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Abstract

The past decade has seen a surge of exciting research and applications of
carbon nanotubes (CNTs) stimulated by deeper understanding of their
fundamental properties and increasing production capability. The intrin-
sic properties of various CNTs were found to strongly depend on their
internal microstructures. This review summarizes the fundamental
structure-property relations of seamless tube-like single- and multiwalled
CNTs and conically stacked carbon nanofibers, as well as the organized ar-
chitectures of these CNTs (including randomly stacked thin films, parallel
aligned thin films, and vertically aligned arrays). It highlights the recent de-
velopment of CNTs as key components in selected applications, including
nanoelectronics, filtration membranes, transparent conductive electrodes,
fuel cells, electrical energy storage devices, and solar cells. Particular em-
phasis is placed on the link between the basic physical chemical properties
of CNTs and the organized CNT architectures with their functions and
performance in each application.

331



PC66CH15-Li ARI 27 February 2015 16:24

CNT: carbon
nanotube

SWNT: single-walled
carbon nanotube

MWNT: multiwalled
carbon nanotube

Carbon nanofiber
(CNF): a special type
of carbon nanotube
consisting of a stack of
graphitic cones or cups
along the axis and
typically a large hollow
core

Plasma-enhanced
chemical vapor
deposition
(PECVD): a process
that uses energetic
plasma in a reactor to
accelerate commonly
employed, thermally
driven chemical vapor
deposition reactions

Chemical vapor
deposition (CVD):
a process used to
deposit solid materials
by thermal
decomposition and
chemical reaction of
gas-phase precursors
in a heated reactor

1. INTRODUCTION

The term carbon nanotubes (CNTs) refers to a family of seamless tube-like materials made
of atomic layers of sp2-bonded carbon atoms. These materials were known as hollow carbon
nanofibers, carbon filaments, or graphite whiskers as early as the 1950s (1, 2). However, major
research and applications of CNTs were stimulated by Iijima’s (3) discovery of their atomic struc-
ture in 1991. Particularly, over the past decade, the production capability of CNTs has increased
by more than tenfold, reaching ∼5 kiloton per year in 2011 (4). This enabled many commercial
applications utilizing large quantities of unorganized CNTs in the form of powders, composite
materials, and thin films. Although macroscopic systems are enhanced by CNTs in many ways,
they are far from fully utilizing the intrinsic properties of individual CNTs. However, the rapid
developments in our fundamental understanding, new characterization and modeling techniques,
and novel fabrication methods have driven exciting research using organized architectures to better
utilize the intrinsic properties of CNTs. This article highlights recent developments of organized
CNT architectures in selected applications.

2. PHYSICAL PROPERTIES OF CARBON NANOTUBES

The CNT structure can start with a planar atomic sheet consisting of covalently bonded carbon
atoms (i.e., graphene), as shown in Figure 1a. All carbon atoms in graphene are in sp2 form (except
a small number of sp3 atoms at the edges or defects), forming a two-dimensional (2D) network
with a hexagonal lattice. Graphene is a large conjugate system with delocalized π-electrons shared
among the carbon atoms. As a graphene layer rolls into a seamless tube, it forms a single-walled
carbon nanotube (SWNT) (Figure 1b). Multiple SWNTs packed in a tight concentric structure
form a multiwalled carbon nanotube (MWNT) (Figure 1c).

The unique structure of graphene results in a strong interaction between atoms in the layer
but little interaction between adjacent layers, leading to drastically different properties in and out
of the graphene plane. This is reflected in the highly anisotropic properties of graphite, which can
be viewed as a stack of graphene sheets. The electrical, thermal, mechanical, and electrochemical
properties of graphite vary by orders of magnitude between in-plane and cross-plane measurements
(5, 6). The properties of all traditional carbon materials can be correlated with the dimension and
organization of the anisotropic graphitic domains in their internal structures (5, 6). Such highly
anisotropic properties also apply to CNTs. Many extraordinary electrical, thermal, and mechanical
properties of CNTs are specifically along the axial direction. Thus, it is critical to organize CNTs
into proper configurations or architectures for desired high performance.

The internal microstructure of a CNT is also important in defining its physical properties. A
good example is provided by carbon nanofibers (CNFs), which are special types of CNTs that
consist of conically stacked graphene (or graphitic) cups (7) (Figure 1d ). This type of structure is
common in vertically aligned CNFs grown on solid substrates by plasma-enhanced chemical vapor
deposition (PECVD) (8, 9) and bulk production by catalytic chemical vapor deposition (CVD)
in floating reactors (7). A large body of literature simply refers to the conically stacked CNFs as
MWNTs or bamboo-like MWNTs (8, 9), but later studies discovered that the unique structure of
CNFs distinguishes them from normal MWNTs in many applications (10–16), as discussed below.

All CNTs have high-aspect-ratio, fiber-like structures. SWNTs have the smallest diameter
(0.8–5 nm) of all the CNTs and a variable length from tens of nanometers to millimeters, whereas
MWNTs have a larger diameter (∼3 to >100 nm) and lengths similar to those of SWNTs. CNFs
typically have an outer diameter of ∼10–300 nm, a length up to ∼200 μm, and a characteristic,
mostly hollow core, which makes up one-third to two-thirds of the CNF’s diameter. Fully dispersed
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Figure 1
Schematic illustrations of the atomic structure of (a) a layer of graphene, (b) a single-walled carbon nanotube,
(c) a multiwalled carbon nanotube, and (d ) a carbon nanofiber consisting of a conical (or cup-like) stack of
graphitic microstructure with a cone angle θ relative to the fiber axis.

short SWNTs have all atoms exposed at the surface, giving a specific surface area (SSA) up to
1,600 m2/g (17). But the SSA of SWNT bundles, MWNTs, and CNFs is much lower. The sidewall
of SWNTs and MWNTs is hydrophobic and chemically inert, similar to a graphite basal plane.
Chemical functionalization relies on weak interactions, such as surfactant encapsulation and π-π
stacking of conjugate molecules. Strongly oxidized CNTs may present defects at the sidewall for
covalent functionalization but tend to degrade other properties. In contrast, the sidewall of a hollow
CNF consists of abundant broken graphitic edges, yielding a much more active surface for chemical
functionalization (15) and interface with other electrochemically active materials (16, 18–20).

