While initial research
has provided encouraging results,
the field is desperate to fabricate,
test and really confirm reliable,
reproducible and low-cost sensors
with high detection sensitivity and
specificity today. It's not clear that
the long development cycles still
ahead for graphene will be
tolerated.

Fluoresce over
a wide range
of wavelengths
and also
quench the
fluorescence of
other
fluorescent
dyes

Bioimaging

High electrical
conductivity, a large
planar area, and an
excellent ability to
quench fluorescence

Still lacking a method
for the synthesis of
uniform graphene to
help increase the
repeatability needed for
accurate bioimaging

Carbon
nanotubes, silver
and gold
nanoparticles,
nanowires,
quantum dots,
zinc-oxide
nanoparticles

Possible. In this application,
graphene suffers from non-uniform
product. If graphene production can
get to better uniformity and
repeatability it stands a pretty good
chance against the other
nanomaterials.

Graphene
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Drug Delivery
It is in the area of drug delivery that the potential for graphene was first explored
for biomedical applications back in 2008. Inspired by the use of carbon nanotubes
as drug delivery vehicles, researchers used graphene oxide delivery of water
insoluble aromatic anticancer drugs into cells. The researchers found
that the graphene loaded with the cancer drug was 1000 times more
toxic to the cancer cells than the drug currently used to treat the
cancer.

Importantly, the researchers discovered that the anticancer drug
could be released from the graphene by pH sensitivity.
This feature allowed for graphene oxide to be tested with various
other anticancer drugs.

Of course, drug delivery for various nanomaterials has shown promise over the
years, but one area in which they have often fallen down is delivering multiple
drugs. The controlled loading and delivery of multiple drug payloads with
nanomaterials has been hampered by numerous technical difficulties. However,
initial research has shown that graphene may be able to succeed in this area where
other nanomaterials have failed.

Opportunities for Graphene in Drug Delivery
Good—The development horizon is so far away for graphene in all the biomedical
applications that all of them should remain at merely “Possible”. However, drug
delivery has really shown some remarkable numbers thus far and outperforms its
carbon cousins enough at this early stage to warrant an extra notch on the scale.
That said, graphene has started its development in this application nearly a decade
behind other nanomaterials.

Improved manufacturing techniques need to be developed. But if those production
methods can be achieved, graphene has demonstrated some unique capabilities in
drug delivery over other nanomaterials. Perhaps most important among these are
its extremely high load capacity and ability to deliver multiple drugs.

Graphene
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Market Estimates
The total addressable market (TAM) for nanotechnology in drug delivery Cientifica
estimates to have reached $2.367 billion in 2011 and is expected to grow to $136.1
billion by 2021, representing a compound annual growth rate (CAGR) of nearly 50%
between 2010-2021.

The expectation that graphene will be able to capture some portion of that market
is reasonable. However, currently graphene sits very early in its development cycle.
Whether it will be able to capture any portion of this $136 billion market by 2021 is
doubtful, but graphene should be able do so in the following decade at which time it
could take a portion of this market.

Gene Therapy
While graphene is a relatively recent discovery, gene delivery itself is also at the
cutting edge of medical treatment. Gene therapy employs DNA as a pharmaceutical
agent to treat genetic disorders like cystic fibrosis and Parkinson's disease. In
its most common use, gene therapy will encode a functional, therapeutic gene
to replace a mutated gene.

A key to the further development of gene therapy is developing safe and
efficient tools for delivering genetic material into the genes. These
tools are known as vectors.

Researchers are finding success in using graphene oxide in
combination with a polymer so that not only does the
graphene lower the toxicity of the polymer, but also
significantly increases its efficiency in transferring the DNA
material into the gene.

Opportunities for Graphene in Gene Therapy
Possible—Graphene offers two important benefits in gene therapy: It has a
relatively low toxicity and it significantly increases the efficiency of transferring the
DNA material into the gene. Gene therapy is growing dramatically, but graphene is
a little late to the show.

Graphene
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Since graphene research is still at such an early stage there exists critical
knowledge gaps about its use in these applications. For example, we lack a full
understanding of graphene-cell interactions, especially the cellular uptake
mechanism.

Market Estimates
The global market for gene therapy is forecast to reach US$316 million by the year
2015. This is pretty dramatic growth since the first gene therapy wasn't available on
the global market until 2003. After that, the regional approvals have slowly trickled
in for more treatments. So one can expect that the market should grow much faster
after 2015. Some have long predicted that once gene therapies are approved, they
will completely supersede approaches to diseases that treat symptoms rather than
affect a cure.

With that in mind, forecasts predict that the global market for gene therapy will
reach US$794 million by 2017, representing a 58.5% CAGR over the two-year
period. Since there's no reason to expect that growth rate won't continue based on
the growing popularity of gene therapies, it is expected that by 2020 it will
constitute an approximately US$3.2 billion market.

Tissue Engineering
Tissue engineering, like gene therapy, is a relatively new field of medical
treatment. Tissue engineering involves the use of advanced materials in
combination with cells to repair or replace all or portions of tissues, such
as bone, cartilage, skin, etc.

