Carbon Nanotubes: Present and Future
Commercial Applications
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Worldwide commercial interest in carbon nanotubes (CNTs) is reflected in a production capacity that presently
exceeds several thousand tons per year. Currently, bulk CNT powders are incorporated in diverse commercial
products ranging from rechargeable batteries, automotive parts, and sporting goods to boat hulls and water
filters. Advances in CNT synthesis, purification, and chemical modification are enabling integration of CNTs

in thin-film electronics and large-area coatings. Although not yet providing compelling mechanical strength or
electrical or thermal conductivities for many applications, CNT yarns and sheets already have promising
performance for applications including supercapacitors, actuators, and lightweight electromagnetic shields.

arbon nanotubes (CNTs) are seamless cyl-
‘ inders of one or more layers of graphene
(denoted single-wall, SWNT, or multiwall,

MWNT), with open or closed ends (/, 2). Perfect
CNTs have all carbons bonded in a hexagonal lat-
tice except at their ends, whereas defects in mass-
produced CNTs introduce pentagons, heptagons,
and other imperfections in the sidewalls that gen-
erally degrade desired properties. Diameters of
SWNTs and MWNTs are typically 0.8 to 2 nm
and 5 to 20 nm, respectively, although MWNT di-
ameters can exceed 100 nm. CNT lengths range
from less than 100 nm to several centimeters, there-
by bridging molecular and macroscopic scales.

‘When considering the cross-sectional area of the
CNT walls only, an elastic modulus approaching
1 TPa and a tensile strength of 100 GPa has been
measured for individual MWNTS (3). This strength is
over 10-fold higher than any industrial fiber MWNTs
are typically metallic and can carry currents of up
to 10° A cm 2 (4). Individual CNT walls can be me-
tallic or semiconducting depending on the orientation
of the graphene lattice with respect to the tube axis,
which is called the chirality. Individual SWNTs can
have a thermal conductivity of 3500 W m ' K" at
room temperature, based on the wall area (3); this
exceeds the thermal conductivity of diamond.

The beginning of widespread CNT research
in the early 1990s was preceded in the 1980s by
the first industrial synthesis of what are now known
as MWNTs and documented observations of hol-
low carbon nanofibers as early as the 1950s. How-
ever, CNT-related commercial activity has grown
most substantially during the past decade. Since
2006, worldwide CNT production capacity has
increased at least 10-fold, and the annual number
of CNT-related journal publications and issued
patents continues to grow (Fig. 1).
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Most CNT production today is used in bulk
composite materials and thin films, which rely on
unorganized CNT architectures having limited prop-
erties. Organized CNT architectures (fig. S1) such
as vertically aligned forests, yarns, and sheets show
promise to scale up the properties of individual
CNTs and realize new functionalities, including
shape recovery (6), dry adhesion (7), high damp-
ing (8, 9), terahertz polarization (10), large-stroke
actuation (//, 12), near-ideal black-body ab-
sorption (/3), and thermoacoustic sound emis-
sion (/4).

However, presently realized mechanical, ther-
mal, and electrical properties of CNT macrostruc-
tures such as yarns and sheets remain significantly
lower than those of individual CNTs.
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Meanwhile, buoyed by large-volume bulk pro-
duction, CNT powders have already been incorpo-
rated in many commercial applications and are now
entering the growth phase of their product life cy-
cle. In view of these trends, this review focuses on
the most promising present and future commercial
applications of CNTs, along with related challenges
that will drive continued research and development.
Lists of known industrial activity and commercial
products are given in tables S1 through S3.

CNT Synthesis and Processing

Chemical vapor deposition (CVD) is the domi-
nant mode of high-volume CNT production and
typically uses fluidized bed reactors that enable
uniform gas diffusion and heat transfer to metal
catalyst nanoparticles (15). Scale-up, use of low-
cost feedstocks, yield increases, and reduction
of energy consumption and waste production (/6)
have substantially decreased MWNT prices. How-
ever, large-scale CVD methods yield contaminants
that can influence CNT properties and often re-
quire costly thermal annealing and/or chemical
treatment for their removal. These steps can in-
troduce defects in CNT sidewalls and shorten
CNT length. Currently, bulk purified MWNTSs are
sold for less than $100 per kg, which is 1- to 10-fold
greater than commercially available carbon fiber.
The understanding of CVD process conditions
has enabled preferential synthesis of metallic (/7)
or semiconducting SWNTs (/8) with selectivity of
90 to 95%, doping of CNTs with boron or nitrogen
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Fig. 1. Trends in CNT research and commercialization. (A) Journal publications and issued worldwide patents
per year, along with estimated annual production capacity (see supplementary materials). (B to E) Selected CNT-
related products: composite bicycle frame [Photo courtesy of BMC Switzerland AG], antifouling coatings
[Courtesy of NanoCyl], printed electronics [Photo courtesy of NEC Corporation; unauthorized use not permitted];
and electrostatic discharge shielding [Photo courtesy of NanoComp Technologies, Incorporated].
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(19, 20), and flow-directed growth of isolated
SWNTs up to 18.5 cm long (27). However, im-
proved knowledge is urgently needed of how CNT
chirality, diameter, length, and purity relate to cat-
alyst composition and process conditions. In situ
observation of CNT nucleation (22) and molecular
modeling of the CNT-catalyst interface (23) will be
critical to advances in chirality-selective synthesis.