The electronic properties of an isolated defect-free SWNT depend on its helicity (or chiral-
ity), which is defined by the vector C = ma1 + na2 along which a graphene sheet is rolled into
a seamless tube, where a1 and a2 are the two primary lattice vectors of the hexagonal graphene
structure (Figure 1a). It is known that an SWNT presents semiconducting properties, denoted as
a semiconducting (s-)SWNT, if |m − n|/3 �= integer, but it presents metallic properties, denoted
as a metallic (m-)SWNT, if |m − n|/3 = integer (21, 22). As a result, a typical growth process
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Field-effect
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generates about two-thirds of s-SWNTs and one-third of m-SWNTs (21, 22). The band gap of
an s-SWNT also depends on its diameter, dCNT, with Eg = 2dCCγ /dCNT, where dCC = 0.142 nm
is the C–C bond length in graphene, and γ = 2.5–3.2 eV is the nearest-neighbor hopping pa-
rameter (23). Each individual tube in a small-diameter MWNT behaves similar to an SWNT,
with little interaction between adjacent shells (24). But MWNTs larger than 10 nm in diameter
are essentially metallic conductors at room temperature. So are CNFs.

The strong sp2 bonding between the carbon atoms in CNTs yields remarkable mechanical
strength, represented by a large Young’s modulus of ∼1 TPa and a tensile strength of ∼150 GPa
(25–27), comparable to the in-plane properties of graphene. The strong bonding makes CNTs
one of the most resilient materials (28). The Young’s modulus of a single conical shell in a CNF
was predicted to be cos4θ (with θ the cone angle) of the equivalent SWNT (29). However, ex-
perimentally measured values from CNFs varied from 5–60 GPa (30) to 0.9–1.2 TPa (31). The
dependence of the thermal conductivity on CNT structures is very similar to that of the mechan-
ical properties. Both SWNTs and MWNTs have extremely high axial thermal conductivities, up
to 3,500 W/m·K (32) and 3,000 W/m·K (33), respectively, comparable to the in-plane value of
graphite. But randomly stacked SWNTs exhibit thermal conductivities of only 0.7 W/m·K (34),
and aligned SWNTs have 200 W/m·K (35). CNFs have a thermal conductivity of 14 W/m·K
along the axis (36).

3. CARBON NANOTUBE GROWTH, SORTING, AND ASSEMBLY

CVD is the dominant technique for CNT growth, used for high-volume production in floating
catalyst reactors and device fabrication on designated substrates. Bulk-produced CNTs typically
require postgrowth purification, thermal annealing, and chemical functionalization. Electronic
devices require further sorting of s-SWNTs and m-SWNTs by four approaches: (a) preferential
synthesis, (b) postgrowth separation, (c) selective deposition, and (d ) controlled removal on the
device.

Using the method of preferential synthesis by optimizing the proper precursor, catalyst, and
substrate, investigators reported the successful production of 91% of m-SWNTs (37) and 95%
of s-SWNTs (38). A PECVD study further demonstrated the ability to grow 96% s-SWNTs in
vertically aligned arrays (39). In postgrowth processes, s-SWNTs and m-SWNTs can be sepa-
rated by density-gradient ultracentrifugation after selectively wrapping SWNTs with DNA (40),
surfactant (41), or block copolymer (42). Over 99% of m-SWNTs or s-SWNTs can be obtained
(42). This method is quite attractive as SWNTs can be isolated within a very narrow diameter
range (0.02 nm), thus providing a precise band gap. In addition, density-gradient ultracentrifu-
gation is a scalable technique for large production. Other scalable separation techniques include
ion-exchange chromatography of DNA-wrapped SWNTs (43) and gel exclusion of surfactant-
wrapped SWNTs (44). SWNTs with a specific chirality can be obtained by combining preferential
growth and postgrowth separation (45). For special applications, AC dielectrophoresis has been
demonstrated to attract m-SWNTs toward a microelectrode array, leaving surfactant-wrapped
s-SWNTs in the solution (46) due to the difference in relative dielectric constant. Alternatively,
modifying the device surface with amine groups has been demonstrated to induce selective ad-
sorption of s-SWNTs, whereas phenyl groups tended to have stronger binding with m-SWNTs
(47). Finally, m-SWNTs can be removed by electrical breakdown (24), selective gas-phase plasma
etching (48), or UV irradiation followed by washing with surfactants (49) after the mixed SWNTs
are fabricated into electronic devices such as field-effect transistors (FETs).

Organized CNTs include three configurations: (a) randomly stacked thin films, (b) horizontally
aligned submonolayer films, and (c) vertically aligned arrays. Both random and aligned SWNT
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thin films are critical components in nanoelectronics, optoelectronics, photovoltaics, and sensors,
and their preparation and properties are reviewed by Cao & Rogers (50). Most random SWNT
thin films are deposited from bulk-produced SWNT solutions and can be easily scaled up. A
random CNT network can be tailored to be semiconducting or metallic by the collective effects
of CNT density, length, percolation threshold, the composition of the starting materials, and film
geometry. High-density, aligned SWNT films can be achieved using AC dielectrophoresis (46,
51) or Langmuir-Blodgett techniques (52). In a major development, low-density, aligned SWNTs
can be prepared by CVD on specifically cut quartz or sapphire crystal surfaces (38, 53–55). High-
level control of the parallel alignment and tube density (∼5–60 SWNTs per micrometer) was
achieved using narrow catalyst lines on the quartz surface. With proper growth processes, these
aligned SWNTs can be semiconductor enriched (38, 55), fitting the needs of nanoelectronics.
Furthermore, the aligned SWNTs can be transferred to a flexible plastic substrate or a silicon
wafer using a gold-coated thin polyimide film as a carrier (56, 57). The gold/polyimide film
adheres to the SWNTs and is removed by wet etching after transfer, leaving only SWNTs on
the receiving substrate. This enables the integration of aligned SWNTs with silicon processes,
leading to large-scale integrated circuits of CNT FETs (58, 59).

Most applications involving MWNTs use randomly stacked films, whose preparation is less
stringent and can be achieved by solution casting, spin coating, ink printing, filtration, thermal
spraying, and electrophoretic deposition. Vertically aligned SWNTs (39, 60), MWNTs (61, 62),
and CNFs (10) are normally achieved by CVD or PECVD with catalysts seeded on proper sub-
strates (8, 9, 63). Incorporating water during CVD growth was found to dramatically enhance
the activity and lifetime of the catalysts, resulting in very dense and vertically aligned SWNT
forests with a height up to 2.5 mm (60). Moreover, this method can be applied to grow patterned
and highly organized SWNT structures. In the DC-biased PECVD process, CNTs tend to grow
along the electrical field lines. By changing the local electrical field direction, CNTs can be bent
to produce sophisticated zigzag structures (64).