In this application, graphene is used as a scaffold material on which tissue is
grown on to take the shape of the tissue it will be replacing. In initial research,
graphene has shown that has no significant harmful effect on mammalian cells and
has demonstrated a 250% better gene transfection efficiency compared to glass.

Graphene has shown promise in enabling the use of stem cells in tissue
engineering. Graphene-based films have demonstrated that they accelerate the
specific differentiations of human stem cells in a controlled manner. This could
translate into these films being used for proliferation and transplantation of stem
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cells and their specific differentiation into muscles, bones, and cartilages for bone
regeneration therapy.
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Opportunities for Graphene in Tissue Engineering
Possible—While research has demonstrated that there are no harmful effects on
mammalian cells, the fact that graphene is non-biodegradable does present longterm toxicity concerns that may pose a market obstacle.

Graphene could win out over longer established nanomaterials for this application,
but other materials such as collagen and chitosan have proven pretty effective as a
scaffolding material for tissue engineering and these materials don't have the nonbiodegradable issues facing graphene.

Market Estimates
Estimates place the value of the tissue engineering market at US$11 billion in 2012,
and the market is expected to touch US$27 billion by 2018.

Biosensing & Bioimaging
Biosensing
Graphene has to date exhibited excellent performance characteristics in different
sensing environments. It has outperformed carbon nanotubes in the
electrochemistry of enzymes, electrochemical detection of small biomolecules,
electroanalysis and electrochemical sensors for bioanalysis and environmental
analysis.

As a result, graphene has been used for a variety of approaches of biosensing,
including fluorescence resonance energy transfer (FRET) based
biosensors and field emission transistors (FET). It is also being used
in the controlled self-assembly of graphene-biomolecules to create
highly ultrasensitive biosensors for detection of DNA.

However, here again, graphene is some years behind in the
development process of other nanomaterials—notably carbon nanotubes—that
have a decade head start. Whether its superior performance characteristics will
neutralize the head start other materials now enjoy remains to be seen.

In any case, improved manufacturing techniques will need to be developed for
graphene to really succeed in the biosensing market. For electrochemical sensing
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applications, the manufacturing pproach of chemical/thermal reduction of
graphene oxide appears promising.
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Opportunities for Graphene in Biosensing
Possible—While initial research has provided encouraging results, the field is
desperate to fabricate, test and really confirm reliable, reproducible and low-cost
sensors with high detection sensitivity and specificity today. It's not clear that the
long development cycles still ahead for graphene will be tolerated.

To date, one of the clear obstacles for graphene in this application has been that
graphene used in electrochemical biosensors is often obtained by chemical or
thermal reduction from graphene oxide (GO). This reduced GO has low conductivity
and reduces the beneficial characteristics gained from using graphene.

Despite these obstacles, graphene has demonstrated high sensitivity and can be
employed for the detection of both small molecules and biological
macromolecules. These encouraging initial results leaves a distinct possibility for
the future of the material in these applications.

Market Value
In 2011, the global biosensors market was valued at US$9.9 billion and it is
expected to grow at a CAGR of 9.6% from 2012 to 2018 to reach a market of
US$18.9 billion by 2018.

Bioimaging
High electrical conductivity, a large planar area, and an excellent ability to quench
fluorescence make graphene attractive for bioimaging applications.

Graphene oxide's ability to fluoresce over a wide range of wavelengths and also
quench the fluorescence of other fluorescent dyes makes it a useful fluorescence
label for optical imaging.

It is also a useful as quenching material in fluorescence resonance energy transfer
(FRET) sensors, in which an excitation on another molecule transfers nonradiatively to the graphene oxide. Since the fluorescence quenching drops rapidly
with distance, FRET can measure distances and interactions between domains in a
single protein or between proteins.

Graphene
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Graphene oxide has also proven to be effective for binding and quenching a dyelabeled ssDNA probe. In this application, once the target is added, the target DNA
binds with the probe ssDNA and forms double-stranded DNA (dsDNA). The dsDNA
that results from this desorbs from the GO surface due to the hybridized dsDNA
nucleobases being efficiently shielded within the negatively charged dsDNA
phosphate backbone. This means that the dye is no longer in contact with graphene
and fluorescence is restored.

Recently, researchers have begun to explore the feasibility of using graphene for
bioimaging with optical and magnetic modalities. In one example of imaging with
graphene, the photoluminescence produced from graphene quantum dots have
proven effective in use with fluorescent probes for bioimaging because of their
chemical inertness and low toxicity under physiological conditions. Graphene has
also demonstrated itself to be effective in Magnetic resonance imaging (MRI) as a
contrast agent.

Opportunities for Graphene in Bioimaging
Possible—In this application, graphene suffers from a non-uniform product. If
graphene production can get to better uniformity and repeatability, it stands a
pretty good chance against the other nanomaterials.

Market Value
The global market for bioimaging technologies is projected to reach US$37.4 billion
by the year 2017.

Graphene
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Graphene Opportunities in
Power Storage and Generation
Energy is the world's largest market and as expected, graphene is being slotted
into all the same applications that have long been targeted for nanomaterials.
Photovoltaics and improved batteries are no exception.

