CARBON NANOTUBES (CNT’s)
INTRODUCTION
Carbon nanotubes (CNT’s) are hollow tubes made entirely of carbon. Tube diameters can
be as low as 1 nanometer (10-9m) whilst length can be 100’s of microns (10-3m), giving
aspect ratios above 130,000,000: 1, greater than any other substance. CNTs are unique
because the bonding between the atoms makes them very strong and because they are
extremely good conductors of electricity and heat. Over the past 20 years there has been
an unrelenting growth in research and development within both academia and industry.
There are many different types of carbon nanotubes, but they are normally categorized as
either single-walled (SWNTs) or multi-walled nanotubes (MWNTs). A single-walled carbon
nanotube is a simple hollow tube with only one layer, or wall. Individual nanotubes
naturally align themselves into "ropes" held together by van der Waals forces. MWNTs are
a collection of nested tubes of continuously increasing diameters. They can range from one
outer and one inner tube (a double-walled nanotube) to as many as 100 tubes or more.
Many versions of MWNT’s are now available including super-aligned CNT arrays, films,
yarns and surface coated tubes. Additionally, tubes can be structured to show different
degrees of chirality, which is a combination of the tubes' diameter and twist.
Until the mid-1980’s pure carbon was thought to exist in only two physical forms or
allotropes, diamond and graphite. CNT’s were discovered in 1991, after Fullerenes were
first recognised in 1985. In 2003, Graphene was isolated, extremely thin two-dimensional
sheets with a thickness equivalent to a single atom of carbon.
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PROPERTIES
CNT’s and graphenes have extraordinary properties, providing a multitude of actual and
potential applications. This report will focus on CNT’s.
Electrical Conductivity
Most CNT’s are extremely good electrical conductors, behaving like metals but able to
conduct electricity better e.g. carrying 1000 x more electrical current than copper. When
electrons travel through metal there is resistance to movement as they collide with metal
atoms. When electrons travels through carbon nanotubes, they behave like a wave
traveling down a smooth channel, with no atoms to collide with. This is known as ‘ballistic
transport’.
Some ‘zigzag’ and chiral nanotubes behave more like semiconductors
Thermal Conductivity

CNT’s are very good thermal conductors along the axis of the tube, exhibiting a property
known as "ballistic conduction" but good insulators laterally to the tube axis. Ultra-small
SWNTs have even been shown to exhibit superconductivity below 20 degrees K.
Density
CNT’s are lightweight with a density of 1.3 – 1.4 g/cm3, just 25% that of steel.
Strength
No other element within the periodic table has a lattice structure that bonds to itself with
as much strength as carbon. Strength is provided by the interlocking carbon- carbon
covalent bonds and the fact that each carbon nanotube is one large molecule, with no weak
spots, such as the boundaries between the crystalline grains that form steel. The tensile
strength of carbon nanotubes is approximately 200 times greater than that of steel of the
same diameter.
Elasticity
Nanotubes are strong but also elastic. Young’s modulus for carbon nanotubes, a
measurement of how much force it takes to bend a material, is about 5 times higher than
for steel. They are flexible to 20% without damage.
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Surface Area
Surface area is high due to the small diameter of the tubes. SWNT’s provide the highest with a
theoretical value up to 1300m2/g.

APPLICATIONS
The information detailed below is far from comprehensive, briefly covering existing uses
and representing only a snapshot of the future potential.

Energy:
Batteries
CNT’s can conduct 1000 x the density of electrical current compared to copper. This has led
to a great deal of research into improving the performance and lifetime of batteries.
Graphenated CNTs, characterized by graphitic growths along the length of the tubes, have a
very high surface area; low mass and high volumetric density and can behave like a
supercapacitor. They have a much lower bulk than storage batteries and are capable of
being charged and discharged for more than 10,000 cycles (less than 1,000 is the norm for
rechargeable batteries), which promises great opportunities in the electrical car industry.
Due to its flexible nature, it can be densely packed into any number of spaces on a vehicle,
regardless of shape, thereby freeing designers from the problem of finding large, flat, areas
to house the batteries.

SEM of carbon nanotubes with graphene foliates with TEM inset, deposited via microwave plasma enhanced CVD at Duke University 2011.png. By B R Stoner
[GFDL (http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons

Solar Panels

CNT’s can absorb heat directly from the sunlight causing photonic crystals to emit light that
can be converted to electricity by photovoltaic systems, more efficiently than current
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designs based on silicon.
Hydrogen Storage
CNT’s have a significant capacity to store H2 gas by adsorption on both outer and inner surfaces,
with SWNT’s having a bigger capacity than MWNT’s. Most of the adsorbed gas (~80%) is released
when the containing pressure is reduced and the process is thought to be reversible. This has great
promise for the use of fuel cells in cars and other vehicles.