4. APPLICATIONS OF CARBON NANOTUBES

4.1. Carbon Nanotubes in Nanoelectronics

SWNTs have been recognized as potential semiconducting materials to replace silicon in future
nanoelectronics (65). Proper SWNTs have the right band gap (hundreds of milli–electron volts)
as the semiconducting channel in a room-temperature FET, which was demonstrated in 1998 (66)
with a platinum source and drain electrodes, and an SiO2-covered silicon back gate. The atomic
thin and smooth body makes SWNTs free of electron scattering, showing ideal ballistic transport
(67, 68) and a high mobility up to ∼10,000 cm2/(V·s) (69) after minimizing the metal-CNT
contact resistance with palladium source and drain electrodes and further subtracting it from the
total resistance. Theoretical studies predicted that an SWNT FET is superior to a silicon FET
in maintaining gate control as the channel length is reduced, leading to the possibility of smaller
transistors. Recently, a local-gated SWNT FET with only a 9-nm channel length demonstrated
an impressively small inverse subthreshold slope of 94 mV per decade and a high on/off ratio, over
104 (70) (Figure 2a,b).

Earlier studies on FETs using a single SWNT channel frequently encountered large device-
to-device variations owing to uncontrolled chirality, diameter, and placement of the SWNTs,
as well as the influence of gas adsorption and dielectric surface charges (71). Recently, exciting
progress toward large-scale integrated circuits has been made by increasing the statistical reliability
using tens to thousands of SWNTs in the patterned channel instead of only one. Two approaches
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Figure 2
(a) Schematic illustration of the device structure of a single-walled carbon nanotube (SWNT) field-effect
transistor (FET) with a local bottom W gate, 3-nm HfO2 dielectric, and palladium source/drain contacts
that were deposited on top of a single SWNT channel. Above the schematic are a top-view scanning electron
micrograph and a cross-sectional transmission electron micrograph showing the ∼9-nm channel length in
the SWNT FET. (b) The Id-Vgs curve showing the characteristics of the SWNT FET. Panels a and b
adapted with permission from Reference 70. Copyright 2012 American Chemical Society. (c) Scanning
electron micrograph of aligned SWNTs grown on a Y-cut quartz surface that were transferred onto a silicon
wafer in some FETs. Panel c adapted with permission from Reference 53. Copyright 2007 American
Chemical Society. (d ) Scanning electron micrograph of a randomly stacked SWNT network used in some
FETs. Panel d adapted with permission from Reference 75. Copyright 2013 American Chemical Society.
Abbreviation: SS, subthreshold slope.

have been employed: aligned parallel SWNT channels (Figure 2c) and randomly stacked SWNT
networks (Figure 2d ).

Using aligned SWNTs, Shulaker et al. (58) built the first computer with a central processor
based entirely on 178-SWNT FETs. Three key efforts were made to overcome the inherent
imperfections (mixed m- and s-SWNTs and misplacement on the surface) to enable the
integration. First, with the use of CVD, high-quality, horizontally aligned, parallel SWNTs
were grown on crystalline quartz substrates and then transferred to traditional SiO2/Si substrates
(56, 57). This made it possible to produce 99.5% aligned SWNTs at lithographically patterned
areas at the wafer scale. Second, a misplacement-immune layout technique was used to remove
SWNTs in the predefined regions by plasma etching to ensure that no incorrect connections
existed. Third, selective electrical breakdown was applied to remove ∼99.99% of m-SWNTs
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in each channel to increase Ion/Ioff to >104. This CNT computer was able to run an operating
system to simultaneously perform counting and integer sorting, as well as to take 20 different
commercial MIPS instructions (58). In a following study, this group further reduced the device
size from 1 μm to sub-20 nm and demonstrated the first very large-scale integration–compatible
processing solution for CNT FET digital circuits (59). They also directly integrated CNT FET
infrared light sensors with a circuit at a 32-nm channel length and demonstrated the capability
of operating at ∼100 kHz while consuming only 130 nW at 2 V (59).

The random network approach has been demonstrated in the development of medium-scale
CNT thin-film integrated circuits, particularly on flexible plastic substrates (72–75). CNTs are
deposited on the flexible substrate surface by transfer printing from or direct adsorption from
CNT solutions. The CNT thin films are then patterned by oxygen plasma etching. These studies
have taken three approaches to overcome the short-circuit problem by m-SWNTs. Cao et al.
(72) patterned the random network (similar to that shown in Figure 2d ) into parallel stripes
(∼5 μm in width and ∼50 μm in length) as the conducting channels for FETs. The density
of the CNTs was controlled so that a typical device incorporated ∼16,000 individual SWNTs.
Even though about one-third of the SWNTs were metallic, the completed metallic pathways
between the source and drain electrodes were avoided using proper CNT length/density and
stripe geometry. The resulting SWNT FETs have shown encouraging properties, such as high
mobility [80 cm2/(V·s)], a low subthreshold slope (140 mV per decade), low operating voltage
(<5 V), and a high Ion/Ioff ratio (>105). Sun et al. (73) used a much lower CNT density to
avoid forming metallic pathways and achieved comparable transistor performance. The Javey
group (74, 75) avoided the m-SWNT problem by using a commercial semiconductor-enriched
SWNT solution (99% s-SWNTs; NanoIntegris Inc.) as the starting material. High-performance
CNT thin-film transistor (TFT) circuits on flexible substrates have been demonstrated using a
printing process that is potentially applicable for roll-to-roll manufacturing of wall-size devices
(75). The TFT circuit was then integrated with a conductive, pressure-sensitive rubber material
and organic light-emitting diodes (OLEDs) into a user-interactive electronic skin that can provide
instantaneous visual response to the local pressure. Even though the TFTs based on random CNT
networks are limited by the large channel size (>50 μm), the low cost and ease for large-scale
manufacturing on flexible substrates make them attractive for certain applications.

4.2. Carbon Nanotube Membranes and Electrochemical Filters

Significant attention has been focused on CNT membranes for potential applications in pro-
grammable transdermal drug delivery, biomolecule separation, DNA translocation, natural pro-
tein channel mimicking, chemical separation, gas separation, and water desalination (76–83).
Membranes based on CNT pores are attractive because of (a) their atomically flat graphitic planes,
allowing fast fluid flow; (b) the ability to covalently functionalize the entrances to the CNT pores
with charged groups; and (c) high electrical conductivity, allowing for the concentration of the
electric field at the CNT tip (81).