Alternatively, high-purity SWNT powders can
be separated according to chirality by density-
gradient centrifugation in combination with selective
surfactant wrapping (24) or by gel chromatog-
raphy (25). Although many CNT powders and sus-
pensions are available commercially, the production
of stable CNT suspensions requires chemical mod-
ification of the CNT surface or addition of surfac-
tants. Washing or thermal treatment is typically
needed to remove surfactants after deposition of
the solution, such as by spin-coating or printing.

Moreover, because SWNT synthesis by CVD
requires much tighter process control than MWNT
synthesis and because of legacy costs of research
and process development, bulk SWNT prices are
still orders of magnitude higher than for MWNTs.
Use of MWNTs is therefore favored for applica-
tions where CNT diameter or bandgap is not crit-
ical, but most emerging applications that require
chirality-specific SWNTs need further price re-
duction for commercial viability.

Alternatively, synthesis of long, aligned CNTs
that can be processed without the need for dispersion
in a liquid offers promise for cost-effective realization
of compelling bulk properties. These methods in-
clude self-aligned growth of horizontal (26) and ver-
tical (27) CNTs on substrates coated with catalyst
particles and production of CNT sheets and yarns
directly from floating-catalyst CVD systems (28).
CNT forests can be manipulated into dense solids (29),
aligned thin films (30), and intricate three-dimensional
(3D) microarchitectures (37) and can be directly
spun or drawn into long yarns and sheets (32, 33).

Composite Materials

MWNTs were first used as electrically conduc-
tive fillers in plastics, taking advantage of their
high aspect ratio to form a percolation network
at concentrations as low as 0.01 weight percent
(wt %). Disordered MWNT-polymer composites
reach conductivities as high as 10,000 S m! at
10 wt % loading (34). In the automotive in-
dustry, conductive CNT plastics have enabled
electrostatic-assisted painting of mirror housings,
as well as fuel lines and filters that dissipate elec-
trostatic charge. Other products include electro-
magnetic interference (EMI)-shielding packages
and wafer carriers for the microelectronics industry.

For load-bearing applications, CNT powders
mixed with polymers or precursor resins can in-
crease stiffness, strength, and toughness (35). Add-
ing ~1 wt % MWNT to epoxy resin enhances
stiffness and fracture toughness by 6 and 23%, re-
spectively, without compromising other mechan-
ical properties (36). These enhancements depend
on CNT diameter, aspect ratio, alignment, disper-
sion, and interfacial interaction with the matrix.

Many CNT manufacturers sell premixed resins
and master batches with CNT loadings from 0.1
to 20 wt %. Additionally, engineering nanoscale
stick=slip among CNTs and CNT-polymer contacts
can increase material damping (37), which is used
to enhance sporting goods, including tennis rac-
quets, baseball bats, and bicycle frames (Fig. 1C).

CNT resins are also used to enhance fiber
composites (35, 38). Recent examples include
strong, lightweight wind turbine blades and hulls
for maritime security boats that are made by using
carbon fiber composite with CNT-enhanced resin
(Fig. 2A) and composite wind turbine blades. CNTs
can also be deployed as additives in the organic
precursors used to form carbon fibers. The CNTs
influence the arrangement of carbon in the py-
rolyzed fiber, enabling fabrication of 1-um diam-
eter carbon fibers with over 35% increase in strength
(4.5 GPa) and stiffness (463 GPa) compared with
control samples without CNTs (39).

