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As a type of thin film, two dimensional (2D) reticulate architectures built of freestanding single-walled carbon nanotube (SWCNT)
bundles are suitable for scalable integration into devices and nanocomposites for many applications. The superior properties of
these films, such as optical transparency, unique electrical properties and mechanical flexibility, result not only from the out-
standing properties of individual SWCNTs but also from the collective behavior of the individual tubes, with additional properties
arising from the tube-tube interactions. In this review, the synthesis, structure and fundamental properties, such as conductivity,
transparency, optical nonlinearity and mechanical performance, of “freestanding SWCNT bundle network™ thin films and nano-
composites, as well as their application as supercapacitors are highlighted. Some long-standing problems and topics warranting
further investigation in the near future are addressed.
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As a kind of novel nano-structured material, carbon nano-
tubes (CNTs) have attracted intense attention owing to their
marvelous mechanical, electrical, and thermal properties
combined with low density, and also to their broad range of
potential applications [1]. In comparison with multi-walled
CNTs (MWCNTs), single-walled carbon nanotubes
(SWCNTs) have shown more outstanding properties that
benefit both nano- and macroscale applications of these
materials with intriguing structure. An individual SWCNT
can exhibit semiconducting or metallic or semimetallic be-
haviors, depending on its chirality and diameter [2]. Various
types of SWCNTs are promising for advanced electrical
interconnects owing to their low resistivities [3], high cur-
rent-carrying capacities (up to ~10° A cm™) [4], and high
thermal conductivities (up to 3500 W m™' K™ [5]. The co-
valently bonded carbon network gives rise to an extremely
stable structure, arguably the strongest in nature. The axial
Young’s modulus has been determined experimentally by
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several means [6—11] and is typically between 1-1.8 TPa.
The fracture stresses of SWCNT bundles can reach as high
as 50 GPa [8,12], which corresponds to a density-normal-
ized strength ~50 times larger than that of steel wires [7]. In
addition, the properties of SWCNTSs are very sensitive to
chemical modification or atomic doping — these processes
can give rise to brand-new 1D materials that promise re-
markable application. To fully utilize the excellent mecha-
nical and physical properties of individual SWCNTS, vari-
ous types of SWCNT architectures with different dimen-
sions, including 1D nanotubes or bundles, 2D thin films or
networks or papers, and 3D arrays or sponges, have been
synthesized and investigated worldwide.

Unlike an isolated 1D nanotube, a 2D thin film made up
of thousands of SWCNTSs exhibits collective behavior,
which has an advantage of statistically better reproducibility,
making it suitable for scalable integration into devices,
nanocomposites and for many applications. Its superior
properties, such as optical transparency, unique electric
properties and mechanical flexibility, result not only from
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the outstanding properties of individual SWCNTSs but also
from the additional properties due to the tube-tube interac-
tions; understanding and exploiting these interactions is an
emerging research field. Major challenges yet to be resolved
include the controlled fabrication of 2D SWCNT materials
with good reproducibility, utilization of the excellent prop-
erties of individual SWCNTs at a macroscopic level and
prediction or exploration of new properties endowed by the
macroscopic SWCNT assemblies. Recently, a novel 2D
architecture built of freestanding SWCNT bundles has been
fabricated [13—16]. These 2D SWCNT thin films or net-
works could exhibit unique physical properties and en-
hanced device performance. For example, Skakalova et al.
[17] measured and compared the electronic transport prop-
erties of individual SWCNTs/MWCNTs with those of thin
and thick SWCNT networks, and they found that a semi-
conductor-metal transition behavior, modulated through thin
barriers, occurred as the film thickness increased. Several
earlier reviews have addressed some aspects of SWCNT
thin films as ideal building blocks for new types of applica-
tions in mechanically flexible and stretchable, optically
transparent electronic systems, and as two-dimensional
carbon networks in mechanically reinforced composites
[18-22].

In this review, the synthesis, structure and fundamental
properties, such as conductivity, transparency, optical non-
linearity and mechanical performance, of these special thin
films, “freestanding SWCNT bundle networks”, and their
nanocomposites as well as their application as supercapaci-
tors are highlighted. Some long-standing problems and top-
ics warranting further investigation in the near future are
addressed.

1 Fabrication of freestanding SWCNT bundle
networks

1.1 Post-treatment approach

Earlier, yet effective, post-treatment techniques involve
depositing tubes from solution suspensions to form SWCNT
thin films, so-called “bucky papers” [23-25]. Generally, for
this kind of method, a comprehensive strategy, such as sur-
factant wrapping to form stable solutions of SWCNTs, a
robust mechanism to remove them from solution, and suita-
ble way to take the film off the filter membrane, should be
considered. SWCNTSs can be removed from solution by, e.g.
vacuum-filtration or evaporation of solvent [24,25] or spe-
cific interactions between nanotubes, ligands, and surfaces
[26-31]. Owing to their cost efficiency, applicability to
large areas and compatibility with a variety of substrates,
solution deposition methods can be adopted for applications
in transparent conductive coatings. However, an obvious
limitation of the solution deposition methods is that it is
difficult to obtain sub-monolayer or uniform thin SWCNT
films without the presence of bundles. For this reason, some
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more effective solution methods have been developed, such
as Langmuir-Blodgett techniques [32-34], dip coating
[35,36], spray coating [37,38], spin coating [38—40], solu-
tion casting by controlled flocculation process [41] and
modified vacuum filtration [42— 44], to fabricate uniform
large area films and to provide some patterning and/or
alignment capability.

Recently, a simple “wet-transfer” approach [15] was
proposed for preparing freestanding highly conductive
transparent SWCNT films with 20-150 nm thickness by
spray coating from surfactant-dispersed aqueous solutions
of SWCNTs. After HNO; treatment, dipping the SWCNT
films (supported on glass substrates) in water resulted in a
quick and nondestructive self-release to form freestanding
ultrathin SWCNT films on the water surface. The obtained
films have sufficiently high transmittance (i.e., 95%), a very
low sheet resistance (i.e., ~120 Q sq"l), and a small average
surface roughness (i.e., ~3.5 nm for a displayed 10 um x
10 pum area). Furthermore, the floating SWCNT films
(F-SWCNT films) on the water surface could be easily
transferred to any substrates of interest and preserve their
original sizes and network structures. However, without the
HNOs-treatment, the F-SWCNT films were not released
from the substrate surfaces, even when immersed in water
for months. It is clear that the HNO; treatment sufficiently
weakened the adhesion of the SWCNTSs to the substrate
surfaces. Nevertheless, special care should be taken when
choosing the HNOj; concentration.

Though almost all SWCNT films can be fabricated by
the above-mentioned post-treatment, solution-based pro-
cesses at room temperature, using tubes prepared by bulk
synthesis procedures, and these processes are compatible
with patterning techniques such as thermal, piezoelectric, or
electrohydrodynamic jet printing [45—-47], the relatively low
strength of these films is one of the problems for their ap-
plications. Moreover, the SWCNTSs must be first dispersed
in solution suspensions, usually by means of high-power
ultrasonication and strong-acid treatment, which may break
the tubes and affect the electrical properties. In addition, the
surfactant coatings may introduce some organic contami-
nants, which are unwanted for electronic devices. The de-
velopment of more flexible approaches without solubiliza-
tion seems desirable to solve these problems.

For example, to overcome the limit of the solution-based
techniques in the choice of wettability of the substrates for
applications, certain techniques, such as “dry-transfer”, to
relocate the SWCNT films from the deposited substrates to
the target substrates of interest have been established
[18-20]. One of the most successful post-treatment tech-
niques is the “dry-drawing” approach [48,49], which pro-
vides a simple and natural way to obtain pure MWCNT
yarns or films at a macro-scale and enables easy manipula-
tion of nano-scale CNTs based on a superaligned CNT array.
The best result achieved so far was the controlled synthesis
of superaligned triple-walled CNT arrays [48]. This kind of
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freestanding film will not be addressed in this review, since
there are still challenges in synthesizing superaligned
SWCNT arrays.

1.2 Direct synthesis

As one of the most popular synthesis methods, chemical
vapor deposition (CVD) is not only an effective way to
mass-prepare carbon nanotubes but also provides for direct
growth of SWCNT films, although it is not as convenient
for large-area substrates as the solution approaches. The
main advantages of CVD are that the directly formed
SWCNT films can be free of organic solvent contaminants
and have high purity, controllable tube lengths, good crys-
tallinity, and fewer tube bundles, as compared to those pre-
pared by some solution-based techniques. Many strategies
can be exploited to control the tube morphology (i.e., num-
ber of tube layers, diameter, length, geometrical shape, het-
erostructure), density (such as film thickness, pore volume
of network and surface area), alignment or orientation, posi-
tion, and so on. Many factors in CVD can affect the film
morphology and its properties, e.g., the carbon source, cata-
lyst, carrier gas, growth rate, substrate, template, external
field, and so on.