Pioneering efforts to obtain a vertically oriented membrane structure have focused on well-
ordered nanoporous monoliths such as porous alumina and track-etched polycarbonate with min-
imal path tortuosity and nanometer-scale pore size (84). Common problems include the inability
to place an effective monolayer of gatekeeper moiety at the pore entrance and the inherently slow
process of fluid flow in nanometer-scale pores. The inner cores of CNTs have the potential to
exhibit a fast interfacial slip velocity, as the weak van der Waals interaction and atomically flat sur-
face at the pore wall would not scatter flowing fluids (85). The pressure-driven flow of gas, liquids,
and ions has been investigated using various types of CNT membranes (76, 78). An aligned array
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of CNTs impregnated in a polystyrene matrix has been reported to form a membrane structure
with well-ordered nanometer-scale pores (average diameter ∼7 nm) (76). Ionic and gas transport
through the CNT membrane was consistent with the observed areal density of aligned CNT cores.
Holt et al. (78) reported gas and water flow measurements through microfabricated membranes
with aligned CNT pores of <2 nm in diameter. The gas and water permeabilities were orders of
magnitude higher than those of commercial polycarbonate membranes, despite CNT pore sizes
an order of magnitude smaller.

Electro-osmotic flow is the primary method to control fluid flux in lab-on-chip diagnostics,
medical implants, drug delivery, and chemical separations (86). CNT membranes have been
fabricated to examine this flow. Using ordered MWNTs, Majumder et al. (79) found that the con-
formational change of gatekeeper molecules can be utilized to effectively separate chemical species
of different sizes. Functionalized MWNT membranes have been used for very power-efficient
electrophoretic/osmotic pumping of nicotine through human skin at therapeutically useful doses,
and extremely high Li+ and K+ mobilities were reported in SWNT channels (80). Hinds and
colleagues (81) synthesized SWNTs with an average diameter of ∼0.9 nm using CVD. Mem-
branes were formed by microtoming a CNT-epoxy composite mixture to a thickness of 5 μm
(Figure 3a,b). They concluded that the electrophoretic mobilities of various ions in such
membranes were enhanced by a factor of two to three compared to the bulk values.

A randomly oriented CNT membrane as a flow-through electrode has been shown to be
an effective electrochemically active microfilter for water treatment including virus removal/
inactivation and oxidative degradation of dyes and phenol (82, 83, 87–89). Vecitis et al. (83)
demonstrated the efficacy of an anodic MWNT microfilter toward the removal and inactivation
of viruses (MS2) and bacteria (Escherichia coli ). In the absence of electrolysis, the MWNT filter
was effective for the complete removal of bacteria by sieving and the multilog removal of viruses by
depth filtration. Concomitant electrolysis during filtration results in significantly increased inac-
tivation of influent bacteria and viruses. The electrochemical oxidation kinetics of the traditional
bipolar systems with two separate electrodes is often limited by diffusional mass transfer because
of the reduced reactive depth of a porous 3D CNT electrode, even at micrometer-scale depths
(90). Gao & Vecitis (82) examined the reactive depth and performance of an electrochemical
CNT network toward phenol removal and oxidation in the batch (conventional bipolar electrode
configuration) and flow (either by tangential or through perpendicular) configurations, in which
mass transport into the CNT network is predominantly via diffusion and convection, respectively
(Figure 3c). They showed that the electrochemical CNT network operated in the flow configura-
tion is superior to the batch configuration with regard to the extent of phenol extra-oxidation (up
to tenfold), current efficiency (greater than twofold), and susceptibility to passivation. Depth pro-
files of phenol electropolymerization provided direct evidence that the convective flow through
the CNT network effectively activates the internal electron-transfer sites that were inaccessible
by diffusion in the batch system. The higher current efficiency in the flow configuration results
from the predominance of the inherently more efficient direct (compared to indirect) phenol
electro-oxidation mechanism. However, the electrochemical filtration efficiency toward aqueous
phenol is reduced during extended electrolysis owing to electrode surface passivation (89). Thus,
for long-term applications of this novel electrochemical technology, electrode passivation is one
of the most important challenges to overcome.

4.3. Carbon Nanotube Films as Transparent Conductive Electrodes

Transparent conductive electrodes (TCEs) are necessary components in flat-panel displays, touch
screens, light emitters, and photovoltaics, which currently rely on transparent conductive oxides
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Figure 3
(a) Scanning electron micrograph of a carbon nanotube (CNT) (with ∼7-nm diameter) membrane structure
consisting of substantially dense (∼109−10 tubes/cm2), open-ended, and vertically oriented CNTs in an
impermeable material. Panel a adapted with permission from Reference 85. Copyright 2011 American
Chemical Society. (b) Scanning electron micrograph showing a cross-sectional view of a membrane
containing nanotubes (diameter less than 1 nm) uniformly dispersed in an epoxy resin matrix. Panel b
adapted with permission from Reference 81. Copyright 2012 Macmillan Publishers Limited. (c) An
electrochemical filtration apparatus. On the left is a schematic illustration of electrochemical filtration. On
the right are photographs of the whole reaction cell (including the upper and bottom caps), anode
components (titanium ring and CNT network with cross-sectional and aerial images), and cathode
(perforated stainless steel). Panel c adapted with permission from Reference 89. Copyright 2013 Elsevier Ltd.
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(TCOs), such as indium tin oxide (ITO) and aluminum-doped ZnO (91). However, the inherent
brittleness of TCO-related films limits their applications in flexible devices. SWNT-film TCEs of-
fer several benefits over traditional TCOs, such as mechanical flexibility/durability, high chemical
resistance, and sustainability (92–94). They are particularly attractive as an ITO replacement for
OLEDs and organic photovoltaic (OPV) devices in low-cost, roll-to-roll manufacturing (92, 95).

The factors influencing the performance of CNT TCEs are sheet resistance and visible light
transmittance, which are governed by the DC conductivity (σ DC) and optical conductivity (σ op) of
the CNT film (96). Increasing σ DC is desired to achieve both high sheet conductance (low sheet
resistance) and high optical transmission based on two mechanisms. Because σ DC is related to
the number of available charge carriers (n) and the mobility (μ) by σ DC = neμ, one could either
increase the carrier density by doping the material or increase the mobility. Although the intrinsic
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values of isolated CNTs are very high, with σ DC up to 200,000 S/cm and μ up to 100,000 cm2/
(V·s), the randomly oriented, undoped CNT film showed only σ DC < 6,600 S/cm and μ = 1–
10 cm2/(V·s) (96), which was limited by the large resistance of CNT junctions.