Toward the challenge of organizing CNTs at
larger scales, hierarchical fiber composites have
been created by growing aligned CNTs forests onto
glass, SiC, alumina, and carbon fibers (35, 40, 41),
creating so-called “fuzzy” fibers. Fuzzy CNT-SiC
fabric impregnated with epoxy showed crack-
opening (mode I) and in-plane shear interlaminar
(mode II) toughnesses that are enhanced by 348
and 54%, respectively, compared with control spec-
imens (40), and CNT-alumina fabric showed 69%
improved mode II toughness (4/). Multifunctional
applications under investigation include lightning-
strike protection, deicing, and structural health mon-
itoring for aircraft (35, 40).

Material design

®)

CNT-fiber laminate

CNT yarns and sheets

Yarn

In the long run, CNT yams and laminated sheets
made by direct CVD or forest spinning or drawing
methods may compete with carbon fiber for high-end
uses, especially in weight-sensitive applications re-
quiring combined electrical and mechanical func-
tionality (Figs. 1E and 2B). In scientific reports, yams
made from high-quality few-walled CNTs have reached
a stifthess of 357 GPa and a strength of 8.8 GPa but
only for a gauge length that is comparable to the
millimeter-long CNTs within the yam (28). Centimeter-
scale gauge lengths showed 2-GPa strength, corre-
sponding to a gravimetric strength equaling that
of commercially available Kevlar (DuPont).

Because the probability of a critical flaw in-
creases with volume, macroscale CNT yarns may
never achieve the strength of the constituent CNTs.
However, the high surface area of CNTs may pro-
vide interfacial coupling that mitigates these defi-
ciencies, and, unlike carbon fibers, CNT yarns can
be knotted without degrading their strength (32).
Further, coating forest-drawn CNT sheets with func-
tional powder before inserting twist has provided
weavable, braidable, and sewable yams containing
up to 95 wt % powder, which have been demon-
strated as superconducting wires, battery and fuel
cell electrodes, and self-cleaning textiles (42).

High-performance fibers of aligned SWNTs can
be made by coagulation-based spinning of CNT sus-
pensions (43). This is attractive for scale-up if the
cost of high-quality SWNTSs decreases substantially
or if spinning can be extended to low-cost MWNTs.
Thousands of spinnerets could operate in parallel,
and CNT orientation can be achieved via liquid
crystal formation, like for the spinning of Kevlar.

Example application

Coax cable

EM shield

Fig. 2. Emerging CNT composites and macrostructures. (A) Micrograph showing the cross section of a carbon fiber
laminate with CNTs dispersed in the epoxy resin and a lightweight CNT-fiber composite boat hull for maritime
security boats. [Images courtesy of Zyvex Technologies] (B) CNT sheets and yarns used as lightweight data cables
and electromagnetic (EM) shielding material. [Images courtesy of Nanocomp Technologies, Incorporated]
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Besides polymer composites, the addition of
small amounts of CNTs to metals has provided
increased tensile strength and modulus (44) that
may find applications in acrospace and automotive
structures. Commercial AFMWNT composites have
strengths comparable to stainless steel (0.7 to 1 GPa)
at one-third the density (2.6 g cm™). This strength is
also comparable to Al-Li alloys, yet the A-MWNT
composites are reportedly less expensive.

Last, MWNTSs can also be used as a flame-
retardant additive to plastics; this effect is mainly
attributed to changes in rheology by nanotube load-
ing (45). These nanotube additives are commer-
cially attractive as a replacement for halogenated
flame retardants, which have restricted use because
of environmental regulations.

Coatings and Films

Leveraging CNT dispersion, functionalization,
and large-area deposition techniques, CNTs are
emerging as a multifunctional coating material.
For example, MWNT-containing paints reduce
biofouling of ship hulls (Fig. 1C) by discour-
aging attachment of algae and barnacles (46).
They are a possible alternative to environmen-
tally hazardous biocide-containing paints. Incor-
poration of CNTs in anticorrosion coatings for
metals can enhance coating stiffness and strength
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while providing an electric pathway for cathodic
protection.

Widespread development continues on CNT-
based transparent conducting films (47) as an alter-
native to indium tin oxide (ITO). A concem is that
ITO is becoming more expensive because of the
scarcity of indium, compounded by growing demand
for displays, touch-screen devices, and photovol-
taics. Besides cost, the flexibility of CNT transparent
conductors is a major advantage over brittle ITO
coatings for flexible displays. Further, transparent
CNT conductors can be deposited from solution (e.g.,
slot-die coating, ultrasonic spraying) and patterned
by cost-eftective nonlithographic methods (e.g., screen
printing, microplotting). Recent commercial develop-
ment effort has resulted in SWNT films with 90%
transparency and a sheet resistivity of 100 ohm per
square. This surface resistivity is adequate for some
applications but still substantially higher than for
equally transparent, optimally doped ITO coatings
(48). Related applications that have less stringent
requirements include CNT thin-film heaters, such as
for defrosting windows or sidewalks. All of the above
coatings are being pursued industrially (see table S3).