Systematic studies have revealed that the carbon source
is of crucial importance. Dai et al. [50] prepared SWCNTs
using Mo as catalyst and carbon monoxide as carbon source.
Later, they also used CHy as the carbon source and various
catalysts [51-53]. Since CH, is the most stable of all hy-
drocarbons and does not easily decompose at high tempera-
ture, SWCNTs without amorphous carbon can be obtained
[54]. With ethanol as the carbon feedstock, the film density
can be increased significantly, compared to the case of me-
thane, possibly because of the ability of OH radicals to re-
move seeds of amorphous carbon from catalytic sites in the
early stages of growth [55,56].

A marked difference between the syntheses of SWCNTSs
and MWCNTs is that some catalysts are required for the
former. High yield and good quality can be achieved by
optimizing the catalyst and synthesis parameters [57]. Using
Fe/Mo as bi-catalyst and an Al,O3/SiO, substrate, the
growth of SWCNTs can proceed quite efficiently. Liu et al.
[58] further optimized the technique and used the more ac-
tive Fe/Mo/alumina (prepared by the sol-gel approach) as
catalyst, and they achieved high yields by CVD. Cheng et al.
[59,60] first applied the floating catalysis approach to syn-
thesize SWCNTs and suggested it as a flexible way for high
yield production. Other groups subsequently adopted this
technique and optimized the carbon source for higher effi-
ciency [52,61]. In particular, Smalley’s group [62] used CO
as the carbon source and produced large quantities of
SWCNTs under a high pressure atmosphere. Their method
is now known as the HiP¢o (high-pressure CO) approach,
and has been widely applied to commercial production of
SWCNTs.
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In view of their selectivity towards the substrate and
catalyst, SWCNTs can be controlled to grow at specific
positions, assisted by microfabrication [63-65]. With re-
spect to the fabrication of orientated SWCNTs aided by
external fields, Liu and his collaborators [66] successfully
realized the oriented growth of relatively long SWCNTSs by
controlling the gas flow with the floating catalysis approach.
Furthermore, by applying an electric field during growth, an
excellently oriented SWCNT array was fabricated between
the electrodes on the quartz substrate [67-70].

Iijima’s group [71] successfully fabricated a SWCNT ar-
ray array, 2.5 cm in height, by introducing some water va-
por into the system during CVD growth to maintain the ac-
tivity of the catalysts and to extend their active lifetime.
Very recently, Maruyama’s group [72] further demonstrated
experimentally that addition of H,O during the super-
growth of SWCNT carpets could inhibit Ostwald ripening
because of the ability of oxygen and hydroxyl species to
reduce the diffusion rates of catalyst atoms. In addition,
several groups reported arrays of individual SWCNTSs with
perfect linear shapes in horizontal configurations with high
levels of alignment by optimizing CVD procedures [73-76].
Different means of transferring high quality CVD SWCNT
films from growth substrates to other substrates, including
flexible plastic sheets, have been established, thereby ex-
panding their applicability [18,77].

However, the products synthesized by the direct pro-
cesses are mainly powder-like and supported on different
substrates. To directly prepare macroscale freestanding
SWCNT films with high strength remains a challenging
issue. Xie’s group [13] reported a kind of thin film, the
SWCNT non-woven film, synthesized directly by develop-
ing a floating catalyst CVD (FCCVD) system, in which the
nanotubes are grown in a flowing gaseous feedstock mix-
ture and form a piece of non-woven nanotube film on the
wall of the quartz tube. After growth, the film can be easily
peeled off. To directly synthesize high strength, highly
conducting and transparent films, they further optimized the
FCCVD growth parameters, such as the temperature of the
catalyst source and the flux of the gaseous feedstock mix-
ture [70,78-81], and adjusted the growth rate of the films as
determined by the sublimation rate of the catalysts [82].
Freestanding SWCNT films of various thicknesses (100 nm
to 1 um), with areas up to several tens of square centimeters,
were obtained. Under typical conditions, a 100 nm thick
film will form after 30 min growth in the high-temperature
zone and can be carefully peeled off a quartz substrate [16].
This type of large-area freestanding film can be easily han-
dled for further studies. Furthermore, to overcome the limi-
tation of this type of direct synthesis procedures with re-
spect to the thickness (since the films should have a certain
thickness to provide mechanical integrity) and the scalabi-
lity of the as-grown nanotube film, they have developed a
two-stage process for processing freestanding SWCNT
films to resolve the stickiness problem and spread them out



208 Zhou WY, et al.

onto various substrates uniformly, and obtained super-thin
films with a thickness about 13 nm on a PET substrate [83].

The most recent improvement has been reported by Na-
sibulin et al. [84]. They reported a simple two-step method
for the rapid fabrication of thin freestanding SWCNT films
by dry transferring the collected nanotubes, directly grown
on microporous filters, to a substrate. The films, with varia-
ble thicknesses ranging from submonolayer to a few mi-
crometers depending on the collection time, have outstand-
ing properties for several high-impact application areas:
high efficiency nanoparticle filters with a figure of merit of
147 Pa’!, transparent and conductive electrodes with a sheet
resistance of 84 Q sq' and a transmittance of 90%, electro-
chemical sensors with extremely low detection limits below
100 nM, and polymer-free saturable absorbers for ultrafast
femtosecond lasers.

Another direct method to synthesize continuous SWCNT
films is the arc discharge technique, which has been seldom
used to grow SWCNT thin films directly. Ando et al. [14]
produced SWCNT web by the DC arc discharge technique
performed under a mixture of H, and Ar with a total pres-
sure of 200 torr and achieved SWCNT films as thin as 30
nm, which could be peeled off the graphite plate without
destroying the crystallinity and homogeneity of the as-
grown film. For a 150 nm thick film, the measured trans-
mittance was 77% [85].

Recently, Windle’s group [86] reported a simple, single-
stage, scalable method for the continuous production of
high-quality carbon nanotube-polymer transparent conduc-
tive films from carbon feedstock by CVD. This method can
adjust the concentration of nanotubes in the films by con-
trolling the technical parameters, and scale up to prepare
thin flexible composite films for any desired application,
ranging from solar cells to flat panel displays.

2 Structural characteristics

SWCNT thin films form quasi-two-dimensional (2D) or
three-dimensional (3D) interconnected networks of quan-
tum wires, ranging from sub-monolayer to a few layers
thick. The structure characteristics (conjunction between
tubes or bundles) and properties (such as flexibility and
conductivity) of the films are significantly affected by many
factors, for instance, the distribution of orientation (i.e. tan-
gle or alignment), density (tube number per unit area for
thin random networks, tubes per length for arrays or layers
for multilayer films), interconnection degree (for 2D planar
or 3D spatial arrangement), and other aspects under the in-
fluence of an external field.

The SWCNTs in the reported “bucky paper” underwent
post-treatment purification [23]: first a long period of re-
fluxing in an acid, and then repeated re-suspension of the
sediment in deionized water, centrifuging and decanting
the supernatant liquid several times, and finally vacuum
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filtering off the liquid through a porous membrane. In the
as-obtained mat, the SWCNTSs have a short length (several
microns) and weak interconnections with each other, so it is
difficult to transfer them from the membrane, since the mat
is rather brittle. Only a sufficiently thick SWCNT layer may
be readily peeled off the membrane to produce a freestand-
ing mat.

In 2000, Smith et al. [87] produced thick films and ropes
of aligned SWCNTs by filtration/deposition from suspen-
sion in strong magnetic fields. Since tubes and ropes in
suspension adopt a preferred orientation with their axis par-
allel to the applied field and the ropes in ordinary “bucky
paper” lie preferentially in the plane of the film, a magnetic
field applied during filter deposition introduces a preferred
direction in the plane. They found that aligned films are
denser than ordinary filter-deposited ones, and much denser
than as-grown material. However, because of lack of trans-
verse (i.e. radial) conjunction between tubes or bundles, the
aligned film cannot be transferred in large areas from the
membrane. The films peeled away from the filter are usual-
ly in the form of long narrow strips parallel to the field di-
rection, a consequence of the rope alignment.