The conductivity of a CNT film depends on the type of CNTs, mean tube/bundle length and
diameter, network density, and film thickness. Other factors that influence the conductivity (or
sheet resistance) are the film purity (amorphous or sp3-bonded carbon and other carbonaceous
materials), tube doping level, CNT surface interactions, and m-CNT/s-CNT ratio (96). It was
found that longer CNT bundles provide a higher network conductivity at the same density of CNT
junctions (97). Smaller bundles led to higher conductivity at the same transparency because of the
decrease in non-current-carrying tubes in the middle of CNT bundles. In addition, the orientation
of the bundles affected the efficiency of the conductive network. Randomly oriented CNTs are
preferred as they have a lower percolation threshold than do aligned CNTs (98). Indeed, Hecht
et al. (99) reported that the σ DC of CNT films varied with the tube length, following a power
law (σ DC ∼ L1.46). The CNT film density is another critical scaling parameter, following a 2D
percolation scaling law at very low densities (96), with the critical percolation threshold depending
on the aspect ratio D (length/diameter) of the CNT bundle (σ DC ∼ Dβ , with β between 1 and
1.5). Because of the highly 1D nature of CNT bundles, the percolation threshold is typically less
than 1% of the surface coverage (and is inversely proportional to the square of the tube length).
Above the percolation threshold, the sheet conductance increases rapidly with the network density
(tubes/area). There are several reports pushing the σ DC of CNT films to higher values (100–
103). Hecht et al. (104) used chlorosulfonic superacid to deposit highly conductive, transparent
CNT films from highly debundled CNT dispersions onto various surfaces by a filtration/transfer
method. The sheet resistance was 60 �/sq (σ DC = ∼12,825 S/cm), and the transmittance (at
550 nm) was 90.9%. Graham and colleagues (105) evaluated the effectiveness of different doping
procedures on the electrical stability of doped SWNT films in air and concluded that HNO3 and
SOCl2 were effective for hole doping SWNT films, enhancing the conductivity by more than
twofold. However, all doped films were instable over time, and the HNO3-treated films were
not thermally stable at temperatures below those of typical solar cell operations. A thin layer of
PEDOT/PSS, typically used to planarize the anode surface or to facilitate hole collection and
injection, can effectively stabilize the doped CNT films.

4.4. Carbon Nanotubes for Electrocatalysis in Fuel Cells

Oxygen reduction reaction (ORR) is an important process in the cathode of fuel cells and metal-air
batteries (106). It proceeds either through a four-electron process to directly combine oxygen,
electrons, and protons into water or through a less-efficient process involving two-step, two-
electron pathways to form hydrogen peroxide ions as an intermediate (106, 107). To date, platinum
nanoparticles (NPs) have been considered as the best ORR catalysts and are commonly used in
fuel cells owing to their relatively low overpotential and high current density. However, they
suffer from sluggish reaction kinetics, high cost, the susceptibility to fuel crossover from the
anode, deactivation by CO, and poor stability under electrochemical conditions (108). Recently,
intensive efforts have been made to develop new efficient electrocatalysts to reduce or replace
platinum in fuel cells. In particular, CNT-supported metal NPs (109–113) and certain nitrogen-
doped carbon nanomaterials (e.g., CNTs, graphene) (114–119) have been demonstrated as efficient
ORR catalysts free from CO poisoning and crossover effects, with better long-term operational
stability.

CNTs can serve as catalyst supports owing to a high SSA, high electrical conductivity, and
excellent electrochemical durability. Kamat and colleagues (110) found that SWNT-supported
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Figure 4
(a) Scanning electron micrograph of platinum particles anchored on single-walled carbon nanotubes
(SWNTs). (b) Schematic illustration of the reduction of O2 at a platinum/SWNT electrocatalyst. Panels a
and b adapted with permission from Reference 110. Copyright 2006 American Chemical Society.
(c) Schematic illustration of the reduction of O2 at a nitrogen-doped carbon nanotube (CNT) electrocatalyst.
(d ) Scanning electron micrograph of vertically aligned nitrogen-doped CNTs. Panels c and d adapted with
permission from Reference 119. Copyright 2010 American Chemical Society. (e) Cyclic voltammetry curves
[scan rate of 50 mV/s versus saturated calomel electrode (SCE)] showing electrocatalytic capabilities of
boron-doped CNTs for the oxygen reduction reaction in an O2-saturated 1-M NaOH electrolyte. Panel e
adapted with permission from Reference 123. Copyright 2011 Wiley-VCH Verlag.

platinum NPs present a twofold-higher rate constant than traditional platinum/carbon catalysts.
The high porosity of SWNT films may facilitate reactant diffusion and their interaction with
the platinum surface (Figure 4a,b). Accelerated durability tests confirmed that SWNTs also
enhance the catalyst stability. A platinum/MWNT electrode also demonstrated CO-tolerance
electrocatalysis. However, pristine CNTs do not have enough binding sites to anchor metal
NPs. Functionalization by harsh acid oxidation introduces structural defects, which reduces the
electrical conductivity and durability of CNTs (109). The effective attachment of metal NPs
onto intact CNTs remains challenging. Yang et al. (111) adopted a noncovalent functionalization
strategy to assemble platinum nanocubes onto a negatively charged surface of poly(sodium
4-styrenesulfonate)-wrapped CNTs via electrostatic interactions. Such an electrocatalyst showed
relatively high catalytic activity for ORR.

Recently, it was demonstrated that nitrogen-containing CNTs or graphenes can be directly
used as metal-free ORR catalysts (114–119). It is believed that either pyridinic or pyrrol/
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pyridone-type nitrogen is responsible for the enhanced ORR activity (120) (Figure 4c). These
nitrogen functional groups transform to more thermally stable structures during heat treatment.
Furthermore, nitrogen is known to create defects on carbon, which may increase the edge
plane exposure and thus enhance catalytic activity (116). Although the ORR activity of CNTs is
significantly improved with nitrogen doping, it is still low compared to platinum NPs. Recently,
Dai and colleagues (107) found that vertically aligned nitrogen-containing CNTs (VA-NCNTs)
(Figure 4d ) could be effective metal-free ORR electrocatalysts in a four-electron ORR process
free from CO poisoning. In alkaline conditions, the authors demonstrated higher electrocatalytic
activity, a smaller crossover effect, and better long-term stability for VA-NCNTs compared to
platinum/carbon. The improved catalytic activity was attributed to the electron-accepting ability
of the nitrogen atoms, which created a net positive charge on adjacent carbon atoms in the
VA-NCNT to attract electrons from the anode and facilitated the ORR (107). Dai and colleagues
(121) also prepared a vertically aligned MWNT array codoped with phosphorus and nitrogen with
a relatively high phosphorus-doping level, which exhibited high ORR electrocatalytic activity,
good long-term durability, and tolerance to methanol and CO compared to those doped only with
phosphorus or nitrogen. Yu et al. (122) developed a simple plasma-etching technique to generate
metal-free particle catalysts for efficient metal-free growth of undoped or nitrogen-doped
SWNTs. They observed that metal-free, nitrogen-containing CNTs show relatively good elec-
trocatalytic activity and long-term stability for ORR in an acidic medium compared to undoped
CNTs.