Initially most of the research around graphene looked into its electronic
applications. That made sense considering the years of frustration and
disappointment many felt in trying to get carbon nanotubes into electronic
applications. With graphene, here was a material that had even better electron
mobility than carbon nanotubes, but was easier to interconnect and made itself
available to simple chemical doping techniques. But when the engineering of the
band gap for graphene didn't produce a sufficient on/off ratio to enable its use as a
replacement for CMOS, application research with the material moved elsewhere.

One of these greener pastures has been power storage and generation.
These have taken the form of batteries and supercapacitors for power storage and

Energy Storage

photovoltaics and fuel cells for power generation.

While there are some commercial enterprises marketing graphene-based
batteries, both power generation and storage remain primarily at the research
level. While initial results have been positive, market realities could be as
much an obstacle as the technological hurdles that must be overcome.

Key Applications in Energy Storage and Generation
• Energy Storage
• Li-ion Batteries
• Li-metal Batteries
• Supercapacitors
• Energy Generation
• Photovoltaics
• Fuel Cells

Graphene
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GRAPHENE IN ENERGY STORAGE APPLICATIONS
Application

Replacing
graphite in
anodes of Li-ion
batteries

Use in
Energy Storage
Li-ion batteries

Lithium-metal
Improving
batteries
electrolyte
chemistry and
better separators

Porous coating
on electrodes

Supercapacitors

Strengths/Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Strengths

Weakness

Light weight leading to
faster recharging

Manufacturing cost is a
hurdle

Graphite,
Nanostructured
silicon,
Transition-metal
oxides, lithium
manganese
oxide, lithium
iron phosphate,
nickel
manganese
cobalt composite
and nickel cobalt
alumina
composite

Possible. While Li-ion batteries
for mobile devices and hybrid
vehicles are well established, no one
should expect all-electric vehicles to
represent a big demand surge for Liion batteries.

High electrolyte
permeability, mechanical
strength, good thermal,
chemical and
electrochemical stability

Far more expensive
than polyolefin rivals to
produce.

Polyethylene,
Polypropylene

Possible. Overcoming the
combustion issues are such obstacles
that even leading researchers don't
expect graphene to ease Li-metal
battery safety concerns for at least
two more decades.

High surface-to-volume
ratio and high
conductivity

Comparatively
expensive
manufacturing, wide
range of graphene
products and
techniques for
producing them,
currently no
benchmarking of
graphene varieties

Activated carbon

Good. The supercapacitor industry
is still at its early stages. However,
initial indications are that graphehe
could enable supercapacitors to
achieve the kind of energy density
found in batteries. When improved
energy density is coupled with their
high-charge rate, supercapacitors
actually provide a viable alternative
to internal-combustion vehicles.

ENERGY STORAGE
Lithium-Ion Batteries
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Figure Li-Ion battery operation

The market for nanomaterials to improve lithium-ion (Li-ion) batteries has been a
turbulent one. At first, nanomaterials were heralded as the long-awaited
technology that would propel Li-ion batteries into enormous storage capacity and
quick charging capabilities that in turn would make all-electrical vehicles become
commonplace. Now reality has begun to set in and the high-flying nanomaterial
companies, like A123 Systems and Ener1, which had high expectations of delivering
exactly that, are now defunct and now mainly serve as cautionary tales.

The reality of Li-ion batteries is that in their current design in which graphite is
used for the anodes they can reach about 200Wh/kg. To be where they are
competitive with the internal combustion engine they need to be at around
1000Wh/kg. With all the improvements that nanomaterials can deliver to the
anodes, it currently appears that the best that can be achieved is 400Wh/kg. While
it is a doubling over the current technology it's not even half-good enough to move
all-electrical vehicles from a niche market into a mainstream transportation
alternative.

Figure Comparison of battery energy densities for various chemistries

In fact, if it weren't the comparative efficiency of electric motors versus internal
combustion engines the numbers just look terrible for batteries.
To give you a revealing metric 700 Wh/kg is equal to 2.5 MJ/kg. Gasoline has an
energy density of ~ 44 MJ/kg.
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Former Secretary of Energy Steven Chu outlined at the at the United Nations
Climate Change Conference in 2010:

"And what would it take to be competitive? It will take a battery, first that can last for 15
years of deep discharges. You need about five as a minimum, but really six- or seven-times
higher storage capacity and you need to bring the price down by about a factor of three.
And then all of a sudden you have a comparably performing car; let's say a mid-sized car
which has a comparable acceleration and a comparable range."

Now, how soon will that be? Well, we don't know, but the Department of Energy is
supporting a number of very innovative approaches to batteries and it's not like its 10 years
off in the future, in my opinion. It might be five years off in the future. It's soon. Meanwhile
the batteries, the ones we have now, will drop by a factor of two within a couple of years
and they're gonna get better. But if you get to this point, then it just becomes something
that's automatic and I think the public will really go for that."

In Chu's presentation while making these comments there was a slide with this:

"A rechargeable battery that can last for 5,000 deep discharges, 6-7 x higher
storage capacity (3.6 Mj/kg = 1,000 Wh) at 3x lower price will be competitive with
internal combustion engines (400 - 500 mile range)."