Therefore, the formation of a freestanding thin film de-
pends on the extent of conjunction between tubes or bundles,
which reflects the distribution of orientation and density of
the film. It seems that the more random the arrangement of
tubes or bundles in a film, the greater the density of
SWCNT-SWCNT junctions, and the easier formation of a
continuous thin film. Several scaling laws, with respect to
film density, thickness, width, tube length, tube wall num-
ber, and bundle diameter, have been applied to predict
whether the thin film is continuous [20]. Moreover, for a
freestanding thin film, the strength of the SWCNT-SWCNT
junctions in the film must be a dominating factor; and for a
transparent film especially, other factors which influence
the impurities and homogeneity must be considered, in ad-
dition to the density and strength.

To obtain high-quality transparent films, several crucial
improvements have been made by Xie’s group [16], to con-
trol the density, impurities, and homogeneity of the pre-
pared thin films: (i) the density and the growth rates were
well controlled by precisely adjusting the sublimation rates
of the catalysts; (ii) the impurities in the as-grown films
were further reduced, compared to their earlier results; (iii)
the homogeneity of the films was ensured by the use of spe-
cially stabilized gas flow in the quartz tube. As seen in
Figure 1(a) and (b), the homogeneity of the film is good
enough in a typical 5 cm x 10 cm area to permit optical
transparency. If the films are not very homogeneous, they
will lose their transparency because of severe diffusion even
if they are thin enough (Figure 1(c)). Figure 1(d) is a SEM
image of a 250 nm thick as-grown film, and shows that the
SWCNT bundles are homogeneously distributed, entangled
with each other, and of low-level impurities. The SWCNT
thin film is composed of highly entangled carbon nanotube
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(c)
Homogenous film

transparent

Figure 1 (a) Photograph of an as-grown 250 nm thick SWCNT non-woven film. (b) A transparent 100 nm thick film freely stands between metallic pillars.
(c) The 150 nm thick homogeneous and inhomogeneous films. The importance of homogeneity is clear. (d) Large-scale scanning electron microscopy (SEM)
image of a 250 nm thick film. The inset image is taken at higher magnification. (¢) SEM image of SWCNT network in a single layer. The white arrows in the
image denote the Y-type junctions and the flow direction. Reproduced with permission from ref. [16].

bundles about 30 nm in diameter and from tens to hundreds
of microns in length. The diameter of the nanotubes in the
bundles is about 1-2 nm. It is emphasized that the bundles
in the films firmly connect via Y-type junctions with each
other when they are growing and form a continuous, pref-
erentially oriented, 2D network at high temperature (Figure
1(e)), which is a crucial factor for making the ultrathin film
freestanding and for manifesting its unique electrical pro-
perties and mechanical flexibility, as discussed below.

3 Properties of freestanding SWCNT bundle
networks

In contrast to the isolated tube, thin films of SWCNTSs are
suitable for scalable integration into devices, owing to their
superior optical transparency, unique electrical properties
and mechanical flexibility. These superior properties benefit
not only from the individual SWCNTs but also from the
collective behavior of the individual tubes because of the
tube-tube interactions. In several earlier reviews [18-20],
SWCNT thin films have been introduced as ideal building
blocks for new types of applications in mechanically flexi-
ble and stretchable, optically transparent electronic systems,
and as two-dimensional carbon networks in mechanically
reinforced composites. Here some of the fundamental
properties, such as conductivity, transparency, optical

nonlinearity and mechanical strength, of freestanding thin
SWCNT films are addressed.

3.1 Transparency and electrical conductivity

SWCNT thin films are quasi-2D interconnected networks of
quantum wires. The electrical conductivity of the films
should be composed of the intrinsic conductivity of indi-
vidual nanotubes within the network and that associated
with the junctions between SWCNTs or their bundles,
which is strongly influenced by many factors. In addition to
some obvious factors, such as the doping level of the semi-
conducting tubes, sample purity, and the metallic-to-
semiconducting volume fraction (raw SWCNTs are, gener-
ally, a mixture of m- and s-SWCNT in a ratio of 1:2 statis-
tically [88]), the structural characteristics of the bundles, for
example, the geometry (length, diameter, junction shape),
the distribution (orientation, spatial arrangement), and the
density, have a prominent influence on the network conduc-
tivity. These factors also affect the transparency of the films,
as discussed in detail in many review articles [18,19,21].
Here, the focus will be only on the structural effect on
transparency and electrical conductivity of freestanding
random SWCNT networks.

Although the axial conductivity of a SWCNT rope can
reach 10000-30000 S cm™' [89], the conductivity in films or
networks is usually 1 or 2 orders of magnitude lower. For
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random SWCNT networks, an electrical conductivity rang-
ing from 400-6600 S cm™" has been reported [90,91]. Puri-
fying or compacting of the films has proved favorable for
increasing the conductivity to a certain extent [23,90]. The-
se results demonstrate that the conductivity is dominated by
the intertube junctions. Clearly, the density of bundles in the
random SWCNT networks consisting of a mixture of m-
and s-SWCNTs has a more pronounced effect on the trans-
parency [17,92,93]. Opaque mats (i.e., “bucky papers’’)
have nanotube densities far exceeding the percolation
threshold and are unsuitable for solar applications where
transparency is critical [23]. As the film thickness increases,
the film loses transmittance through absorption. Therefore,
to maximize the potential use of SWCNT networks as
transparent conductors, it is desirable to have a low sheet
resistance and a high optical transmittance. An approximate
relationship between sheet resistance (R;), optical transmit-
tance (T), DC conductivity (oy.), and optical conductivity
(oup), 1s given by the following formula [25]:

-2 )
L [ :(ngg@&] W

1+—
2Rs 80 Gd

T =
R o

c S dc

which is valid for thin metal films where the absorption of
the material is much smaller than the reflectance, and the
thickness of the film is much less than the wavelength of
interest. Another commonly used quantity for characterizing
the performance of transparent conductors is the figure of
merit, defined as T'/R, [19,94].

Ma et al. [16] systematically studied the transmittance
spectra ranging from ultraviolet to mid-infrared and the
sheet resistance of as-grown freestanding uniform SWCNT
films with different thicknesses (Figure 2(a) and (b)). For a
100 nm thick film with a sheet resistance of 50 Q sq ',
which was the thinnest intact film they could peel off the
wall of the quartz tube, the transmittance in the visible re-
gion of the spectrum was over 70% when coated on a sub-
strate. In comparison with films made from a solution-based
filtration process, the directly synthesized films have
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superior electrical and mechanical properties: the electrical
conductivity can reach over 2000 S cm™' and the strength
can be as high as 360 MPa. These intriguing properties are
believed to result from the good and long interbundle con-
nections, as shown in Figure 1(e). Hone et al. [95] ascribed
the high conductivity to the unique structure of the films: (i)
The bundles in the films were not randomly distributed but
preferentially aligned by the flow whilst they were growing
in the reaction zone. Because of this anisotropic strength, all
the films suspended between two metallic pillars were
mounted along the preferential direction, which effectively
enhances the conductivity, as previously revealed. (ii) The
bundles in the films firmly connect with each other during
growth, and form a continuous preferential 2D web at high
temperature, whereas in the films made by filtration, the
contacts are weak and sometimes blocked by amorphous
carbon. In fact, the bonding at the junction parts is so strong
in the directly synthesized films that, when it is attempted to
disperse the tubes in acetone, the films remain intact even
after hours of ultrasonication. Up until now, although many
techniques have been developed to treat SWCNTs, there are
only a few reports on how to improve the electrical contacts
between bundles. It is demonstrated that connecting bundles
into a continuous net whilst they are growing is an effective
way to obtain better contacts and to lower sheet resistance
[16].

These flexible, transparent, freestanding SWCNT films
can be easily transferred to various substrates, which should
broaden their application prospects. To enhance the trans-
parence of as-prepared SWCNT films, Niu [83] presented a
novel strategy, “repeated transfer-printing”, for the post-
treatment of the directly grown freestanding SWCNT films,
to fabricate ultrathin films on a flexible and transparent sub-
strate. The thinnest film had a thickness of 13 nm and a
transparency of over 90%. Recently, by a simple single-
stage and scalable method, Windle’s group [86] have pre-
pared high-quality carbon nanotube-polymer transparent
conductive films. Their best results show a surface resistivity
of the order of 300 Q sq”" for a film with 80% transparency,

60 (b)
50
40 1
30
20 1 4

10 1

4

Sheet resistance ({/square)

300 400 500 600

Thickness (nm)

100 200

Figure 2 (Color online) (a) Transmittance spectra of as-grown films with different thicknesses. The numbers above the curves denote the thicknesses, and
the uppermost short curve corresponds to the 100 nm thick film on a glass substrate. S1 and S2 represent the electronic transitions for the semiconducting
SWCNTSs in the films, and M1 represents that of the metallic nanotubes. (b) Sheet resistance versus thickness of SWCNT films. The solid line is the best
fitted curve according to the definition of electrical conductivity. Reproduced with permission from ref. [16].
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achieved by adjusting the concentration of nanotubes in the
films.