Boron-doped CNTs have also been developed as metal-free electrocatalysts for ORR with high
electrocatalytic activity, high stability, and immunity to methanol crossover and CO poisoning
(123). Electrocatalytic performance was progressively improved by increasing the boron content
(Figure 4e). Based on theoretical calculations, the authors concluded that boron doping enhanced
O2 chemisorption. Electrons tend to accumulate in the vacant 2pz orbital of a boron dopant from
the π∗ orbital of the conjugated system. Therefore, boron serves as a bridge to transfer electrons
to the chemisorbed O2 molecules and weakens the O–O bond, facilitating the ORR. The two key
factors for ORR include breaking the electroneutrality of CNTs to create charged sites favorable
for O2 adsorption by either electron-rich (as nitrogen) or electron-deficient (as boron) dopants
and then effectively utilizing carbon π-electrons for O2 reduction.

CNTs codoped with boron and nitrogen atoms (BCN nanotubes), in either aligned or random
forms, have band gaps that are tunable by adjusting their chemical compositions (124). Unlike
pristine CNTs, the band gaps of BCN nanotubes are independent of the diameter and chirality
(125, 126). Wang et al. (126) prepared vertically aligned BCN nanotubes by pyrolysis of melamine
diborate as a single-compound source of carbon, boron, and nitrogen for BCN nanotube growth.
Owing to a synergetic effect arising from codoping of CNTs with boron and nitrogen, the resultant
vertically aligned BCN nanotube electrode has higher electrocatalytic activity for ORR in an
alkaline medium than its counterparts doped with boron or nitrogen alone.

Even though significant progress has been achieved, current heteroatom-doped CNT catalysts
still suffer from low activity and limited efficiency owing to inherent drawbacks, such as low active-
site densities and low electrical conductivity. ORR activity is generally much higher in alkaline
media than in acids. A hybrid system combining CNT and graphene was proposed to increase
the number of catalytic sites. Dai and coworkers (127) developed such an ORR electrocatalyst
based on few-walled CNT-graphene complexes. Under a unique oxidation condition, the outer
walls were partially unzipped, creating nanoscale graphene sheets attached to the inner CNTs. The
graphene sheets contained extremely small amounts of iron originating from nanotube growth and
some nitrogen impurities, which facilitated the formation of catalytic sites and boosted catalytic
activity. The inner walls remained intact with high electrical conductivity, facilitating charge
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transport during electrocatalysis. Such a hybrid structure showed good ORR catalytic activity in
both acidic and alkaline media.

4.5. Carbon Nanotubes in Electrical Energy Storage

The performance of electrical energy storage devices, including electrochemical capacitors and
batteries, depends on the fast electrochemical reactions at the electrode-electrolyte interfaces.
The unique structure and attractive intrinsic electrical, chemical, and mechanical properties of
CNTs can be used to facilitate effective electron transfer and ion diffusion through integration
into proper multiscale architectures and incorporation of other active nanomaterials.

4.5.1. Electrochemical capacitors. Electrochemical capacitors, also known as supercapacitors,
consist of electrical double-layer capacitors (EDLCs) and pseudocapacitors, which store electrical
energy in the form of charges generated by electrochemical processes at a pair of electrodes.
CNTs are ideal electrode materials for EDLCs because of relatively high SSAs, a unique pore
structure, superior electrical properties, high mechanical and thermal stability, and the ability to
form connected networks. Randomly stacked films of bulk-produced SWNTs and MWNTs have
been explored as EDLC materials, particularly for high-power applications (128–133). However,
the specific capacitance (SC) varies from ∼4 to 160 F/g, and hence the energy density strongly
depends on the sample preparation and electrical contact between CNTs. The SSA of a typical
CNT film is <500 m2/g, lower than that of commercial activated carbons (1,000–3,000 m2/g). This
is mainly limited by the poorly developed microporous volume in CNT films. For MWNT films,
it can be increased by chemical activation (134), but SC values still cannot reach that of activated
carbons. Surface functionalization through oxidation treatments leads to significant improvements
in protic media (128). However, the cycle life tends to decrease. Currently, efforts are focused
on the development of dense vertically aligned CNT forests to increase electrolyte accessibility
and enable direct electrical contact to all CNTs from a common current collector (135–138).
Such CNT-based nanoarchitectures appear to be quite promising, particularly for microelectronic
applications (139, 140).

Moreover, given their high electrical conductivity, high mechanical strength, and fiber-like
structure, CNTs are good structural supports for other pseudocapacitive materials (128). CNTs
have been used as conductive fillers or structural frames to improve electrical access to metal
oxides that are not very conductive (e.g., RuO2, MnO2, and V2O5) and as facilitators for fast
surface redox reactions to make pseudocapacitors (141–147). This approach effectively combines
the high electrochemical activity of metal oxides for a high SC and high energy density with the
robust conductive CNT structure for better charge transport. For example, a V2O5·xH2O/CNT
film electrode showed a high SC of 910 F/g at a potential scan rate of 10 mV/s, approximately
three times higher than that of a V2O5·xH2O thin-film electrode (300 F/g) (148). Compared to
randomly stacked CNT films, vertically aligned CNTs (149) and CNFs (18) are more attractive
in reducing contact resistance, facilitating fast kinetics involving electron and ion transport, and
providing open space for metal oxide deposition.

Electrical conductive polymers (ECPs), such as polyaniline and polypyrrole, represent another
type of pseudocapacitor material. They are known to suffer from poor cycling stability and fast
capacitance decay at high cycling rates owing to large volume changes and the drop in electrical
conductivity accompanying the reaction. ECP-CNT composites combine the large pseudocapac-
itance of ECPs with the stable, highly conductive, open CNT framework so that the ECP can
sustain the strains in the charging-discharging cycling process. For example, Liu et al. (150) syn-
thesized polyaniline/SWNT films through an in situ electrochemical polymerization/degradation
process and achieved a high SC of 706.7 F/g. Fang et al. (151) showed an SC of ∼427 F/g by
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Lithium-ion battery
(LIB): a rechargeable
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reversibly moving back
and forth between two
host electrodes during
charge and discharge

homogeneously coating polypyrrole on a self-supported MWNT membrane using pulsed elec-
trochemical deposition.