Electronics:
Lighting

New low-power, low-cost and brighter lights can be made which are significantly better
than LED’s (light emitting diodes).
Circuit Boards
Integrated circuit boards can be fabricated using micro-transistors built with CNT’s that
measure only a few nanometers. Desktop computers currently use up to 500m transistors
made out of silicon but chips made using CNT’s can theoretically contain billions of
transistors, allowing for smaller and quicker computers.
IBM announced a £3 billion R & D investment fund in July 2014 to improve microchips. This
will focus on reducing silicon-based chips from 10nm to 7nm and on new materials such as
CNT’s, which will be even smaller.
Nantero has raised $31.5 million in a fifth round of funding for the use CNT in chips based
on super-fast and dense technology which can be used in a wide array of markets such as
mobile computing,& consumer electronics. In the future, Nantero expects to be able to
store terabits of data on a single memory chip, enabling that chip to store hundreds of
movies on a mobile device, or millions of songs.
Display Panels
CNT’s can be used to direct electrons to illuminate pixels, resulting in a lightweight,
millimeter thick "nano-emissive" display panel. Televisions may eventually use CNT’s to
create high-resolution displays, using less power than liquid crystal or plasma models.
Scientists at Purdue and the Illinois –Urbana Champaign are focusing on the high flexibility
of CNT’s to develop very thin display units which might be used as electronic newspapers or
similar hand held, roll up devices.
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Inks:
A recent development announced by Linde Electronics is the development of carbon
nanotube ink for use in displays, sensors and other electronic devices. Potential
applications include smartphones with a roll up screen and a see through GPS device
embedded in the windshield of a car. Linde claim this is a landmark development that
drastically improves the performance of transparent conductive thin films made from the
inks and opens the door for the development of carbon nanotube applications in not only
consumer electronics, but also the healthcare and sensor manufacturing sectors.

Health:
Dental implants

CNT’s can added to PMMA (poly methyl methacrylate) polymer and other materials used
for dental implants to form a structural scaffold which improves strength properties and to
reduce shrinkage during polymerization. There is strong competition here from TiO2
nanotubes. Nanotubes can be loaded with antibacterial substances such as silver
nanoparticles, to fight infection.
Bone Implants
CNT can be added to a number of substances currently used as bone implants, including
PMMA, polylactic acid and aluminium, to improve mechanical strength and flexibility. The
CNT scaffolds within the implants promote the growth of new bone cells by attracting
hydroxyapatites. This can be further improved by coating the CNT’s with collagen. Loading
the tubes with antibacterial compounds, which are slow-released, can minimize risk of
infection.
Drugs Delivery
CNT’s have the ability to pass through cell membranes. Once the surface of the CNT is
modified by the addition of a polar group, it is possible to attach drugs, genes and other
molecules. Their high aspect ratio allows for a high loading capacity along the length of
tubes, without affecting cell penetration capability. Thus, CNTs can carry multifunctional
therapeutics to provide multi-valence effects.
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Diagram courtesy of Leszek Stobinski, Head of Graphene Laboratory, Faculty of Chemical and Process Engineering, Warsaw University of Technology

Cancer
Chemotherapy currently affects the entire system, causing damage to healthy tissue.
One of the aims of cancer therapy is to prevent metastasis (the spread of cancer cells) and
improve the lack of selectivity of anti-cancer drugs. CNT’s can provide a direct-delivery
method, maximizing the effect of chemotherapy on tumors while minimizing harm to
healthy tissue. Nanotubes bound to an antibody that is produced by chickens have been
shown to be useful in lab tests to destroy breast cancer tumors. The antibody-carrying
nanotubes are attracted to proteins produced by one type of breast cancer cell. Once
attached to these cells, the nanotubes absorb light from an infrared laser, incinerating the
nanotubes and the attached tumor.
Researchers at the University of Connecticut have developed a sensor that uses nanotubes
and gold nanoparticles to detect proteins that indicate the presence of oral cancer. Tests
have shown this sensor to be accurate and it provides results in less than an hour.

Synthetic Muscles:
Scientists at the University of Texas at Dallas (UTD) are developing “nano-muscles”
composed of thin aerogel sheets of CNT’s. Applying a small positive charge onto the sheets,
results in a repulsive force from existing positive charges, activating the muscles. High
strength (30 x stronger than natural muscles) and flexibility means that the muscles can
operate at extreme temperatures, making them especially attractive for space applications.
This technology is receiving attention as a possible means for endowing soldiers with
superhuman strength through the use of exoskeletons, which would be advantageous in
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battlefield emergencies.