Microelectronics

High-quality SWNTs are attractive for transistors
because of their low electron scattering and their
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Fig. 3. Selected CNT applications in microelectronics. (A) Flexible TFTs using CNT networks deposited by
aerosol CVD. [Schematic and photograph reprinted by permission from Macmillan Publishers Limited; scanning
electron microscopy image courtesy of Y. Ohno] (B) CNT-based nonvolatile random access memory (NRAM) cell
fabricated by using spin-coating and patterning of a CMOS-compatible CNT solution. [Images courtesy of
Nantero, Incorporated] (C) CMOS-compatible 150-nm vertical interconnects developed by imec and Tokyo
Electron Limited. [Image courtesy of imec] (D) CNT bumps used for enhanced thermal dissipation in high power

amplifiers. [Image courtesy of Fujitsu Limited]
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bandgap, which depends on diameter and chiral
angle. Further, SWNTs are compatible with field-
effect transistor (FET) architectures and high-k
dielectrics (26, 49). After the first CNT transistor
in 1998 (50), milestones include the first SWNT-
tunneling FET with a subthreshold swing of
<60 mV decade ' in 2004 (49, 51) and CNT-based
radios in 2007 (52). In 2012, SWNT FETs with
sub-10-nm channel lengths showed a normalized
current density (241 mA pm " at 0.5 V), which is
greater than those obtained for silicon devices (53).

Despite the promising performance of indi-
vidual SWNT devices, control of CNT diameter,
chirality, density, and placement remains insuffi-
cient for microelectronics production, especially
over large areas. Therefore, devices such as transistors
comprising patterned films of tens to thousands of
SWNTs are more immediately practical. The use
of CNT arrays increases output current and com-
pensates for defects and chirality differences, improv-
ing device uniformity and reproducibility (26). For
example, transistors using horizontally aligned CNT
arrays achieved mobilities of 80 em® Vs sub-
threshold slopes of 140 mV decade™', and on/off
ratios as high as 10° (54). These developments are
supported by recent methods for precise high-
density CNT film deposition methods, enabling
conventional semiconductor fabrication of more
than 10,000 CNT devices in a single chip (55).

CNT thin-film transistors (TFTs) are particu-
larly attractive for driving organic light-emitting
diode (OLED) displays, because they have shown
higher mobility than amorphous silicon (~1 cm?
V! s (56) and can be deposited by low-
temperature, nonvacuum methods. Recently, flex-
ible CNT TFTs with a mobility of 35 cm® V™' ™!
and an on/off ratio of 6 x 10° were demonstrated
(Fig. 3A) (56). A vertical CNT FET showed suffi-
cient current output to drive OLEDs at low voltage
(57), enabling red-green-blue emission by the OLED
through a transparent CNT network. Promising com-
mercial development of CNT electronics includes
low-cost printing of TFTs (58), as well as radio-
frequency identification tags (59). Improved under-
standing of CNT surface chemistry is essential for
commercialization of CNT thin-film electronics; recent
developments enable, for example, selective reten-
tion of semiconducting SWNTSs during spin-coating
(60) and reduction of sensitivity to adsorbates (67).

The International Technology Roadmap for
Semiconductors suggests that CNTs could replace
Cu in microelectronic interconnects, owing to their
low scattering, high current-carrying capacity, and
resistance to electromigration. For this, vias com-
prising tightly packed 10" per cm?) metallic
CNTs with low defect density and low contact
resistance are needed. Recently, complementary
metal oxide semiconductor (CMOS)-compatible
150-nm-diameter interconnects (Fig. 3C) with a
single CNT—contact hole resistance of 2.8 kohm
were demonstrated on full 200-mm-diameter wa-
fers (62). Also, as a replacement for solder bumps,
CNTs can function both as electrical leads and
heat dissipaters for use in high-power amplifiers
(Fig. 3D).
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Last, a concept for a nonvolatile memory based
on individual CNT crossbar electromechanical
switches (63) has been adapted for commer-
cialization (Fig. 3B) by patterning tangled CNT
thin films as the functional elements. This required
development of ultrapure CNT suspensions that
can be spin-coated and processed in industrial
clean room environments and are therefore com-
patible with CMOS processing standards.