4.5.2. Lithium-ion battery materials. Graphite is the most common anode material in com-
mercial lithium-ion batteries (LIBs), with a theoretical capacity of 372 mAh/g based on lithium
intercalation between weakly bonded graphitic layers. Short, chemically cut SWNTs (with open
ends and an average length of 0.5 μm) showed reversible lithium storage approximately twice this
value, attributed to lithium filling of the interior space of SWNTs (152). Generally, MWNTs
and SWNTs showed similar properties, with a reversible lithium insertion capacity between
220 and 780 mAh/g and a large hysteresis between insertion and extraction curves (128). Vertically
aligned MWNTs have shown a high reversible specific capacity (up to 782 mAh/g at 57 mA/g),
about ten times their nonaligned equivalent, which was retained at a moderate level (166 mAh/g)
at a high discharge rate of 26 A/g (62). This was attributed to improved ion transport and electron
collection using the vertical architecture in LIBs.

Similar to their use in pseudocapacitors, CNTs can be employed as the structural support and
current collector in LIB electrodes. A good example is provided by silicon/CNT core-shell ma-
terials as LIB anodes. Silicon has an extremely high lithium storage capacity (up to ∼3,800 mAh/g
at room temperature, ∼10 times that of graphite’s capacity), has an attractively low lithiation
potential (0.2–0.4 V versus Li/Li+, comparable to graphite), and is naturally abundant (153–155).
However, when lithium is inserted into silicon, it forms alloys with up to 320% volumetric expan-
sion and severe stress, leading to fracturing and loss of the electrical connection; consequently,
the capacity fades after only tens of cycles. Nanostructured silicon materials have been employed
to reduce the internal stress (due to the large surface to volume ratio) and to improve reaction
kinetics (due to the short Li+ diffusion path) (153–155). But performance at high charge-discharge
rates and its long-term stability are still not sufficient.

Hybrid materials utilizing a highly conductive and stable CNT core to support a silicon shell
have recently been explored to improve the power rate while maintaining high capacity and
good cycle stability (16, 61, 156–158). Vertically aligned MWNTs (61, 157) and CNFs (16,
158) are particularly advantageous because the rigid structure (due to a large diameter of 20–
200 nm) can sustain the high mechanical stress during charge-discharge processes, whereas the
open inter-CNT space allows silicon to be deposited along the full length of CNTs and affords
faster Li+ diffusion in electrolytes (Figure 5). As a result, investigators obtained a very high
specific capacity of 3,000–3,500 mAh/g at up to a 2C (or C/0.5) rate (maintaining nearly the
full capacity of amorphous silicon) and much smaller insertion/extract hysteresis (Figure 5d )
(16). After 100 cycles, the capacity decreased only by <8%, with a Coulombic efficiency >99%,

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 5
(a) Schematic illustration of accommodating the volume changes of silicon during lithium insertion/
extraction by the core-shell structure on vertically aligned carbon nanofibers (VACNFs) or multiwalled
carbon nanotubes (MWNTs). (b) Scanning electron micrograph at a 45◦ perspective view.
(c) Transmission electron micrograph of the tapered silicon shell with a nanocolumnar structure on a
VACNF array. (d ) The charge-discharge curve at different C rates. (e) The insertion ( gray) and extraction
(red ) capacity and Coulombic efficiency (blue) over 100 cycles of this silicon-coated VACNF lithium-ion
battery anode. Panels a–e adapted with permission from Reference 16. Copyright 2013 the Royal Society of
Chemistry. ( f ) Scanning electron micrograph of vertically aligned MWNTs grown on an Inconel disk.
(Inset) High-resolution transmission electron micrograph of a single MWNT. ( g) High-resolution
transmission electron micrograph of the structure of CVD-deposited silicon on the vertically aligned
MWNT. Panels f and g adapted with permission from Reference 61. Copyright 2011 Elsevier Ltd.
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except at the initial conditioning cycles (16). Interestingly, CVD-deposited silicon on vertically
aligned MWNTs (61, 157) formed a chain of solid spheres (Figure 5f,g), whereas ion sputtering–
coated silicon on vertically aligned CNFs presented tapered silicon shells (Figure 5a,b) (16, 158).
Further inspection by transmission electron microscopy revealed that the silicon shell comprised
nanocolumns anchored on the CNF surface (Figure 5c), likely correlated with the graphitic
edges at the CNF sidewall (Figure 1d ). The unique CNF structure was found to form a much
better electrochemical interface with the silicon shell than MWNTs. Remarkable capacity was
retained as the charge-discharge rate was raised to 8C (16, 159). It is noteworthy that such a
core-shell structure may be applicable to other anode materials (e.g., SnO2, Fe2O3, and TiO2)
and cathode materials (e.g., MnO2, LiCoO2, and LiFePO4), as CNTs are potentially stable in a
wide range, from 0 to 5 V (versus Li/Li+). The robust, chemically stable, and highly conductive
vertical MWNTs and CNFs provide a route to realize the desired open 3D architecture for broad
electrochemical energy storage applications (160, 161).

4.6. Carbon Nanotubes in Solar Cells

Along with TCEs, CNTs were also extensively explored as active photovoltaic components in
OPVs and dye-sensitized solar cells (DSSCs). A key effort in increasing the efficiency of OPVs is
to improve the charge separation of photogenerated excitons (bound electron-hole pairs) at the
interface between an electron donor and an electron acceptor, preferably in a bulk heterojunction
(BHJ) network. It was expected that CNTs (mostly SWNTs) would serve as electron acceptors,
with their high mobility allowing better electron transport. The high aspect ratio may help to
form a BHJ structure with a lower percolation threshold. This was confirmed by work on OPVs
with ∼1% of SWNTs blended into conjugate polymers such as poly(3-octylthiophene) (162) and
poly(3-hexylthiophene) (P3HT) (163) and work reviewed by Cataldo et al. (164). Particularly,
incorporating an SWNT network into organic BHJ solar cells has produced an ∼10% higher
short-circuit current (JSC) and similar open-circuit voltage (VOC) and fill factor, leading to an
∼10% increase in power efficiency (163). More importantly, the optimum active layer thickness
was increased from 90 nm to 110 nm, which is attributed to the enhanced charge carrier collection
by SWNTs. Another study demonstrated that the strong interaction between SWNTs and conju-
gate polymer enhanced the crystallinity of P3HT at the SWNT sidewall and induced a higher VOC

(165). The m-SWNTs, however, may cause charge recombination and are detrimental to device
performance. The use of purified s-SWNTs may be a viable solution. A recent study demonstrated
that high-purity s-SWNTs can be obtained using polythiophene wrapping followed by centrifu-
gation (166). This method can be directly used for OPV fabrication. Other studies explored a
bilayer heterojunction design (167). By making direct electrical contact with individual SWNTs
horizontally deposited on a quartz surface and then burying them in a thin P3HT film to form
SWNT/P3HT junctions, Dissanayake et al. (167) surprisingly discovered that both s-SWNTs
and m-SWTNs functioned as efficient hole acceptors instead of electron acceptors.