What this outline doesn't take into account is quick charging capabilities. In other
words, it should take the same length of time to charge an electric vehicle's battery
as does to fill up a car with gas. Or at least, that's the hope and aim.

While the Li-ion batteries don't appear to be up to these kinds of requirements for
all-electric vehicles, their widespread use in hybrid vehicles appears to be assured.
Whether the dubious environmental reasons people cite for buying hybrids will
begin to lose their luster is a worthy question, but in the meantime it has grown
into a mainstream market, at least in comparison to their all-electric cousins.

The question is: Will graphene be able to offer a solution for Li-ion batteries that
will enable all-electric vehicles where other nanomaterials have failed?

Graphene
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The answer is there's nothing to indicate that it offers anything superior over other
nanostructured silicon replacements for graphite in the anodes of Li-ion batteries
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that will make them perform better for all-electric vehicles. But, ultimately, that
may not be the right question to ask. Instead, the question might likely be better
posed as: Will graphene improve Li-ion batteries to make them so they can take a
market share from graphite, or the new and improved nanostructured silicon
anodes, in applications for mobile electronic devices and even hybrid vehicles? The
answer to that is that it's a definite possibility, if graphene can be produced in an
economical way and still achieve enhanced performance characteristics.

Lithium-metal Batteries
Lithium-metal batteries are a small segment of the battery market. Only about 10
percent of the companies that produce Li-ion batteries sell Li-metal batteries. The
result is that only a few thousand of these batteries have been sold. The reason for
this is that the operating principle of these batteries makes them highly
combustible and raises very serious safety concerns.

Nonetheless the design does lend itself to extremely high storage capacity,
estimated at anywhere from five to 10 times that of Li-ion batteries.

The main focus of research on improving Li-metal batteries has been to develop
better separators to address their safety issues.

While research into applying graphene into Li-metal batteries has grown as the
prospects for improving the storage capacity for Li-ions has seemed to diminish,
the problems of keeping these designs safe remains a complicated matter.

Supercapacitors
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Figure In a supercapacitor device two high-surface-area graphene-based
electrodes (blue and purple hexagonal planes) are separated by a membrane (yellow)
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Capacitors, like batteries, store electrical energy. But they can deliver that
electrical energy in quick bursts—known as power density—whereas batteries can
only release that power slowly over time. Capacitors also have the advantage of
being able to recharge just as quickly as they discharge. But capacitors have a big
downside in that they can't store much electricity—known as energy density. If you
had a capacitor replace the Li-ion battery in your phone, it would charge up in
seconds, but it wouldn't last very long on that charge.

The reason for this difference between batteries and capacitors is their design.
Batteries store electrical charge through the chemical reactions that occur
between metallic electrodes and the liquid electrolyte. Capacitors, on the other
hand, store charge in the form of ions on the surface of the electrodes, not unlike
static electricity. Once a charge is sent into the capacitors the ions in the electrolyte
begin to separate and get stored in the pores of the electrodes. So the energy
density is dependent on how many ions the pores of the material covering the
electrodes can store.

The big push has been to come up with a 'supercapacitor', or an 'ultracapacitor',
that would have both a high-power density and high-energy density. To achieve this,
the aim has been to increase the surface area of the materials covering the
electrodes. The 'activated carbon' that is being used can have a surface area of up
to 1,500m2/g. Graphene, on the other hand, has a very high surface area of 2630
m2/gram

Opportunities for Graphene in Power Storage
Replacing graphite in anodes of Li-ion batteries—Possible. Some companies are
already embarking on commercial ventures using graphene as a replacement for
graphite in the anodes of Li-ion batteries, such as California Lithium Battery Inc.
and XG Sciences. It is too early in their development to determine whether these
companies will prove successful in commercializing the technology.

There are some clear indications, however, that no matter how much Li-ion
batteries are improved in all-electrical vehicle applications they will never prove to
be a true commercial challenge to fossil-fuel-powered vehicles. Nonetheless
significant markets already exist for hybrid vehicles and mobile electronics that

Graphene

could benefit by more incremental improvements to Li-ion batteries.
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Improving electrolyte chemistry and better separators for Li-metal
batteries—Possible. While there is a possible opportunity for graphene in Li-metal
batteries, the market is currently so small and the potential for growth so far off, it
hardly seems to matter.

That said, there seems to be a definite realization that Li-ion batteries just are
never going to meet the challenge of inadequate charge capacity for all-electric
vehicles. As a result, there has been an uptick in research in improving Li-metal
batteries. Still the design is so inherently unstable and combustible that even the
most concerted research efforts could mean this technology is still two decades
away from powering all-electric vehicles.

Improved coating on electrodes for Supercapacitors—Good The market for
supercapacitors is at an extremely early stage so it's difficult to put too much hope
in a material for an application that hasn't really formed a commercial market for
itself. Nonetheless the prospects for graphene in this application are good, if
supercapacitors can begin to take some market share from Li-ion. The key for
supercapacitors to achieve that will be to significantly increase their charge
capacity so that they are on an even basis with Li-ion batteries. Supercapacitors
already have beaten Li-ion batteries when it comes to speed of recharging.
Graphene looks to be a material that will really help hold charge on the surface of
supercapacitors' electrodes with its unmatched high surface-to-volume ratio.