As promising candidates for transparent conductors on
account of their intrinsic mobility of over 100000 cm’
v s 96], good mechanical flexibility [97], and good
optical transparency [98—100], SWCNTs have been studied
extensively for their possible application in field-effect
transistors [90,100-102], touch-screens, liquid-crystal dis-
plays, solution-processed solar cells [103], and so forth.
Most recently, Zhou and co-workers [104] reported
high-performance, fully transparent thin-film transistors
(TTFTs) on both rigid and flexible substrates with aligned
nanotubes as an active channel. Transparent transistors with
high effective mobilities (~1300 cm® V7' s were first
demonstrated on glass substrates via engineering of the
source and drain contacts, and a high on/off ratio (3><104)
was achieved using electrical breakdown.

Nevertheless, a detailed understanding of the control of
the overall optical and transport properties of transparent
SWCNT thin films has not yet emerged because of its com-
plexity. In fact, it is not yet ascertained which kind of film is
a better transparent conductor, one formed solely with
m-SWCNTs or solely with s-SWCNTSs. At first sight, we
might anticipate that metals would be better for conductivity
in the films, while semiconductors would be better for
transparency. However, choosing the best composition to
optimize both characteristics simultaneously is difficult.
Recently, Blackburn et al. [105] systematically investigated
the optical and electrical properties of transparent conduc-
tive films with precisely tuned ratios of metallic and semi-
conducting SWCNTSs. They found that the conductivity and
transparency of the films were determined by an interplay
between localized and delocalized carriers, which depends
upon the SWCNT electronic structure and tube-tube junc-
tions as well as intentional and unintentional redox dopants.

3.2 Third-order optical nonlinearity

SWCNTs are direct-bandgap materials with a gap depend-
ing on diameter and chirality [106]. Theoretical and exper-
imental studies have shown that CNTs are strongly nonline-
ar media [107-109], since the delocalization of 7 electrons
has been shown to be a major contribution to the large off-
resonant third-order optical susceptibility. A CNT is a
highly delocalized m-conjugated electron system. The fast
nonlinear optical response may be due to the large polariza-
tion arising mainly from the m—m virtual transitions
[108,110].

Most studies have focused on theoretical modeling of
nonlinear optical properties of CNTs utilizing the perturba-
tive approach with the polarization of the medium being
represented by a power expansion in the electric field
strength, truncated to a certain term (usually the third term).
In this case, the nonlinear response of CNT-based compo-
sites is characterized by the cubic susceptibility which
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describes a variety of nonlinear effects, such as self-phase
modulation, self-focusing and self-defocusing, four-wave
mixing, and third-order harmonic generation. Nemilentsau
et al. [110] elaborated a non-perturbative time-domain
analysis of the high-order harmonic generation in CNTs and
presented a consistent quantum-mechanical approach to
nonlinear optics of CNTs. They studied the nonlinear inter-
action of an isolated CNT with femtosecond laser pulses in
the vicinity of plasma resonance, based on a quantum-
mechanical description of m-electrons taking into account
both intra-band and direct inter-band transitions.

In 1999, the third-order optical nonlinearity of multi-
walled CNT solutions was studied using a backward degen-
erate four-wave mixing (DFWM) technique, pioneered by
Liu et al. [108,111]. Subsequently, a series of experimental
work have been reported [109,112,113]. Chen et al. [112],
using a pump-probe method with a 150 fs laser at a wave-
length of 1.55 pm, demonstrated that SWCNTs have an
exciton decay time of less than 1 ps and a high third-order
polarizability in a polyimide-SWCNT composite film with
thickness of about 20 um and a SWCNT loading of less
than 0.1 wt%, which was reasonably interpreted to be be-
cause of their azimuthal symmetry. Tatsuura et al. [114],
using semiconducting carbon nanotubes as ultrafast switch-
ing materials for optical telecommunications, observed that
spray-coated SWCNT films exhibited a very useful combi-
nation of high nonlinear optical properties ¥ close to the
order of 1077 esu, high linear absorption coefficient ¢, and
fast response time in the infrared region. By the Z-scan
method, Maeda et al. [113] measured the third-order non-
linear susceptibility (%) spectra of semiconducting
SWCNT thin films, which were prepared by spraying
SWCNTs suspended in ethanol under sonication on CaF,
substrates. They confirmed that [Imy| is remarkably en-
hanced under resonant excitation of the lowest interband
transition, reaching 4.2x107° esu and 1.5x1077 esu in
SWCNTSs grown by the laser ablation and HiPco methods,
respectively. A comparison of the transient absorption
changes evaluated by degenerate and nondegenerate
pump-probe measurements suggests that the resonant en-
hancement of |Imx(3)| is dominated by a coherent process
rather than by saturation of absorption. These experimental
results reveal that semiconducting SWCNTs, as well as
their polymer composites, have potential applications in
optical telecommunication devices, for instance as candi-
date materials for high-quality sub-picosecond all-optical
switches, with high performance, low production cost, low
toxicity, and high environmental friendliness.

Compared with solution-deposited SWCNT films, di-
rectly synthesized freestanding SWCNT films have superior
hierarchical structure, which would facilitate the relaxation
of carriers, effectively reduce the total optical loss, and en-
hance the output power of mode-lock lasers. Long et al.
[115] investigated the carrier dynamics of SWCNT films in
a degenerate pump-probe experiment at 1.57 eV. They
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measured ultrafast time-resolved optical transmission in
SWCNTs as a function of pump fluence at a temperature of
200 K, and observed relaxation dynamics with two compo-
nents characterized by time scales of 0.1 and 1 ps, respec-
tively. It is suggested that the fast component is related to
the intraband relaxation and the slow component to two
competing processes, since the signal amplitude shows a
crossover from negative to positive when the pump fluence
is decreased. Ma et al. [116] investigated the nonlinear op-
tical properties of directly synthesized freestanding SWCNT
films. Large third-order optical nonlinearity was observed
by the Z-scan method. The third-order nonlinear suscepti-
bility (%) was measured, and the |[Imy | was 1.8x107 esu
at 1064 nm, which is among the highest values for optical
nonlinear materials. Transparent SWCNT/epoxy composite
films were also fabricated, where epoxy resin was intro-
duced to protect the SWCNTs from ablation under strong
light. Combined with their ultrafast carrier relaxation times,
the results indicate that these as-prepared transparent films
are excellent candidates as saturable absorbers for use in
mode-lock lasers, or as ultrafast switching materials in op-
tical telecommunications, because of their sub-picosecond
recovery time, low saturation intensity, polarization insensi-
tivity, and mechanical and environmental robustness.

Recently, Wang et al. [117] engineered a SWCNT-
polycarbonate film with a wide bandwidth around 1.55 pm
as a passive optical switch, and then used it to demonstrate a
2.4 ps Er’*-doped fiber laser that is tuneable from 1518 to
1558 nm. So, a prototype of mode-locking fiber laser based
on SWCNT saturable absorbers with wideband tuneability,
instead of traditional semiconductor saturable absorber
mirrors, has been successfully produced. Their work makes
use of SWCNTSs with a range of diameters and chiralities,
harnessing the resulting wideband absorption to produce a
wideband-tuneable fiber laser, and turning a major disad-
vantage of SWCNTs for applications in nanoelectronics into
an advantage.
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3.3 Mechanical properties and micromechanical anal-
ysis

CNTs have been envisioned as ideal building blocks for
high-performance engineering materials, owing to their
promising mechanical properties and low density. Theoret-
ical and experimental work on the mechanical properties of
individual or bundles of CNTs has been conducted exten-
sively since the end of the last century [8,118,119]. It turns
out that the modulus and strength of a typical SWCNT can
reach 640 and 37 GPa, respectively, which surpass those of
all existing materials [120]. However, because of weak in-
tertube interactions, it is still a great challenge to retain such
supermechanical properties when CNTs are assembled into
macroarchitectures (such as fibers and films).