Both SWNTs and MWNTs were employed in DSSCs as conducting scaffolds (168) underneath
the TiO2 NP film or conductive pathway inside the TiO2 NP film (169–173). The work function of
CNTs is comparable to that of an ITO anode and matches well with the band structure of TiO2.
Hence, it is expected that CNTs should enhance the electron collection efficiency. However,
the results are quite controversial, with mixed reports of enhanced photocurrent (169–171) and
detrimental effects (172, 173). One varying factor is how the CNTs were encapsulated to avoid
direct contact with dye molecules and electrolytes. Dang et al. (172) demonstrated that m-SWNTs
generated short-circuit paths, negating the possible benefits provided by s-SWNTs. It is critical to
separate m- and s-SWNTs and encapsulate them properly. The authors used a type of genetically
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engineered M13 virus (with a long rod shape and a small diameter of <10 nm) to bind along
the SWNTs and dispersed them in solution. The viruses also aided the complete encapsulation
of SWNTs with TiO2 in later steps. The DSSCs made with ∼0.1% of such SWNTs showed
increased power conversion efficiency from ∼8.3% to 10.6%.

Ideally, making direct electrical contact with each CNT would provide the best current collec-
tion efficiency. This can be achieved with vertically aligned architecture. Liu et al. (19, 20) demon-
strated a core-shell structure with a 50–100-nm-thick TiO2 shell coated on vertically aligned CNFs
by CVD. The photoluminescence of TiO2 in the CNF-TiO2 core-shell structure was found to be
completed quenched (20). The DSSC made with N719 dye on this vertical core-shell architecture
has shown a VOC of 0.64 V, comparable with that of traditional DSSCs. Other characteristics were
encouraging (JSC = 2.91 mA/cm2, a fill factor of 58.2%, and a power conversion efficiency of
1.09%), considering that the estimated TiO2 surface area (and dye loading) in this architecture
was at least 15 times smaller than that of traditional DSSCs (19). One possible solution to increase
dye loading is to fill TiO2 NPs in the gap between core-shell fibers to form a connected porous
TiO2 network with embedded CNFs as conductive pathways. However, the advantage of the open
space for higher I−/I−

3 mediator diffusion may be lost. Photon absorption by carbon may also need
to be mitigated.

4.7. Carbon Nanotubes for Biological and Biomedical Applications

The application of CNTs in biological and biomedical research, and eventually clinical use, is a
very broad and extremely active area. Ongoing activities include the use of CNTs in biosensors
(as charge-sensitive semiconducting channels in FET sensors or nanostructured electrodes), drug
delivery (as nanostructured drug carriers with high cell-penetrating abilities), diagnosis (as contrast
agents in near-infrared and Raman spectroscopy imaging), therapeutics (as electromagnetic wave
absorbers in cancer hyperthermia), regenerative medicine (as nanostructured scaffolds for cell and
tissue cultures), and implantable medical devices (as fillers in biocompatible composites). All these
research activities are much beyond the scope of this article. More information can be found in
focused review articles (174, 175) and books (176, 177).

5. PERSPECTIVE, OUTLOOK, AND FUTURE DIRECTIONS

As shown in the above discussions, the unique properties of CNTs can enhance the performance
of current applications or provide new opportunities. The success strongly depends on how the
proper CNTs are selected and organized into the desired configuration. A deeper understanding
of the structure-property relation is key to utilizing the intrinsic properties of CNT materials.

SUMMARY POINTS

1. CNTs consist of a family of high-aspect-ratio, tube-like materials dominated by conjugate
sp2-bonded carbon atoms. Their physical properties strongly depend on the internal
microstructures.

2. Different applications require organizing CNTs into proper configurations and archi-
tectures to utilize the desired properties.

3. CNTs assembled with other materials into hybrids have enhanced performance in many
applications.
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4. Commercial technologies involving CNTs have emerged at an accelerating rate in the
past decade.

FUTURE ISSUES

1. The driving forces for the development of applications utilizing the intrinsic properties
of CNTs continue to be new methods for synthesizing CNTs with controlled diameter,
chirality, electronic properties, and internal microstructure; sorting CNTs according to
size and physical properties; organizing CNTs into desired configurations/architectures;
and placing CNTs in precisely defined locations with controlled alignments.

2. Cost reduction and production scale-up of CNT materials and devices remain critical
for CNT commercialization. Scalable manufacturing techniques, such as roll-to-roll
printing, are promising for future CNT electronics and energy applications.

3. Integrating CNTs with other technologies such as OLEDs, OPVs, biosensors, and
biomedical devices and assembling CNTs with other active materials into functional
hybrids are promising routes to generate new applications.

4. The development of theoretical/computer modeling techniques to understand the ma-
terial properties of CNTs with complex internal structures and external configurations/
architectures may provide insights into practical problems.
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RELATED RESOURCES

https://nanohub.org/, a resource for nanoscience and nanotechnology created by the NSF-
funded Network for Computational Nanotechnology
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https://nanohub.org/
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http://www.nanointegris.com/en/home, a commercial source for high-purity, electronically
separated nanomaterials

http://en.wikipedia.org/wiki/List_of_software_for_nanostructures_modeling, a list of soft-
ware for nanostructures modeling

http://www.jcrystal.com/products/wincnt/, Nanotube Modeler, computer software for gener-
ating xyz coordinates for nanotubes and nanocones

Burton D, Lake P, Palmer A. 2014. Carbon nanofibers: properties and applications of carbon nanofibers
(CNFs) synthesized using vapor-grown carbon fiber (VGCF ) manufacturing technology. Tech.
Rep., Sigma-Aldrich, St. Louis, MO. http://www.sigmaaldrich.com/materials-science/
nanomaterials/carbon-nanofibers.html

http://pyrografproducts.com/carbon-nanotubes.html, a comparison of carbon nanotubes and
carbon nanofibers

Kumar A, Zhou C. 2010. The race to replace tin-doped indium oxide: Which material will win?
ACS Nano 4:11–14
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