Market Estimates- Li-ion batteries
As of 2012 novel anode and cathode materials are estimated to make up around 8%
of the total battery market. This is expected to grow to 25% of the market by 2017,
accounting for a $1.3 billion market. Graphene, of course, will be competing with a
host of other advanced materials, but with two or three companies already in the
marketplace, a conservative estimate might argue that it could take at least 10% of
that market share, accounting for a $130 million market by 2017.

“Modeling the Performance and Cost of Lithium-Ion Batteries for Electric-Drive
Vehicles” published in September 2011 by Argonne National Laboratory estimated
that materials cost was some 50% of the cost to OEMs of Li-ion batteries.
Assuming that anode/cathode materials are 50% f the materials cost, and that the
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grapheme component would be a maximum of 50% of that, then the total graphene
market by 217 would be $16.5 million.
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Li-metal Batteries
This market only accounts for a few thousand sales of this type of battery. To
calculate the size of the separators used in these batteries has got to be pretty
small and then figuring the portion of that graphene will win gets to the point of
dividing up not much of anything.

Research is increasing in this area, but we won't really be anywhere near talking
about market sizes for graphene in this space at least for another decade.

Supercapacitors
Between supercapacitors' electrical and electronic applications the market was an
estimated $600 million in 2012 with sales being evenly divided between electrical
and electronic uses. Graphene had no discernible share of this market

However, the market for supercapacitors is expected to grow to $1.75 billion by
2018 at which time graphene is expected to be used in a little over 5% of the
product sold.

This yields a total market for grapheme enabled devices of $87.5 million. Even if
grapheme accounts for 25% of the cost of the supercapacitor, this yields a market
of $21.9 million.

Graphene
Opportunity
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ENERGY GENERATION
GRAPHENE IN ENERGY GENERATION APPLICATIONS
Application

Use in Energy
Generation

Strengths/Weakness
Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Catalysts for Fuel
Cells

Catalysts

Enormous surface area of
the 2D graphene makes it
highly reactive. Lower
price than platinum.

Synthetic capability for
large-scale, low-cost
production of
heteroatome-doped
graphene has to be
developed

Platinum,
Activated carbon
nanotubes, Goldpalladium
coating, Iron and
sulphur

Possible. While platinum
accounts for 40% of the costs of fuel
cells, cost is not the limiting factor
for wider adoption of fuel cells. The
problem remains the cost of
isolating hydrogen and developing
an infrastructure for supplying
hydrogen to individual vehicles.

Replacement of
ITO for
transparent
electrodes in
organic solar
cells, Producing
'hot carrier' solar
cells

Photovoltaics

Graphene has superior
transmission
performance
characteristics over ITO
and single-walled carbon
nanotubes. It possesses
superior mechanical
flexibility over ITO, giving
it unsurpassed durability.
When graphene absorbs
a photon it generates
multiple electrons
capable of driving a
current.

Only the highest quality
graphene produced
through the costly and
non-scalable
mechanical cleavage
method (the “scotchtape” method) is
sufficient.

Silver flake, Silver
nanoparticles,
Silver nanowires,
Silver ion, Copper
nanoparticles,
Copper oxide
nanoparticles—
Quantum dots

Possible. In the area of ITO
replacement for transparent
conductors, graphene faces stiff
competition from materials that are
further along in the development
cycle and are cheaper. In the more
speculative area of 'hot carrier' cells,
the timeline is long off. But the
upside could be spectacular if early
demonstrations of the technology
can lead to commercial products

Fuel Cells
Almost from the time nanomaterials were first developed, everyone knew that they
would make excellent catalysts. Their enormous surface-to-volume ratio meant
that they would be extremely reactive. The best way to visualize this is to
imagine a cube of sugar versus a spoonful of granulated sugar. The
granulated sugar is going to mix much more quickly and efficiently than
the cube.

While nanomaterials make excellent catalysts, and, by most initial
research, graphene is pretty good too, catalysts are not the obstacle holding
back the expansion of the fuel cell market. The problem is that it is very
expensive to isolate hydrogen and there does not currently exist an infrastructure
for delivering hydrogen to people's vehicles. That's the big problem and discussions
of how the expensive precious metal platinum makes up 40% of the cost of a fuel
cell is just a diversion from these two enormous obstacles for fuel cells powering

Graphene

the vehicles of tomorrow.
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That being said, some of the obstacles to producing low-cost heteroatome-doped
graphene are being overcome, which is an essential step for graphene being able to
replace platinum as a catalyst in fuel cells. Whether this will improve fuel cells
prospects in the automotive industry remains an open question.

Photovoltaics
Just as in displays covered in the microelectronics chapter, the big appeal for
graphene is as a replacement for ITO in transparent conductors. The research is
piling up on this specific area, but it faces the same challenges that graphene has
in displays: There does not exist a scalable production method for the graphene
required in this application so it is likely that other materials will likely be adopted
earlier.