For example, despite the high stiffness and strength of
individual SWCNTs, slips between nanotube surfaces hin-
der the application of SWCNT bundles as a reinforcing ma-
terial in composites [8]. To resolve the “slipping problem”,
several methods have been proposed, such as reducing the
bundle diameters [8,121], bridging adjacent tubes by elec-
tron-beam irradiation [122], and prolonging the contact
length between tubes [123], but none has been proven fea-
sible at the macroscale. Directly synthesized strong films
with simple and uniform structure offer an alternative, since
the as-grown SWCNT networks have a preferentially ori-
ented and firmly connected reticulate architecture (Figure
1(e)) [16], which can provide continuous load-transfer
pathways. For a 200 nm thick film, the tensile strength is
300—400 MPa (Figure 3(b)) [124], which is 30 times higher
than that of typical “bucky paper” and 10 times higher than
that of sheets with nitric acid treatment [125]. The density-
normalized stress is 280 MPa g~' cm®, which is higher than
that of undensified MWCNT sheets drawn from nanotube
arrays but lower than that of densified MWCNT sheets [49].
The Young’s modulus is about 5 GPa. Compared with the
theoretical strength of individual SWNT (37 GPa), the film
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Figure 3 (a) The SEM image shows a piece of as-grown film with a width of 2 mm and a thickness of 200 nm being twisted into a fiber. It should be
pointed out that, for the specimens prepared for tensile tests, there still is a densification procedure before twisting by immersing the films in acetone. This
procedure effectively reduces the free volume in the fibers and is necessary for the later comparison of mechanical properties between fabricated fibers and
films (whose thicknesses are measured after densification). (b) Typical strain-stress curves for the films and fibers. The fracture manner for the fiber be-
comes catastrophic. This is because the twisting structure blocks the bundles’ free sliding and stores more mechanical energy; when a critical defect emerges,
the released energy destroys the fiber rapidly. Reproduced with permission from ref. [124].
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strength (~360 MPa) is two orders of magnitude smaller.
That is because, similar to other engineering materials, the
strength of macroscale SWCNTSs is dominated by the stress
transfer mechanism rather than by an individual SWCNT’s
strength.

In fact, poor load transfer arises not only from the weak
intertube connections but also from the increasing possibil-
ity of failure when load is transferred through a long gauge
length or a large cross-sectional area. Recently, Windle and
co-workers [126] reported the synthesis of continuous
high-performance CNT fibers with the highest measured
strength of 9 GPa. They found that the tensile strength var-
ied with the gauge length of the specimens: when the gauge
length increased from 1 to 10 mm (typical for tensile tests),
the average strength rapidly dropped to 1 GPa. Such degra-
dation was attributed to a load transfer deficiency caused by
local defects during densification. Up to now, the attention
paid to this type of “negative” size effect seems insufficient.
For example, the dimensions of specimens are often not
mentioned when experimental results are reported, which
makes systematic comparative studies difficult. Besides the
size effect, the variety of CNT constructions in specific
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macrostructures, and the difficulty of accurately measuring
the volume fraction of CNTs within fibers, also blur the
evaluation of the related mechanical properties. Thus, we
need a generic methodology, independent of mechanical
measurements, to help us understand the inherent interbun-
dle strength and microscopic failure processes for various
CNT macro-architectures.

Ma et al. [124] have applied Raman tests to characterize
the micromechanical process in strained SWCNT films and
fibers. The down-shifting trend of the peak position and the
asymmetrical broadening of the line shape after strain are
the major characteristics of the Raman spectra for both
types of specimens (Figure 4). The down-shifts of the G’
band are expected and arise from the weakening of the
carbon-carbon bonds as a result of the elongated interatomic
distance. Asymmetrical G’-band line shapes under strain are
uncommon and have not been reported for individual
strained CNTs. Moreover, when more Raman measure-
ments are performed under different strains (Figure 4(b)),
the down-shifts of the G’ band show two-stage behavior: at
low strains, they increase linearly at rates of 0.65 (film) and
1.7 (fiber) cm™ per 1% strain; once the strains exceed a
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Figure 4 Typical G’ band Raman spectra of a strained SWCNT film and fiber. (a) Comparison of the Raman spectra of unstrained and max-strained film
and fiber. (b) The Raman shift of the G’ band as a function of applied strain. (¢) The widths of the G’ band for a strained film and fiber. (d) A schematic
image showing the deformation process for the SWCNT meshes in a film when macroscale strain is applied. The deformation process in the SWCNT fiber is
similar except for the pre-elongation of the meshes as a result of the twisting process. Reproduced with permission from ref. [124].
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certain value (6% for the film and 2.5% for the fiber), the
peak position of the G’ band changes little until final
breakage of the specimens. According to Cronin’s report
[127], the average down-shift rate of the G’ band for
strained individual SWCNTs is 37.5 cm™" per 1% strain,
which is 56 times that of films, and 21 times greater than
that of fibers. Such small down-shift rates for the strained
SWCNT films and fibers imply that SWCNT axial exten-
sions merely contribute a few percent to the total macroscale
strain, which is consistent with the remarkable drop of the
macroarchitecture moduli as compared to those of individu-
al CNTs.

As shown in Figure 4, the changes in the Raman G’ band
spectra for the strained films and fibers are obviously dif-
ferent. In 2004, Baughman’s group [128] improved Fan’s
array-spinning technique [129] and realized the importance
of the twisting process for the synthesis of macroscale CNT
fibers. They stated that the twisting of the nanotubes gener-
ated lateral force and gave rise to nanometer-scale friction
force to couple these tens of micrometer long CNT bundles
together as a continuous fiber. The enhancement effects of
the twisted structures on the fibers’ mechanical properties
were also verified by some other researchers [130]. Howev-
er, because of the shortage of samples and the limitation of
macroscale tensile tests, we know little about how the fric-
tion law works at the nanometer level and how the parame-
ters such as twist angle and twisting force influence the
mechanical performance of these spun CNT fibers. Based
on the Raman data, Ma et al. [124] have estimated the mod-
uli of the films and fibers. The tensile tests confirm their
conclusion from Raman measurements: the strengths of the
fibers range from 550-800 MPa, in comparison with the
values of 300400 MPa for films (Figure 3(b)). They as-
cribed such strengthening of the interbundle junctions to the
twisting-induced lateral stress in the fibers. Under this type
of compressive stress, hollow SWCNTs are radially de-
formed, which generates more friction force to prevent in-
tertube sliding as compared with undeformed nanotubes
[123,130]. In addition, the long interbundle connections in
the directly synthesized films ensure that the friction force
can accumulate to a certain degree to block the free move-
ment of the bundles [16]. This easy and effective method-
ology that they have developed, i.e., by investigating the
variation of the Raman G’ band under strain to infer the
structural deformation process of the CNT fibers and further
to predict the macrostructures’ moduli, can be applied to
other kinds of CNT macro-architectures as a valuable sup-
plement to macroscale tensile tests for monitoring the me-
chanical process at the micrometer scale.

4 Nanocomposites based on freestanding
SWCNT bundle networks

As a concept, ‘“nanocomposites” arose in the 1990s with an
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increasing use of nanosized fillers such as nanoparticles
and nanofibers. In the case of SWCNTs, the terms ‘“nano-
composite” and “molecular composite” are roughly equiva-
lent since the nano-filler consists of individual SWCNT
molecules [131].

Besides the outstanding electrical and thermal properties,
a SWCNT has a density of about 1.33—1.40 g cm™, which is
just one-half the density of aluminum, whilst its elastic
modulus is comparable to that of diamond (1.2 TPa). The
tensile strength for SWCNT bundles is measured as 1352
GPa [8], and has been calculated as 150 GPa for a single
SWCNT [132], much higher than that of high-strength steel
(2 GPa). It has been confirmed that the axial mechanical
strength of SWCNTSs approaches the theoretical value of a
perfect graphite sheet and is the highest among all presently
known materials [97], which makes SWCNTs promising
building blocks for fabricating composite materials with
excellent mechanical performance and unique electrical and
thermal properties. With such attractive prospects, a great
deal of effort has been made by many researchers over the
past decade. Several reviews have focused on some aspects
of SWCNTs as ideal building blocks for nanocomposites
[97,131,133—-136], while most reviews addressed compo-
sites of MWCNTs [134]. Since the axial tensile Young’s
modulus and shear modulus are sensitive to nanotube diam-
eter and nanotube structure, here nanocomposites based on
freestanding SWCNT bundle networks will be emphasized.