Environment:
Oil Absorption

Carbon nanotubes are being developed to clean up oil spills. Researchers have found that adding
boron atoms during the growth of carbon nanotubes causes the nanotubes to grow into a

sponge like material that can absorb many times it's weight in oil. These nanotube sponges
are made to be magnetic, which should make retrieval of them easier once they are filled
with oil.
Desalination and Water Purification
Carbon nanotubes can be used as the pores in membranes to run reverse osmosis
desalination plants. Water molecules pass through the smoother walls of carbon nanotubes
more easily than through other types of nanopores, which requires less power. Other
researchers are using carbon nanotubes to develop small, inexpensive water purification
devices needed in developing countries. An inexpensive nanotube-based sensor can detect
bacteria in drinking water.
Food Wrapping
Researchers at the Technische Universität München have demonstrated a method of
spraying carbon nanotubes onto flexible plastic surfaces to produce sensors. The
researchers believe that this method could produce low cost sensors on surfaces such as
the plastic film wrapping food, so that the sensor could detect spoiled food.

Polymers:
The addition of CNT’s to polymers makes them lighter and stronger.
Vehicles
Lighter & stronger components for vehicles also means better fuel consumption and
improved safety. For military vehicles there is an obvious advantage in improved safety.
Very minor additions of CNT’s to a polymer matrix can make non-conductive polymers
conductive, reducing problems with static electricity that may result in a fire.
They can replace carbon black in tyres to improve wear properties
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Aircraft
In aircraft wings, the conductivity of carbon nanotubes can provide de-icing and lighting
strike protection, combined with weight reduction.
Sport
CNT’s are already in use in sports applications such as skis, tennis rackets, baseball bats,
hockey sticks, fishing rods and golf shafts where they provide lighter weight but higher
strength and flexibility.
‘Clean Rooms’
MWCNT’s have been used in polycarbonate and other polymers to provide in cleanrooms
for the production of computer chips and hard drives, because they dissipate static
electricity and, therefore, will not attract airborne contaminants.

Concrete:
According to Eden Energy Ltd in Perth, Australia, CNT-enriched concrete should significantly
reduce the quantity of concrete required for structures and reduce or even perhaps
eliminate the need for re-enforcing steel, resulting in cheaper, lighter, stronger structures,
far more flexible designs and far lower Greenhouse Gas footprints

MANUFACTURE
Arc Discharge
A carbon rod (usually graphite) is subjected to a very high voltage, which is then discharged,
rapidly heating the rod and vaporizing some of the carbon. This carbon vapor is allowed to
cool, and as it does CNTs are produced. The arc discharge method generally involves the
use of a vacuum chamber and an inert gas supply. The yield for this method is up to 30% by
weight and it produces both single- and multi-walled nanotubes.

Laser Ablation
A powerful laser is used to rapidly heat carbon (usually graphite) and vaporize it. This
procedure benefits from the ability to precisely control temperature and pulse times, thus
allowing for strict controls to the parameters of the CNTs. 70% of the carbon can be turned
into CNT’s.
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Chemical Vapor Deposition (CVD)
CVD is the most widely used method for the production of carbon nanotubes. The procedure
involves injecting a vaporized hydrocarbon compound (methane or ethane are common) into
a high temperature zone in a furnace. The hot zone contains a substrate with a surface, nano scale, film of iron, nickel or cobalt, which catalyzes the growth of the carbon nanotubes. The
size of the metal particles determines the diameters of the nanotubes.
Other Methods
CNTs can also be produced by ball milling & annealing, diffusion flame synthesis,
electrolysis, heat treatment of a polymer, and low-temperature solid pyrolysis. New
procedures are regularly emerging through extensive research across the world.
CVD shows the most promise for industrial-scale production, because of its price/unit ratio,
and because it is capable of growing nanotubes directly onto a desired substrate. Arc
discharge and laser ablation are both high energy procedures and both produce CNT’s in
tangled webs, contaminated with other forms of carbon, requiring an expensive purification
stage (centrifugal separation is normally required)

TEM of MWNT’s courtesy of the Nanoalaytical platform at Monash University, Malaysia
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GLOBAL PRODUCTION
There are currently more than 100 CNT manufacturing companies with the majority of the
market share held by four large-scale manufacturers: Bayer, CNano, Showa Denko and
Nanocyl.
Leading CNT manufacturers include:
Company

Country

Process

Capacity
(tpa, 2010 )

CNano Technology
Showa Denko KK
Nanocyl S.A.
Bayer Material Science AG
Hyperion Catalysis Int.
Arkema
OCSiAl

USA
Japan
Belgium
Germany
USA
France
Luxembourg

500
500
400
260
50
50
10

USA
USA

CCVD
CCVD
CCVD
CCVD
CVD
CCVD
New patented process based on
plasma technology
New patented process based on
methane
High pressure CO2
Co Mo catalysis