Energy Storage and Environment

MWNTs are widely used in lithium ion batteries
for notebook computers and mobile phones, mark-
ing a major commercial success (64, 65). In these bat-
teries, small amounts of MWNT powder are blended
with active materials and a polymer binder, such
as 1 wt % CNT loading in LiCoO, cathodes and
graphite anodes. CNTs provide increased electrical
connectivity and mechanical integrity, which en-
hances rate capability and cycle life (64, 66, 67).

Many publications report gravimetric energy
storage and power densities for unpackaged bat-
teries and supercapacitors, where normalization
is with respect to the weight of active electrode
materials. The frequent use of low areal densities
for active materials makes it difficult to assess
how such gravimetric performance metrics relate
to those for packaged cells (68, 69), where high
areal energy storage and power densities are needed
for realizing high performance based on total cell
weight or volume. In one of the few recent studies
for packaged cells, remarkable performance has
been obtained for supercapacitors deploying
forest-grown SWNTs (62) that are binder and
additive free; an energy density of 16 Whkg ' and
a power density of 10 kW kg ™' was obtained for a
40-F supercapacitor with a maximum voltage of
3.5 V. On the basis of accelerated tests at up to
105°C, a 16-year lifetime was forecast. Despite these
impressive metrics, the present cost of SWNTs
is a major roadblock to commercialization.

For fuel cells, the use of CNTs as a catalyst sup-
port can potentially reduce Pt usage by 60% com-
pared with carbon black (70), and doped CNTs may
enable fuel cells that do not require Pt (19, 71). For
organic solar cells, ongoing efforts are leveraging
the properties of CNTs to reduce undesired carrier
recombination and enhance resistance to photooxi-
dation (20). In the long run, photovoltaic technol-
ogies may incorporate CNT-Si heterojunctions and
leverage efficient multiple-exciton generation at
p-n junctions formed within individual CNTs (72).
In the nearer term, commercial photovoltaics may
incorporate transparent SWNT electrodes (Fig. 4C).

An upcoming application domain of CNTs is
water purification. Here, tangled CNT sheets can
provide mechanically and electrochemically robust
networks with controlled nanoscale porosity. These
have been used to electrochemically oxidize organic
contaminants (73), bacteria, and viruses (74). Porta-
ble filters containing CNT meshes have been commer-
cialized for purification of contaminated drinking
water (Fig. 4D). Moreover, membranes using aligned
encapsulated CNTs with open ends permit flow
through the interior of the CNTs, enabling unprece-

dented low flow resistance for both gases and lig-
uids (75). This enhanced permeability may enable
lower energy cost for water desalination by reverse
osmosis in comparison to commercial polycar-
bonate membranes. However, very-small-diameter
SWNTs are needed to reject salt at seawater con-
centrations (76).

Biotechnology

Ongoing interest in CNTs as components of bio-
sensors and medical devices is motivated by the
dimensional and chemical compatibility of CNTs
with biomolecules, such as DNA and proteins. At
the same time, CNTs enable fluorescent (77) and
photoacoustic imaging (78), as well as localized
heating using near-infrared radiation (79).

SWNT biosensors can exhibit large changes
in electrical impedance (80) and optical properties
(87) in response to the surrounding environment,
which is typically modulated by adsorption of a
target on the CNT surface. Low detection limits and
high selectivity require engineering the CNT sur-
face (e.g., functional groups and coatings) (80) and
appropriate sensor design (e.g., field effects, capac-
itance, Raman spectral shifts, and photoluminescence)
(82, 83). Products under development include ink-
jet—printed test strips for estrogen and progester-
one detection, microarrays for DNA and protein
detection, and sensors for NO, and cardiac troponin
(84). Similar CNT sensors have been used for gas
and toxin detection in the food industry, military,
and environmental applications (82, 85).

@ Battery

CNT powder

Tangled CNT film

For in vivo applications, CNTs can be inter-
nalized by cells, first by binding of their tips to
receptors on the cell membrane (86). This enables
transfection of molecular cargo attached to the
CNT walls or encapsulated inside the CNTs (87).
For example, the cancer drug doxorubicin was
loaded at up to 60 wt % on CNTs compared with
8 to 10 wt % on liposomes (88). Cargo release can
be triggered by using near-infrared radiation. How-
ever, for use of free-floating CNTs it will be critical
to control the retention of CNTs within the body
and prevent undesirable accumulation, which may
result from changing CNT surface chemistry (89).