4.1 High-strength nanocomposites reinforced by free-
standing SWCNT bundle networks

In spite of extensive studies on the mechanical properties of
SWCNT reinforced nanocomposites [97,131,133,134], pro-
gress to date has been far behind expectation. The real po-
tential of micro-scale SWCNTs has not yet been manifested
in macro-scale materials. There are several daunting chal-
lenges: (1) Dispersion. SWCNTs tend to agglomerate, be-
cause of van der Waals interactions, their very large ratio of
length to diameter, and their low surface energy. Uniform
dispersion of SWCNTs is the critical issue, since at present
a maximum of only 5 vol.% nanotubes can be dispersed
uniformly in a polymer matrix. (2) Interface. Another major
issue is the limited interfacial shear strength between
SWCNTs (or SWCNT bundles) and the polymer matrix. (3)
Waviness. A MWCNT with a diameter of 10 nm is 10"
times easier to bend than a carbon fiber with a diameter of
10 um since the flexibility of a pillar-like structure is in-
versely proportional to the quartic power of its diameter.
Therefore, like MWCNTs, SWCNTs are naturally extreme-
ly wavy, which significantly impairs their reinforcement
effect [137]. (4) Slippage. Because of the atomically smooth
surfaces of the CNTs, their bonds to the matrix are non-
covalent if no chemical modification is applied to the walls
of the CNTs, which results in ubiquitous interfacial slip-
pages between SWCNT bundles or MWCNT walls when
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local stress is increased to some extent [138]. Therefore,
even if homogeneous dispersion is achieved, CNTs in
composites actually carry a load much lower than that an-
ticipated.

To overcome the challenges of macro-scale SWCNT
structures and their composite materials, Xie et al. conduct-
ed a long-term and in-depth study. They were the first to
fabricate macro-length SWCNT arrays [139] and measured
their mechanical properties [11,13]. In recent years, they
proposed that the mechanical properties and potential ap-
plications of macro-scale SWCNT films and fibers can be
predicted using information from Raman spectra [124]. On
the basis of this work they concluded that: for the recently
developed nano-scale reinforced structures based on
SWCNTs, new load-bearing and load-transferring structural
units need to be designed. To obtain high-performance
SWCNT reinforced composite materials, the keys are to
improve the volume fraction and orientation of the tubes
and to increase the interface strength. The traditional fabri-
cation process of dispersing nanotubes directly into the
polymer matrix, although simple, is not suitable for nano-
scale reinforcement. Therefore, new methods are needed to
fabricate this new type of material. For example, composites
were synthesized based on macro-scale CVD-grown
SWCNT thin films, with infiltration using thermoset epoxy
resin or thermoplastic poly (vinyl alcohol) (PVA) as poly-
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mer matrices [140]. Figure 5 shows the morphology, sche-
matic illustration and fracture mechanism as well as the
tensile modulus and strength of SWCNT-reinforced compo-
sites. Most importantly, in this new continuous interpene-
trating reticulate architecture with strong coupling at mo-
lecular-level, the volume fraction of SWCNTs may be con-
trolled in the range of 30%—50%, which overcomes the limit
of volume fraction in traditional approaches. The median
strength of the epoxy-infiltrated fibers is as high as 1.6 GPa
(Figure 5(d)), which is higher than that of continuous car-
bon fiber reinforced unidirectional tapes (T300/epoxy) with
the same volume fraction of reinforcement. Compared with
“bucky paper” based high-SWCNT-content composites, the
tensile strength of this new composite is more than one or-
der of magnitude higher. This result demonstrates that the
true potential of CNTs (although not yet fully realized in
this new composite), can be reached in composites as ini-
tially envisioned through load-transfer-favored three-
dimensional architectures and molecular-level couplings
with the polymer chains.

Further studies on the micro-mechanical processes led
Xie et al. [140] to discover that the load transfer efficiency
from the macro-strain of composites to the axial strain of
SWCNTs in this composite was several times larger than
that in discrete SWCNT reinforced composites prepared by
conventional methods. They attributed this feature to the
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Figure 5 (a) Morphology of SWCNT-reinforced composites. (b) Schematic illustration and fracture mechanism of reticulate SWCNT reinforced composite
fiber. (c) Typical tensile test results of composite fibers and neat SWCNT fibers. (d) Summary of the tensile modulus and strength for tested samples. Re-

produced with permission from ref. [140].
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strong molecular-level coupling between the polymer chain
segments and the carbon nanotube bundles. The coupling
varies with the molecular structure of the polymer used, and
the simple mixing rules used in the field of traditional
composite materials cannot describe this molecular-scale
coupling. A schematic illustration and fracture mechanism
of reticulate SWCNT reinforced composite fiber are shown
in Figure 5(b). Based on these discoveries, they introduced
an extra factor, the strain-transfer-factor (STF), into the
general mixing theory and put forward a new mixing rule
suitable for SWCNT reinforced composite materials, by
which the macro-scale mechanical properties affected by
molecular-level coupling between the polymer chain seg-
ments and the bundles are well described. Their results not
only solve the problem in the preparation and improvement
of SWCNT reinforced composite materials, but are also
beneficial in studies of other nanocomposites [133].

4.2 High-conductivity nanocomposites improved by
adding freestanding SWCNT bundle networks

The wide use of nanocomposites is essentially owing to the
improvement in mechanical properties as a result of filling a
host material with some reinforcing nanofillers. If the rein-
forcing component is electrically conductive, it may form a
percolating network within the matrix at a specific volume
ratio, which will result in a remarkable increase in the con-
ductivity of the composite [141,142]. Therefore, measure-
ments of electrical conductivity are important not only for
characterizing the electrical properties of the composite but
also for measuring the dispersion quality. Li and Chou et al.
[143,144] systematically examined the factors contributing
to electrical conductivity of nanocomposites and carried out
a Monte Carlo simulation of the percolation threshold from
a probabilistic viewpoint. The following issues are include
in their resistivity modeling: the identification of filler con-
tact status, establishment of wavy nanotube network, deter-
mination of percolation threshold, identification of spanning
clusters and backbone, contact resistance modeling as well
as the resistivity and damage modeling of CNT/fiber hybrid
composites. The nanocomposites reinforced by the directly
synthesized SWCNT bundle networks, which always con-
tain a “closed circuit” as described in Section 2 and Section
3.1, have superior electrical properties in addition to their
outstanding mechanical performance. Song et al. [145] pre-
pared sandwich-like SWCNT paper/PEEK nanocomposites
with good interfacial adhesion by a simple hot-pressing
method. One layer of SWCNT paper gave the best results
under their process conditions, i.e., ~40% and 4% increases
in Young’s modulus and failure strength, respectively.
Moreover, the surface electrical conductivity increased
sharply after loading the SWCNT paper onto the surface of
the PEEK matrix, because of the good intrinsic conducting
property of the SWCNT. The thermal conductivity of the
matrix was also slightly improved.
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Thin transparent SWCNT films and their reinforced
nanocomposite films have received increasing attention as
replacement conductive materials and emerge as promising
candidates for transparent electronics and optoelectronics
[15,19,44,146,147], owing to their attractive electrical, op-
tical, and mechanical properties and their stretchability and
chemical stability [9,18]. Encouraging progress has been
made in scaling-up their fabrication and application. For
example, Windle’s group [86] reported a single-step con-
tinuous process based on CVD that produces transparent
and conductive nanotube-polymer films. The single-step
approach avoids the difficulty in achieving stable CNT sus-
pensions. The films are mechanically robust once they are
cast onto a polymer substrate and neither flexing nor bend-
ing reduces their electrical conductivity. Transparent con-
ductors manifest wide applications from lighting, touch
panels, displays, and photovoltaics to smart windows and
EMI shielding.

Rogers et al. have fabricated high-performance “all-
SWCNT”-constructed flexible, transparent thin film tran-
sistors (TFTs), using CNT networks as source/drain/gate
electrodes as well as the semiconducting channel. The TFTs
exhibit an effective mobility ~30 cm* V™' s™' and high me-
chanical stretchability (<3.5%) [100]. Owing to the rela-
tively high work function of SWCNT films (~4.9 eV) [148],
they can serve as anodes for hole-injection/extraction in
several types of photonic devices, such as organic light-
emitting diodes (OLEDs) and organic solar cells [149,150].
It has been demonstrated that the luminescence, turn-on
voltages, and power efficiencies of SWCNT-based devices,
although they are still in an embryonic stage, are compara-
ble to those of devices with ITO electrodes [104,147,151].