Eden Energy

Australia

Unidym
South West
Nanotechnologies
Thomas Swan

UK

CVD

< 1.0

4
1.5
1.0

CVD = Chemical Vapour Deposition. CCVD = Catalytic Chemical Vapour Deposition

POTENTIAL FOR GRAPHITE COMPANIES
The preferred manufacturing route for CNT is Chemical Vapor Deposition, which does not
require graphite as a raw material; hence any impact on graphite mining will be small. High
quality graphene can be made by exfoliating graphite, the higher the purity the better, but
even graphene will not make a major impact on global graphite production. For most
applications very small quantities of CNT’s or graphene go a long way, partly due to their
very high surface area. Only a small fraction of graphite produced in any mine is likely to be
used to make CNT’s or graphene, most will go for traditional uses such as steel, brake pads
and lithium ion batteries.
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Companies who have invested in the use of graphite for CNT’s and graphene:
In 2015, Indonesian graphite mining company Western Mining Network signed an MoU to
acquire up to 51% in South Korean company Carbon Nano-Material Technology Co, Ltd,
who hold patents for the manufacture of CNT’s and graphene.
Mineral exploration company American Graphite Technologies, who are currently
investigating graphite deposits in Quebec, are partnered with CheapTubes for research into
CNT’s and graphene.
Talga Resources based in Perth, W. A. are developing a plant capable of producing up to
7,000 tpa of low cost, high quality, graphene. High-grade graphite in Sweden is shipped to a
processing plant in Germany, where an exfoliation process is used to produce graphene.
Focus Graphite mines the high-grade graphite at Lac Knife in Quebec and owns 40% of
Grafoid, a leading graphene manufacturer.

GLOBAL MARKET
The CNT market is currently limited due to inconsistent quality and high prices. These issues
will be resolved through intensive research and improvements to manufacture during the
next few years. As production volumes increase, prices will come down. Governments in
China, Japan, U.S. and India have increased funds to promote nanotechnology, which is
expected to significantly benefit CNT.
Prices vary considerably. SWNT’s are more expensive than MWNT’s at typically $50/gram v
$1 / gram, whilst grades which have been modified by the addition of other molecules (i.e.
functionalized) or encapsulated, may reach > $2000/g. Ten years ago MWNT’s cost more
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like $40/g, an indication of the substantial progress already made in production and
application techniques.
The global CNT market is expected to reach $ 3.42 billion by 2022, according to a new study
by Grand View Research, Inc. (‘Future Markets’ predict $2.3 billion by 2020). Global CNT
market demand stood at 5,064.1 tons in 2014 and is anticipated to exceed 20,000 tons by
2022, growing at a CAGR of over 18% from 2015 to 2020.
Asia Pacific is the largest CNT market, accounting for over 40% of global volume in 2014,
due mainly to the growing polymer industries in China and India. The electronics industry in
China, South Korea, Singapore, Taiwan and Japan is expected to significantly impact on the
CNT market over the next seven years.

HEALTH and ECOLOGICAL CONCERNS
In the UK the occupational use of nanomaterial’s is regulated under the Control of
Substances Hazardous to Health Regulations (COSHH) 2002. The Health and Safety
Executive have published, “ Risk management of carbon nanotubes “ which states,
“Emerging data indicates that when CNTs are breathed in they can cause lung inflammation
and fibrosis”.
In the USA the National Institute for Occupational Safety & Health (NIOSH) published
“Bulletin 65 “ in 2013 warning about the potential hazards CNT’s might pose. This states,
“Results from recent animal studies indicate that carbon nanotubes (CNT) may pose a
respiratory hazard”.
Clearly there are potential hazards associated with the inhalation of CNT’s, which some
researchers have compared to asbestos. Longer tubes are thought to be a greater hazard.
CNT’s biodegrade slowly, hence it is possible that tubes released into the environment may
enter our food supply, and from there, into our bodies.
Strict legislation and responsible management throughout all stages of research,
manufacture and end usage is required to ensure that protection of human health and the
environment.
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CONCLUSIONS
There seems little doubt that many features of our lives will be impacted by the use of CNTs
in the near future, as they begin to play a significant role in a wide range of commercial
applications.
However, there are obstacles to overcome such as improving quality and consistency, fine
tuning the exact morphology & chirality (orientation of the tube) and, in the case of
potential medical uses, completing long term in vivo trials. In many cases the current price
is simply too high and work must be done to provide cheaper mass-production.
Studies have shown that CNT inhalation can be harmful to health; hence there may
eventually be some limitations to their use in industry.
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