Potential CNT toxicity remains a concern, al-
though it is emerging that CNT geometry and
surface chemistry strongly influence biocompat-
ibility, and therefore CNT biocompatibility may
be engineerable (89). Early on, it was reported
that injection of large quantities of MWNTS into
the lungs of mice could cause asbestos-like path-
ogenicity (90). However, a later study reported
that lung inflammation caused by injection of
well-dispersed SWNTs was insignificant both com-
pared with asbestos and with particulate matter in
air collected in Washington, DC (97). Future med-
ical acceptance of CNTs requires deeper under-
standing of immune response, along with definition
of exposure standards for different use cases includ-
ing inhalation, injection, ingestion, and skin contact.
Toward use in implants, CNT forests immobi-
lized in a polymer were studied by implantation
into rats and did not show elevated inflammatory
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Fig. 4. Energy-related applications of CNTs. (A) Mixture of MWNTSs and active powder for battery electrode.
[Images reprinted by permission from John Wiley and Sons (67)] (B) Concept for supercapacitors based on
CNT forests. [Images courtesy of FastCap Systems Corporation] (C) Solar cell using a SWNT-based transparent
conductor. [Images courtesy of Eikos Incorporated] (D) Prototype portable water filter using a functionalized
tangled CNT mesh in the latest stage of development. [Images courtesy of Seldon Technologies]
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response relative to controls (92). This is encour-
aging for possible use of CNTs as low-impedance
neural interface electrodes (93) and for coating of
catheters to reduce thrombosis (94).

Outlook

Most products using CNTs today incorporate CNT
powders dispersed in polymer matrices or deposited
as thin films; for commercialization of these products,
it was essential to integrate CNT processing with
existing manufacturing methods. Organized CNT
materials such as forests and yarns are beginning
to bridge the gap between the nanoscale properties
of CNTs and the length scales of bulk engineering
materials. However, understanding is needed of
why the properties of CNT yarns and sheets, like
thermal conductivity and mechanical strength, remain
far lower than the properties of individual CNTs. At
an opposite limit, placement of individual CNTs
having desired structure with lithographic preci-
sion over large substrates would be a breakthrough
for electronic devices and scanning probe tips.

According to press reports, many companies are
investing in diverse applications of CNTs, such as
transparent conductors, thermal interfaces, anti-
ballistic vests, and wind turbine blades. However,
often few technical details are released, and com-
panies are likely to keep technical details hidden
for a very long time after commercialization, which
makes it challenging to predict market success.
Hence, the increases in nanotube production capac-
ity and sales are an especially important metric
for emerging CNT applications (see Fig. 1).

Further industrial development demands health
and safety standards for CNT manufacturing and
use, along with improved quantitative charac-
terization methods that can be implemented in
production processes. For example, the National
Institute of Standards and Technology developed
a SWNT reference material in 2011; IEEE is de-
veloping standards for CNT processing in clean
rooms; and in 2010 the Chinese government
published standards for MWNT characterization
and handling (/6). Proactively, Bayer established
an occupational exposure limit of 0.05 mg m >
for their CNTs (95). These efforts encourage con-
tinued progress with caution, especially for CNT
manufacturing operations that can potentially gen-
erate airborne particulate matter.

As larger quantities of CNT materials reach
the consumer market, it will also be necessary to
establish disposal and/or reuse procedures. CNTs
may enter municipal waste streams, where, unless
they are incinerated, cross-contamination during
recycling is possible (65). Broader partnerships
among industry, academia, and government are
needed to investigate the environmental and so-
cietal impact of CNTs throughout their life cycle.

Lastly, continued CNT research and develop-
ment will be complementary to the rise of graphene.
Rapid innovations in graphene synthesis and
characterization—such as CVD methods and Raman
spectroscopy techniques—have leveraged findings
from CNT research. Promising materials combin-
ing carbon allotropes include 3D CNT-graphene

www.sciencemag.org SCIENCE VOL 339

networks for thermal interfaces (96) and fatigue-
resistant graphene-coated CNT aerogels (97). The
science and applications of CNTs, ranging from
surface chemistry to large-scale manufacturing,
will contribute to the frontier of nanotechnology
and related commercial products for many years
to come.
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Methods for Figure 1a

In Fig. 1a, production capacity was determined by sending an inquiry to 30 CNT
manufacturers. Of these, 8 responded, and to these numbers, we added the production capacity of
companies found in press releases and annual reports. These numbers are plotted as “confirmed
production”. We extrapolated these numbers based on an estimate of the importance of the
companies who did not respond to our inquiry, as well as numbers reported on websites of
companies performing market studies. Patent statistics were obtained from European Patent Office
in August 2012 (http://worldwide.espacenet.com/advancedSearch?locale=en EP) by searching for

issued patents having the words (carbon and (nanotube or nanotubes)) (or graphene) in the title OR
abstract by issue year. We used the “worldwide collection from 90+ countries” database. The
number of publications per year was retrieved from ISI Web of Knowledge (all databases) in
September 2012 by searching for publications having "carbon nanotube*" (or graphene) in the topic
of the paper.


http://worldwide.espacenet.com/advancedSearch?locale=en_EP
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Figure S1: Emerging CNT applications rely on ordering of CNTs at hierarchical scales, moving
from large-scale dispersions and films that are presently commercialized, to ordered macrostructures
and nanoscale devices in the future.