Recently, conductive polymers have been tested for elec-
tromagnetic interference (EMI) shielding applications. A
matrix containing SWCNTSs is an attractive alternative for
shielding [152,153], owing to its extremely low electrical
percolation threshold. For 15% NT loading of a polymer
composite, a 49 dB shielding effectiveness (SE) at 10 MHz
has been reported by Li et al. [154]. Different SEs were
achieved at the same SWCNT loading because of differ-
ences in conductivity. Longer CNTs lead to better SE. High
frequency gave rise to larger skin depth, which then requires
a larger thickness to achieve the same SE. Lim’s group et al.
[155] have measured the SE in the terahertz range using
time-domain terahertz spectroscopy on thin layers of
SWCNTs coated on flexible substrates, and the results are
in good agreement with the Drude free-electron model.
These films demonstrated good shielding of electromagnetic
waves in the terahertz range, while transparency to visible
light was maintained. They also found that the shielding
efficiency can be engineered by thickness control of the
SWCNT layer and/or by additional chemical treatment. For
freestanding flexibly transparent nanocomposite films of
continuous SWCNT bundle network and epoxy, Xie et al.
[156] put forward an effective fabrication method and



Zhou WY, et al.

characterized their SEs in the 10 MHz—20 GHz range. They
found that a single layer of SWCNT bundle network was
sufficient for substantial shielding and that the EMI shield-
ing character of the nanocomposite was essentially deter-
mined by the layer of SWCNT bundle network, regardless
of the polymer matrix. SEs at low frequency range (10
MHz-1.5 GHz) are more than 20 dB, which suggests that
these nanocomposite films are promising as a type of ul-
tralight, flexible, and transparent microwave shielding ma-
terial.

S Application as supercapacitors

Supercapacitors, also known as electrochemical capacitors,
have attracted enormous interest because of their high pow-
er density (1-10 kW kg™"), high energy density (0.5-10 Wh
kg™), long cycle life (>10000 cycles), and light mass. Su-
percapacitors are considered to be one of the most promis-
ing energy conversion and storage devices to meet future
energy storage needs [19,157-159], and are highlighted in a
report from the US Department of Energy as being of equal
importance with batteries [160]. According to the energy
storage mechanism, supercapacitors can be classified into
two categories, i.e., electrical double layer capacitors
(EDLCs) and redox supercapacitors (pseudo-capacitors)
[161]. CNTs, particularly SWCNTs, satisfy all the funda-
mental requirements for supercapacitor electrodes. The
SWCNT bundle networks are ideal candidates for superca-
pacitors, because of their high accessible surface area of
porous morphology, high electrical conductivity, low mass
density, and chemical stability. There are several studies on
the application of porous CNT electrodes for supercapaci-
tors [147,162—-170].

For EDLCs, the capacitance comes from the pure elec-
trostatic charge accumulated at the electrode/electrolyte
interface, which is strongly dependent on the surface area of
the electrode materials accessible to the electrolyte ions.
The large surface area of SWCNT networks is attributed to
the high density of pores accessible to the mobile ions. Niu
et al. [163] reported the first work on MWCNT-based
supercapacitor electrodes in 1997. The fabricated superca-
pacitor showed specific capacitances of 102 F g™ at 1 Hz
and 49 F g”' at 100 Hz, respectively, with surface area of
430 m? g”' and a power density of 8 kW kg™' in a 38%
H,S0O, acidic electrolyte. This pioneering work stimulated
increasing interest in CNTs as supercapacitor electrodes.
Gruner et al. [171] employed SWCNT paper as EDLC elec-
trodes and achieved a specific capacitance of 39 F g™ and a
power density of 5.8 kW kg™' using 1 mol/L H,SO, as the
electrolyte.

Aligned CNTs were also used as supercapacitor elec-
trodes. An ultralong (1.0 mm) aligned CNT array electrode
achieved higher specific capacitance, lower equivalent se-
ries resistance, and better rate capability than the entangled
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CNT electrode, owing to the aligned CNT array electrode
possessing larger pore size and more regular pore structure
and conductive paths [172]. Futaba and co-workers [173]
have presented a rational and general method to fabricate a
very densely packed and aligned SWCNT material by using
the zipping effect of liquids, which allowed the bulk materi-
als to retain the intrinsic properties of the SWCNTSs. They
demonstrated the use of this dense SWCNT solid as super-
capacitor electrodes, and could achieve an energy density of
about 35 Wh kg™' in an organic electrolyte. Previous studies
of CNT electrodes have suffered from low surface area and
chemical impurities hindering their performance. Recently,
Izadi-Najafabadi et al. [168] made supercapacitor electrodes
using solely the purest vertically aligned SWCNT arrays as
starting materials. The energy density and power density of
the SWCNT electrodes could reach 94 Wh kg™ and 210 kW
kg ™' respectively by operating at a higher voltage range of 4
V whilst maintaining durable full charge-discharge cycla-
bility, which surpasses most other CNT electrodes reported.
The combination of high surface area and electrochemical
doping leads to a high specific capacitance of 160 F g™,
further enhancing energy storage. These results reveal the full
potential of SWCNTSs as ideal supercapacitor electrodes.

For commercial applications, cycling up to 100000 cy-
cles is generally required [161]. Recently, Wei et al. [174]
assembled a supercapacitor with electrodes of SWCNT
films, grown directly by CVD and purified without any fil-
tration, and an organic electrolyte, and they revealed ultra-
long galvanostatic charge-discharge cycling over 200000
cycles in a coin cell structure at a current density of 20
A g ' at 25 and 100°C, while maintaining 80% efficiency.

Thus far, CNT-based supercapacitors have not only man-
ifested notable energy and power performance, but also
enabled new functionalities such as stretchable [167], flexi-
ble [175], and transparent [147] supercapacitors. Since the
area of SWCNT arrays is limited and difficult to scale up,
most of the reported supercapacitors based on SWCNT ar-
ray electrodes are in general of stacked design. The major
challenge in realization of a rolled design for SWCNT film
supercapacitors is the fabrication of large-area flexible
conducting SWCNT film electrodes. Recently, Niu et al.
[169] assembled compact-design supercapacitors using
large-scaled freestanding and flexible SWCNT networks as
both anode and cathode. A prototype of the processing pro-
cedures was developed to obtain uniform spreading of the
SWCNT films onto the separators serving as both electrodes
and charge collectors without metallic current collectors as
shown in Figure 6, leading to a simplified and lightweight
architecture. The area of SWCNT film on a separator can be
scaled up and its thickness can be extended. High energy
and power densities (43.7 Wh kg™ and 197.3 kW kg™', re-
spectively) were achieved for the prepared SWCNT film-
based compact-design supercapacitors with small equivalent
series resistance. The specific capacitance of this kind
of compact-design SWCNT film supercapacitor is about
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Figure 6 (a) Schematic diagram of assembling a compact-design supercapacitor using free-standing flexible SWCNT network: two pieces of separator
coated with SWCNT films were stacked together and rolled up, then the compact-designed supercapacitor was assembled by filling with electrolyte. The
performance of the compact-design supercapacitors using free-standing SWCNT films as both anode and cathode: (b) typical CVs at different scan rates; (c)
the specific capacitance as a function of the scan rate. Reproduced with permission from ref. [169].

35 F g'. These results demonstrate that directly grown
freestanding SWCNT films have significant potential as
promising electrode materials for small, lightweight energy
storage devices. Rolled design SWCNT film supercapaci-
tors would bring in new opportunities for advanced applica-
tions in energy storage devices with high performance and
lightweight architecture.

To fabricate transparent and flexible supercapacitors, Niu
[83] put forward a novel strategy to prepare ultrathin
SWCNT transparent and conductive films (TCFs) on a
flexible and transparent substrate by combining direct-
growth with transfer-printing methods. The as-prepared
flexible and transparent SWCNT films on PET substrates
were fabricated as a symmetrical two-electrode testing su-
percapacitor with good performance. First, an approach to
processing freestanding SWCNT films was proposed to
resolve their stickiness problem and to spread them out
uniformly onto various substrates. This approach provides
easy manipulation of the films, which will be beneficial for
further applications of directly grown SWCNT films and
may provide a technique for processing freestanding
SWCNT films. Then, a “repeated transfer-printing” strategy
is proposed to thin and separate a directly grown thick
SWCNT film into many ultrathin SWCNT films. This
transfer-printing technique, based on electrostatic adsorp-
tion, develops a transfer-printing technique and can be used
to naturally transfer the SWCNT film from a substrate with
high surface energy to another substrate with low surface
energy. The “repeated transfer-printing” strategy effectively

improves the utilization efficiency of SWCNTs and can
better retain the uniformity of SWCNT films. Moreover,
this method simplifies the experimental procedures or con-
ditions and provides a simple, easy and highly efficient way
of preparing ultrathin SWCNT TCFs.