That being said, the issue in photovoltaics is to find a balance between inexpensive
production methods and high conversion efficiencies. When it comes to the latter,
graphene has reportedly been effective as acting as a 'hot carrier' cell. When
sunlight in the form of one photon hits a hot carrier cell it produces two electrons.
If the somewhat controversial hot carrier cell actually can do what is claimed, it
promises energy conversion efficiencies of 60 percent where the high mark of the
industry is currently around 18-19 percent. That is a game changer for
photovoltaics and means that they can compete with other sources of power for
electrical energy straight up.

Opportunities for
Graphene in Power Generation
Replacing Platinum Catalysts for Fuel Cells—Possible Yes, it's possible and it looks
like manufacturing techniques for doping the graphene for this purpose is being
developed. There's just one big problem: That's not the problem with fuel cells. The
problem with adoption of fuel cells for anything other than stationary applications
is that it's expensive to isolate hydrogen and nobody is going to make the capital
investment to build out an infrastructure to support the delivery of the hydrogen
gas to people's vehicles.

Replacing ITO in Transparent Conductors for Photovoltaics and Creating 'Hot
Carrier' Cells—Possible As a replacement for ITO in transparent conductors the

Graphene
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competitive landscape for graphene is tough and it may be too far behind at this
point to make up the ground. But in the more speculative area of using 'hot carrier'
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cells for photovoltaics, the competitive landscape is almost non-existent, except for
quantum dots. Whether these laboratory curiosities can ever get commercially
produced is a big question mark. But if they could, it would transform solar energy
economics and energy economics in general.

Market Estimates - Fuel Cells
In 2010, fuel cell industry revenues exceeded a $750 million market value
worldwide. There were 140,000 fuel cell stacks shipped globally in 2010, up from 11
thousand shipments in 2007, and in 2010 worldwide fuel cell shipments had an
annual growth rate of 115%. Approximately 50% of fuel cell shipments in 2010 were
stationary fuel cells, up from about a third in 2009.

Platimum makes up some 60% of the cost of a fuel cell. To be comoetitive graohene
based materials would have to reduce this by around a third. Given market
estaimates of 1.2 million fuel cells per year in 2017 at an average of $5200, this
gives a potential market for graphene of $262m.

Photovoltaics
The market for transparent conductive films for photovoltaics is estimated at $150180 million in 2012 and will remain at those levels through 2014. Given current
market condistions in solar energy, it is not expected that graphene, CNTS or other
transparent organic materials will constitute more than 1% of that market. This
gives a market worth $1.5 to 2 million split among a range of technologies giving a
best case market for grapheme materials of $0.5 million.

Graphene
Opportunity
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GRAPHENE OPPORTUNITIES IN SENSORS
There are opportunities for graphene in a range of different sensor applications. We
have discussed biosensors for detecting biomolecules with technologies such as
enzyme biosensors, DNA biosensors and immunosensors in our chapter on
biomedical applications. There is also some early work being done in using
graphene as image or optical sensors, which we covered in our chapter on
optoelectronics.

There is a third area of applications for sensors for which graphene may have the
most promise and that is in industrial sensors, which includes devices like water
velocity sensors, magnetic field detectors and chemical and electrochemical
sensors and strain and mass sensors, just to name a few. In fact, it is in the area of
strain sensors where some experts believe graphene may have the most promise
due to it being the only crystal, which can be stretched by 20%, making it more
broadly applicable than other materials for these rigorous application.

Graphene is also attractive for this range of applications since it is all surface
making each atom of the material interact with its environment resulting in
extreme sensitivity to environmental conditions.

Key Applications of graphene in sensors
• Chemical Sensors
• Gas sensors
• Electrochemical Gas Sensors
• Photoelectric Sensors
• Magnetic Field Sensors
• Mechanical Sensors

Based on graphene's characteristics and capabilities in sensor applications,
the material will start to gain some portion of the markets within certain
application segments. However, we are probably not going to see this market
uptake until 2015 at the earliest and the extent of graphene's penetration will vary
between each market segment.

One of the primary areas for graphene in sensor applications will be in the printing

Graphene

of electrodes on sensors—a topic covered in our chapter on microelectronics. In
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this application, carbon paste is used in conjunction with silver

A single device can be used in multi-dimensional measurements

inks to print electrodes. Graphene will, however, have to compete

(for example, strain, gas environment, pressure and magnetic

on cost against carbon paste inks. It will not be a replacement for

field). In this sense graphene offers unique opportunities. With

silver due to conductivity restraints.

the development of increasingly interactive consumer electronic
devices, such sensors will certainly find their way into many

In general, the major advantage of graphene-based sensors over

products.

more competitive materials is its potential for multi-functionality.

GRAPHENE IN SENSOR APPLICATIONS
Application

Sensor Types

Strengths/Weakness
Strengths

Weakness

Competitive
Materials

Opportunities
(Good, Possible, Negligible)

Surface for
adsorbing gas
molecules

Gas Sensors

Extreme sensitivity to
changes in conduction;
allows for fabrication of
four-probe devices;
extremely low noise
material

Low selectivity and
poisoning by water limit

Nanostructured
metal oxides:
ZnO, SnO2, TiO2;
multi-component
oxides

Negligible. The competitive edge
that graphene has in sensitivity is
minor in comparison to current
materials and hardly outweighs the
cost of functionalizing them to
improve their poor selectivity.