Table S1: Producers of CNT powders and dispersions

This information is gathered from online sources and through personal communications. It is not meant to
be a comprehensive list of all activities in this area.

Company Country URL

Arkema France/USA http://www.arkema-inc.com/
http://www.graphistrength.com

Bayer MaterialScience AG Germany www.bayer.com
http://www.baytubes.com/

BlueNano USA www.bluenanoinc.com

Catalytic Materials USA http://www.catalyticmaterials.com

Chengdu Organic Chemical Co. Ltd. China www.timesnano.com

Cnano China/USA http://www.cnanotechnology.com

Eden Energy Australia/India http://www.edenenergy.com.au/

Eikos USA www.eikos.com

Hanwha Nanotech Corporation South Korea www.hanwhananotech.com

Hodogaya Japan http://www.hodogaya.co.jp

Hyperion Catalysis USA www.hyperioncatalysis.com

Hythane Co USA http://hythane.net/

Idaho Space Materials USA www.idahospace.com

KleanCarbon Canada http://www.kleancarbon.com/

Meijo-nano carbon Japan WWw.meijo-nano.com

Mitsubishi Rayon Co. Japan http://www.mrc.co.jp

Mitsui Japan WWW.Mmitsui.com

Nanocyl S.A. Belgium WwWWw.nanocyl.com

Nanointegris USA www.nanointegris.com

Nanolab USA http://www.nano-lab.com/

Nanothinx Greece http://www.nanothinx.com

Nano-C USA http://www.nano-c.com

Raymor Industries Inc. Canada WWw.raymor.com

Rosseter Holdings Ltd. Cyprus/USA WWW.e-nanoscience.com

Shenzhen Nanotech Port Co. Ltd. China www.nanotubes.com.cn

Showa Denko K.K Japan www.sdk.co.jp

SouthWest NanoTechnologies Inc. USA www.swentnano.com

Sun Nanotech Co. Ltd. China WWW.sunnano.com

Thomas Swan & Co. Ltd. England www.thomas-swan.co.uk

Toray Japan www.toray.com

Ube Industries Japan www.ube-ind.co.jp

Unidym Inc. USA www.unidym.com

Zyvex USA WWW.ZYyVex.com

Table S2: Manufacturers of CNT synthesis systems

Company URL
Aixtron Www.aixtron.com
First Nano www.firstnano.com

Oxford Instruments

www.oxford-instruments.com

Tokyo Electron Limited (TEL)

www.tel.com




Table S3: Companies developing and/or selling CNT products
This information is gathered from online sources and through personal communications.
It is not meant to be a comprehensive list of all activities in this area.

Company URL Field of Notes
application
Adidas www.adidas.com Composites Running shoe sole
http://www.sweatshop.co.uk/Details.cfm?ProdID=9007&category=0
Aldila http://www.aldila.com Composites Golf shafts
http://www.aldila.com/products/vs-proto/
Amendment || http://www.amendment2.com/ Composites Armor vests
Amroy http://www.amroy.fi/ Composites Partnerships with Yachts, sports goods and wind turbine blades manufacturers
Aneeve http://aneeve.com Microelectronics Printed FET; RFID
Biotechnology  Sensing and diagnostics
ANS http://www.appliednanostructureds Composites Synthetic fibers; EMI shielding; lightening protection
olutions.com http://www.appliednanostructuredsolutions.com/archives/4
Energy CNT based powder for battery electrodes
Axson WWW.axson-group.com Composites EMI shielding; spark protection
Structural composites (Nanoledge)
Baltic http://www.balticyachts.com/ Composites Sailng yachts
BASF www.basf.com Composites Conductive POM for fuel lines and filter housing (with Audi)
http://www.basf.com/group/corporate/de/literature-document:/Brand+Ultraform-
Case+Studys--Fuel+filter+housing-English.pdf
BlueNano www.bluenanoinc.com Energy CNT based powder for battery electrodes
http://www.bluenanoinc.com/nanomaterials/carbon-nanomaterials.htmi
BMC www.bmc-racing.com Composites Bicycles (with Easton-Zyvex)
Canatu www.canatu.com Coatings Transparent conductor (nanobuds); touch screens; touch sensors
Canon WWW.canon.com Microelectronics Field emission display; SED TV
Eagle Windpower - Energy Wind turbine blades
Easton www.easton.com Composites Archery arrows (with Amroy)

http://www.eastonarchery.com/
Baseball bat (with Zyvex)