The results presented above demonstrate that there is no
pseudo-capacitance involved in the pure SWCNT net-
work-based supercapacitors. For pseudo-capacitors, fast and
reversible Faradic processes take place because of electro-
active species. To develop high-capacitance supercapacitors,
pseudo-capacitance must be introduced, by bringing foreign
electroactive species into the porous carbon framework, in
conjunction with the EDLC to enhance the overall capaci-
tance of the electrode materials. The most commonly stud-
ied species that have quick and reversible Faradic reactions
include oxygen- and nitrogen-containing surface functional
groups, conductive polymers, and transition metal oxides
(e.g., RuO,, MnQO,). For example, supercapacitor electrodes
prepared from a CNT/ruthenium oxide composite exhibited
significantly higher specific capacitance because of a pseu-
docapacitance originating from the RuO, nanoparticles
[176-178]. Ni(OH),/MWCNT composite positive elec-
trodes and activated carbon negative electrodes delivered a
specific energy of 32 Wh kg™ at a specific power of 1500
W kg™ based on the total weight of the active electrode
materials [179]. A nickel oxide/CNT composite electrode
resulted in an increased specific capacitance of 52 F g™
[180]. An et al. [164] fabricated SWCNT/polypyrrole (PPy)
nanocomposite electrodes and reported a much higher
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specific capacitance than those of either pure PPy or
SWCNTs electrodes, and they attributed the increase to the
uniformly coated PPy on the SWCNTs. Frackowiak et al.
[181] studied different modifications of CNT films. The
capacitance increased from 50 F g™ to 163 F g' after
modification with 5 nm PPy. After KOH activation their
capacitance values increased significantly from 15 F g™' to
ca. 100 F g_l [182]. Tour et al. [183] obtained a 7-fold in-
crease of capacitance using a pyrrole coating on a CNT sur-
face. The power density and energy density showed dra-
matic improvement after the pyrrole coating on CNT films.
The double layer capacitance for the bare CNT electrode
was 10 F cm ™ and the pyrrole-modified CNT electrode was
145 F cm ™. At 10 mA discharge current, the power density
of pyrrole treated samples was almost 25 times that of the
control “bucky paper”. Zhou et al. [184] prepared SWCNT/
polyaniline (PANI) composite electrodes by the polymeri-
zation of aniline containing well-dissolved SWCNTSs and
found much higher specific capacitances up to 190.6 F g'.

Recently, Niu [83] assembled flexible composite super-
capacitors with large-scale freestanding SWCNT networks
and PANI. The specific capacitance of this kind of super-
capacitor was 236 F g™, while a value of 35 F g”' was ob-
tained for pure freestanding SWCNT networks. The specific
capacitance was improved dramatically by the enhanced
pseudo-capacitance because of the greater Faradic effect of
the p-doping of PANI.

It is noted that most of the reported studies were done
using a conventional energy-storage device configuration (a
separator sandwiched between two electrodes sealed in lig-
uid electrolyte), which prevents further reduction of the the
device dimensions. A recent study by Meng et al. [185]
demonstrated a novel kind of ultrathin all-solid-state super-
capacitor configuration, prepared via an extremely simple
process, using two slightly separated PANI-based electrodes
well solidified in H,SOy4-polyvinyl alcohol (PVA) gel elec-
trolyte. The thickness of the entire device is comparable to
that of a piece of standard A4 paper. Along with its highly
flexible (twisting) state, the integrate device has a high spe-
cific capacitance of 350 F g™ for the electrode materials,
good cycle stability after 1000 cycles and a leakage current
as small as 17.2 pA. Furthermore, owing to its polymer-
based component structure, it has a specific capacitance as
high as 31.4 F g™ for the entire device, which is more than
6 times that of current high-level commercial supercapacitor
products. These highly flexible, all-solid-state, paperlike
polymer supercapacitors may bring new opportunities for
designing configurations of energy-storage devices for fu-
ture wearable electronics.

In spite of recent experimental and theoretical progress in
supercapacitors based on SWCNT/MWCNT networks,
there is still no comprehensive understanding of the charge
storage mechanism in the nanoscale spaces, which hinders
future investigation and developments. Therefore, the major
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challenges in this area at present include: (1) improving the
surface area of CNT electrodes; (2) removal of chemical
impurities, which might cause parasitic reactions that limit
the lifetime and diminish capacitance; (3) optimizing the
device parameters and the processing techniques for the
electrodes and electrolytes to meet all relevant criteria for
practical devices; (4) in-depth understanding of the mecha-
nism regarding what happens during the microprocess or
interfacial reactions and how the charge is stored inside the
micropores; (5) exploring new nanocomposite electrodes or
supercapacitors to overcome the present limitations and to
push and widen their practical applications. Thus, more
theoretical and fundamental studies on supercapacitors,
based on the SWCNT networks and nanocomposite, are
desired for their future development.

6 Conclusions and outlook

Thin films of SWCNTs represent an emerging class of ma-
terials [18,19], owing to their superior optical transparency,
unique electric properties and mechanical flexibility, which
come not only from the individual SWCNTs but also the
collective behavior of the individual tubes with additional
properties arising from the tube-tube interactions. Unlike
isolated tubes, thin films of SWCNTs are suitable for scala-
ble integration into devices to provide capabilities that are
impossible or difficult to achieve with established inorganic
materials. Much attention has been paid to their synthesis
and characterization even as completely random networks.
In this review, we have highlighted various aspects of a new
kind of thin film — the “freestanding SWCNT bundle net-
work”, including its fabrication, fundamental properties,
nanocomposites and application in supercapacitors.

2D SWCNT random networks can be easily prepared by
either post-treatment, solution-based processes or direct
CVD growth. Though the former can fabricate almost all
SWCNT films with relatively low strength, the latter is most
popular —in spite of its inconvenience for large-area sub-
strates — as it is relatively easy to control the material’s
density, orientation, and so on, and organic contaminants
that are undesirable in electronic devices can be avoided.
Recently, freestanding SWCNT bundle networks with an
area up to several tens of square centimeters and of various
thicknesses, have been synthesized directly by a developed
FCCVD technique [13,16]. Thereafter, several approaches
have been used to fabricate this kind of freestanding net-
work with controllable thickness up to sub-monolayer
[83-86]. The freestanding SWCNT bundle networks exhibit
superior optical transparency, unique electrical properties,
good nonlinear optical properties and excellent mechanical
flexibility as a result of their 2D reticulate architecture with
extensive interbundle continuous connections like a “closed
circuit”. They are good candidates for use in thin film
transistors, flexible electronics and chemical and biological
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sensors; as optically transparent electrodes for use in solar
cells and displays; as artificial actuators; as microwave
shielding materials; as saturable absorbers used in mode-
lock lasers or as ultrafast switching materials in optical tel-
ecommunications; as nano-scale reinforcement applied in
nanocomposites; and as nanoporous electrodes for energy
storage applications including batteries, fuel cells, and su-
percapacitors, and so forth [18,19]. Though a detailed un-
derstanding of how to control the overall optical and
transport properties of transparent SWCNT networks has
not yet emerged, and optimizing both properties simultane-
ously remains a problem, this lack of knowledge does not
seem to inhibit some successful applications of the SWCNT
thin films.

In addition, obvious degradation of mechanical proper-
ties of freestanding SWCNT bundle networks was observed,
as compared to individual or bundles of SWCNTs, since
only a small part of the macroscale strain comes from the
axial extension of SWCNT bundles, as revealed by the
changes of the G’-band in the in situ Raman scattering tests
[124]. To develop SWCNT reinforced structures, new load-
bearing and load-transfer structural units have been de-
signed by improving the volume fraction and orientation of
the tubes and by increasing the interface strength. Com-
pared with “bucky paper” based high-SWCNT-content
composites, the tensile strength of the new nanocomposites
is more than one order of magnitude higher [140]. This re-
sult demonstrates that the true potential of CNTs, although
it has not yet been fully realized in this new composite, can
be achieved in nanocomposites, through load-transfer-
favored three-dimensional architecture and molecular-level
couplings with the polymer chains.

However, as reported in “The top ten advances in mate-
rials science” over the last 50 years [1], “today, the remark-
able, unique, and phenomenally promising properties of
these nanoscale carbon structures have placed them right
among the hottest topics of materials science. So why are
they only at number eight in this list? Well, there still re-
mains much to sort out in their synthesis, purification,
large-scale production, and assembly into devices. And
there is also the very frustrating inability to manufacture
uniform samples of nanotubes with the same properties.”
These prominent obstacles severely hamper further devel-
opment in this field. In addition to these common problems,
for macro-scale SWCNT networks, some special issues,
such as scale-up of current processes to produce continuous
network, and the efficiency of transferring the properties of
SWCNTs to the micro- and macro-structural levels, still
require much attention. For SWCNT reinforced nanocom-
posite films/fibers, some significant challenges are obvi-
ously to elucidate the interfacial structure and interfacial
coupling strength, and to transfer and retain the unique
properties of individual SWCNTs. Overcoming these
obstacles is a prerequisite for SWCNTs to bring about a
revolution in materials science.
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