Top-gate
insulator in an
electrolytes;
transparent
electrodes

Electrochemical
Sensors

Excellent performance in
direct electrochemistry of
enzyme, electrochemical
detection of small
biomolecules, and
electroanalysis that is
superior to carbon
nanotubes

The graphene required
for these applications is
not capable of being
manufactured in bulk.

Carbon
nanotubes

Negligible. In this application, as
with many others in the industrial
sensors market, it requires single
crystal material on a wafer scale (the
exception to this is transparent
electrodes for optical sensors). The
cost-benefit ratio is skewed in the
wrong way for it to make sense in
these applications.

ITO Replacement
for Touch-screen
displays

Photoelectric Sensors

High electrical
conductivity and near
transparency; superior
carrier mobility; wide
operating wavelength

Low absorption of
single-layer graphene;
relatively small active
photocurrent
generating area near
the electrodes.

Silver flake, Silver
nanoparticles,
Silver nanowires,
Silver ion, Copper
nanoparticles,
Copper oxide
nanoparticles

Possible. Samsung has already
developed touch-screen displays
using graphene in place of ITO.
Because there does not exist a
scalable production method for the
graphene required in this application
other materials will likely be
adopted earlier. In addition, the real
market issue for flexible displays is
not a lack of transparent conductors,
but a lack of products and a resulting
market pull.

Hall-effect
sensing; spin
valve effects

Magnetic Field
Sensors

Thinness of graphene
over competing
materials; sustain high
current densities; could
be used in spintronic
devices without using
ferromagnetic materials

Thermal excitations of
the electrons at room
temperature have
dominated over this
magnetoresistance
effect in graphene.

Indium Arsenide,
Gallium arsenide

Possible. Some metrological
facilities are already employing
graphene in place of GaAs
heterostructures on the Si face of SiC
for quantum Hall effect quantization.

Membranes or
cantilevers

Mechanical Sensors

Mass sensors based on
measuring graphene's
change in resonant
frequency when it
vibrates as molecules are
adsorbed or desorbed
from its surface has been
shown to be quite
sensitive.

The ability of graphene
to withstand enormous
amounts of strain
without changing their
electronic conductivity
is not a benefit for a
strain sensor.

Piezoelectric
materials, carbon
nanotubes

Negligible. In general principal,
graphene is not a good strain sensor
since the material can undergo
extreme pressure without its
electrical conductivity changing. As a
mass sensor, there has been some
theoretical indication that graphenebased sensors could be built, but
these haven't even been built even
in the lab.
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Chemical Sensors
Gas Sensors
A graphene-based sensor for detecting gas molecules operates by measuring a
change in the materials electrical conductivity. Graphene-based gas sensors
operate by adsorbing a gas molecule on the graphene's surface that act as donors
or acceptors of electrons.

Research has shown that it is possible to measure quantum scale changes in
conduction with graphene. As a result, it should be possible to push these sensors
to the ultimate level of detecting a single glass molecule. This ultimate sensitivity
can be attributed to a number of factors.

Graphene has the benefit in this application of being an extremely low-noise
material. As a result, even at the limit of no carriers and a few extra electrons,
graphene's carrier concentratioin can noticeably change. Another factor in favor of
graphene in this application is that it allows for the fabrication of four-probe
devices on monocrystals, which ensures that any influence of the contact
resistance in limiting sensitivity is eliminated.

Electrochemical Sensors
Graphene has also been demonstrated to be an effective chemical sensor in
electrolyte-gated configurations.

Graphene-based top-gate insulators can be made as thin as 1–5 nm in an
electrolyte with a concentration of several millimolars. This is even thinner than to
the best top-gate graphene field effect transistors (FETs) with atomic layer
deposition (ALD).

Graphene-based electrochemical sensors have been developed for environmental
analysis for the detection of heavy metal ions, electrochemical DNA sensors and as
electrode material for oxidase biosensors such as glucose sensors.

Research has shown that graphene outperforms carbon nanotubes in direct
electrochemistry of an enzyme, electrochemical detection of small biomolecules,
and electroanalysis. However, the graphene required for these applications is not

Graphene

capable of being manufactured in bulk.
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Opportunities for
Graphene in Chemical Sensors
Gas sensors—Negligible. The graphene-based gas detectors that have been
developed to date do demonstrate a very high sensitivity. However, this sensitivity is
not so much markedly better than current gas sensors to make up for their rather
poor selectivity. It is possible, of course, to improve that selectivity through
functionalization of the graphene, but it becomes so expensive to do it that it is
hardly worth the cost and trouble.

Electrochemical Sensors—Negligible. In this application, as with many others in
the industrial sensors market, it requires single crystal material on a wafer scale
(with the exception of transparent electrodes for optical sensors). The cost-benefit
ratio is skewed the wrong way for it to make sense in these applications. If a
method for synthesizing graphene in a way that was cost effective it does have
superior performance characteristics to carbon nanotubes in these applications.