Field of

Company URL applications Notes
Eikos www.eikos.com Coatings Transparent conductors
Energy Photovoltaics; copper indium gallium selenide (CIGS) thin film solar cells
Evergreen - Energy Wind turbine blades
Fujitsu www.fujitsu.com Microelectronics Interconnect vias; thermal interfaces
General Electric www.ge.com Coatings Thermal sensing and imaging
General Nano http://www.generalnanollc.com/ Composites CNT forests; dry-spun yarns and sheets
Hexcel www.hexcel.com Composites Conductive aerospace composites
Energy Wind turbine blades
Hyperion Catalysis www.hyperioncatalysis.com Composites Automotive fuel line parts; electrostatic painting
Iljin Nanotech www.iljin.co.kr Coatings Transparent conductors
Microelectronics Field Emission display
imec www.imec.be Microelectronics Interconnect via
Intel www.intel.com Microelectronics Electronics devices and switches; FET
Meijo-nano carbon WWW.meijo-nano.com Composites Yarns, sheets and tapes
NanOasis http://www.nanoasisinc.fogcitydesi Energy Filtration membranes
an.com/
Nanocomp www.nanocomptech.com Composites CNT yarns and sheets made directly from floating CNT by CVD
EMI shielding; spark protection flame retardant; ballistic shields
Nanocyl S.A. www.nanocyl.com Composites EMI shielding for electronic packages; prepreg
Coatings antifouling paint; flame retardant coating
Nanolntegris Www.hanointegris.com Coatings Transparent conductors
Microelectronics FET; LED; IR sensing
Biotechnology =~ Chemical sensing and diagnostics
Nanomix Www.nano.com Biotechnology = Sensing and diagnostics
Nantero www.nantero.com Microelectronics Electromechanical non-volatile memory
Coatings Chemical sensing and diagnostics; IR sensing (with Brewer Science)
NEC Corp. WWW.Nec.co.jp Microelectronics Printed elecronics; FET
Nokia www.nokia.com Coatings Transparent conductor (KINETIC with Toray)
Panasonic Boston WWW.panasonic.com Coatings Transparent conductor (with SWeNT); touch screen

Labs

http://swentnano.com/news/index.php?subaction=showfull&id=1309490173&arc

hive=

Paru Corporation

Microelectronics

FET, RFID




Field of

Company URL applications Notes

Plasan Ltd. www.plasansasa.com Composites Yarns (Cambridge method)
http://www.plasansasa.com/node/151

Porifera http://poriferanano.com/ Energy Filtration membranes

Q-flo www.g-flo.com Composites Yarns; conductive polymer composites (cambridge start-up)

Renegade http://www.renegadematerials.com/ Composites Fuzzy fibers; Field emission display

Samsung www.samsung.com Coatings Transparent conductor (with Unidym)

Seldon http://seldontechnologies.com/ Energy Water purification systems
http://seldontechnologies.com/products/

Showa Denko K.K www.sdk.co.jp Energy CNT based powder for battery electrode

Takiron Co. http://www.takiron.co.jp/ Coatings Electrostatic dissipative windows

Teco Nanotech Co. Ltd http://wwwe.teconano.com.tw/ Coatings Field emission display; touch sensor

Tesla nanocoating Ltd. www.teslanano.com Coatings Anti-corrosion coatings (lower Zinc and higher duability)

Top Nanosys www.topnanosys.com Coatings Transparent conductor; transparent displays

Toray www.toray.com Coatings Transparent conductor; anticorrosion; thermal sensing

Ube Industries www.ube-ind.co.jp Energy CNT based powder for battery electrode

Unidym Inc. www.unidym.com Coatings Transparent Conductor (for resisitive touch screen); Organic photovoltaics

Yonex WWW.yonex.com Composites Badminton rackets; tennis rackets
http://www.yonex.com/tennis/technology/racquets.htmi

Zoz GmbH http://www.zoz-group.de Composites Al-CNT alloys for sport equipment, machine parts, and aerospace
http://www.zoz-group.de/zoz.engl/zoz.main/content/view/147/165/lang,en/

Zyvex WWW.ZYVEX.COm Composites Light weight composites for speedboats;

Sporting goods (Epovex with Easton and BMC); prepreg (Arovex)
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