Market Estimates
The market size for chemical sensors in the US was estimated to be $3.7 billion
market in 2008 and was estimated to have reached nearly $5 billion in 2012.
Worldwide demand estimates are about six times larger than the US alone, putting
the worldwide market for chemical sensors at about $30 billion in 2012. When
projected out to 2015 when graphene-based sensors are expected to start breaking
into commercials markets, the chemical sensor market in the US will be expected
to be $36.6 billion. While graphene-based sensors are not expected to have a large
impact on this market, a conservative estimate of 0.1% market share in 2015 could
translate into a around $3.6 million.

Photoelectric Sensors
The market for photoelectric sensors is essentially the indium-tin oxide (ITO)
replacement in transparent conductors we covered in our chapter on
microelectronics. Graphene's high electrical conductivity and near transparency
make it attractive for transparent electrodes in photovoltaic cells and
photoconductive sensors.

Graphene
Opportunity
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Samsung has already built a product that uses of graphene in place of ITO for a
touch-screen display. It's not clear yet whether that is a full-blown commercial
venture or just a demonstration that it can be done. In any case, the real advantage
for graphene over ITO is that it is more compatible with flexible screens.

A graphene-based photodetector operates by measuring photon flux. It takes this
measurement by converting the energy of the absorbed photons to an electrical
current. Graphene-based photodetectors have the advantage of having a much
wider operating wavelength range than conventional detectors based on group IV
and III-V semiconductor. Also, graphene's superior carrier mobility over other
materials means that it has much faster response time than other photodetectors.
This should translate into ultrafast optical sensors.

Opportunities for
Graphene in Photoelectric Sensors
Photoelectric Sensos--Possible. Samsung has already developed touch-screen
displays using graphene in place of ITO. Because there does not exist a scalable
production method for the graphene required in this application other materials
will likely be adopted earlier. In addition, the real market issue for flexible displays
is not a lack of transparent conductors, but a lack of products and a resulting
market pull.

Market Estimates
ITO replacement market is a large target market. It is $2.8 billion today and will
reach $3.1 billion in 2018. With graphene's high price and non-commensurate high
performance it is not expected that graphene will capture less than a tenth of one
percent of the market, putting market estimates at around $1.4 to $3 million by
2018.

Graphene
Opportunity
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Magnetic Field Sensors
At first, it would seem that graphene would be a poor candidate for magnetic field
sensor applications. The room temperature Hall coefficient for a typical InAs
sensor is far superior to a graphene-based one. However, when you look at it again
and realize that graphene is only .34nm thick while InAs is 12nm thick, you realize
that it does have an attractive Hall effect resistance compared to InAs.
Also, graphene does not have to be buried under additional layers as with typical
two-dimensional electron gas devices, which gives it some benefits in Hall effect
sensing.

While some recent research has been able to overcome this issue to some extent,
graphene-based magnetic field sensors have suffered from thermal excitations of
the electrons at room temperature dominating over this magnetoresistance effect
in graphene.

Opportunities for
Graphene in Magnetic Field Sensors
Possible. Some metrological facilities are already employing graphene in place of
GaAs heterostructures on the Si face of SiC for quantum Hall effect quantization.

Market Estimates
The demand for magnetic sensors in the year 2010 was estimated at 3.67 billion
units; the figure is expected to reach 7.14 billion units in 2016 at a CAGR of 10.3%.
In value terms, this market stood at $1.1 billion in 2010 and is expected to reach
$2.0 billion by year 2016, at 8.7% CAGR during the projected period.

Automobile industry is a heavy user of magnetic field sensors; accounting for
almost 40% of the total magnetic sensors market. One of the largest applications of
magnetic sensors in automobiles is in anti-lock braking systems (ABS) and engine
control management systems.

Mechanical Sensors
Mass Sensor
The general trend in mass sensor research has been to sense changes in mass
caused by adsorbed molecules changing the resonant frequency of a membrane or
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graphene membranes and cantilevers. The change in resonant frequency to these
membranes and cantilevers can be observed as molecules are adsorbed or
desorbed from its surface.

In simulations, research has shown that the principal frequencies of graphene are
highly sensitive to changes to mass. While these studies indicate the potential for
making mass sensors, few experimental devices have been produced to date.

Strain Sensor
The ability of graphene to withstand enormous amounts of strain without changing
their electronic conductivity is not a benefit for a strain sensor. This just seems at
present to be a somewhat fruitless area to pursue.

Opportunities for
Graphene in Electric Field Sensors
Negligible. In general principal, graphene is not a good strain sensor since the
material can undergo extreme pressure without its electrical conductivity changing.
As a mass sensor, there has been some theoretical indication that graphene-based
sensors could be built, but these haven't even been built in the lab.

Market Estimates
The market for mechanical pressure sensors is around $2 billion worldwide and is
expected to experience anemic growth of 0.4% over the next five years. With this
market at a very mature state and little performance enhancements from
graphene, it is not expected that it will take any portion of this market in the
foreseeable future.
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