Chapter 9
Potential Applications of Carbon Nanotube
Arrays

Besides the above applications described in Chap. 8, there are additional potential
applications of CNT arrays which are relatively further away from commercialization
and major progresses are still needed. We talk about these applications altogether in
this chapter.

9.1 Mechanical Devices

CNTs possess extremely high tensile strengths. The yield strength of SWCNTs
exceeds 45 GPa [1] with an average strength of 30 GPa [2], over 20 times the yield
strength of typical high strength steels. The highest tensile strength of an individ-
ual MWCNT has been recorded to be 63 GPa. The measured Youngs modulus of
SWCNTs is over 1 TPa [2, 3], lower than that of MWCNTSs 1.3TPa [4] or 1.8 TPa
[5]. The strain at tensile failure has been measured to be as high as 5.3 % for SWCNTs
[2] and 12 % for MWCNTs [6] at room temperature. The theoretical yield strain is up
to 9 % or higher [7, 8] for defect-free SWCNTs. The unique strength and flexibility
of CNTs make them potentially useful in many mechanical applications, ranging
from everyday items such as clothes and sport gears to fictional combat jackets and
space elevators. The aligned CNT ropes, CNT sheets, and aligned CNT composites
would preserve the superb mechanical properties of the individual CNTs.

There are two kinds of aligned CNT materials used for mechanical devices. One
kind is aligned CNT composites where the CNTs are used as additive and embedded
in a matrix. Such aligned CNTs are usually fabricated by ex situ methods discussed
in Sect. 6.2. After CNTs are synthesized as described in Chap. 3, CNTs are collected,
purified if needed, and mixed with polymeric, ceramic, or other materials. In order to
improve the dispersion of CNTs in the processing composites, the surfaces of CNTs
are chemically functionalized or some surfactants are used as a dispersing agent. If
the CNTs are randomly dispersed in the matrix, the mechanical properties of such
composites are slightly enhanced. For example, random CNTs have been employed
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Fig.9.1 SEM images of polymer-free CNT ropes. a Single-ply MWCNT rope. b Two-ply MWCNT
rope. ¢ Four-ply MWCNT rope. From Zhang et al. [24]. Copyright (2004), AAAS

to enhance the mechanical strength of swords [9, 10]. In order to align the CNTs
in the matrix, force fields, [11-15], magnetic fields [16], or electric fields [17-22]
are applied on the liquid-like mixture. CNTs are aligned along a certain direction.
The alignment methods for CNTs in matrices were reviewed [23] and discussed in
Sect.6.2.

Another is the aligned CNTs without matrices. The aligned CNTs can be syn-
thesized first and then mechanically aligned to achieve an ordered structure, such as
CNT ropes, CNT clothes, CNT films, etc. The details of the alignment methods are
discussed in Sect. 6.2.3.2. The aligned CNTs can also be in situ grown directly on a
substrate (see Sect.6.1).

In this subchapter, we talk about the potential mechanical applications of both
kinds of aligned CNT materials.

9.1.1 Carbon Nanotube Ropes

The CNT ropes are usually fabricated by spinning methods, including the wet-
spinning method and the dry-spinning methods, as described in Sect.6.2.3.2. The
mechanical properties of these CNT ropes or bundles are reviewed recently [25].
Experimental data indicate that the mechanical properties of CNT ropes are lower
than those of the individual CNTs. The CNTs in ropes are aligned parallel to one
another [24] or twisted [26]. In the untwisted ropes, the CNTs are held together by
van der Waals interactions and the untwisted ropes tensile strength is so weak that the
rope breaks once the untwisted ropes are pulled [26]. So the CNT ropes are usually
twisted to increase the strength [26]. The twisted pure CNT ropes can be fabricated
by wet-spinning from CNT solvents [27] or dry-spinning directly from CVD-grown
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Fig. 9.2 Stress—strain curves of single-ply (black), two-ply (red), and PVA-infiltrated single-ply
(blue) ropes at a strain rate of 1% min for a centimeter gauge length. From Zhang et al. [24].
Copyright (2004), AAAS

CNTs [26, 28]. The fabrication details are discussed in Sect. 6.2.3.2. Figure 9.1 shows
MWCNT ropes prepared by the dry-spinning method from CVD-synthesized CNT
forests. Its stress—strain curve is shown in Fig.9.2.

Detailed experimental results indicate that the CNTs in the twisted ropes are
arranged in a helical structure [29]. The mechanical properties of CNT helical ropes
depend on the microstructure of the ropes, such as the helix angle and the frictional
force between CNTs. The tensile strength of twisted CNT ropes, orgpe, follows the
mechanical properties of textile fiber yarns [26, 29] and can be expressed as [30]

NzIom
2L Ccos o

Orope ~ OCNT cos’a |:1 - 9.1)

where ocnr is the tensile strength of the CNT, « the helix angle that CNTs make
with the rope axis, d the CNT diameter, L the CNT length, Q the CNT migration
length, and u the friction coefficient between the CNTs. The CNTs in the twisted
rope are inclined at the angle o with respect to the tensile axis. The tensile strength
decreases with the helix angle o [29] according to Eq. 9.1. For short CNTs, however,
there is little strength in the absence of twist because there are no significant trans-
verse forces to bind the CNT assembly together. The transverse forces are generated
by transfer of the tensile load to the rope surface, which locks the fibers together
forming a coherent structure [26]. The tensile strength of a twisted rope increases
with increasing coefficient of friction between CNTs, with CNT length, and with
decreasing CNT diameter and CNT migration length.

Figure 9.3 shows Youngs modulus of CNT ropes with different diameters. Both
experimental data [31] and theoretical analysis [32] indicate that the tensile mod-
ulus depends strongly on the diameter of the CNT ropes because of the creeping
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Fig. 9.3 Youngs modulus of SWCNT ropes with helical array geometry. a Experimental data and
b theoretical data. a From Salvetat et al. [31]. Copyright (1999), American Physical Society. b From
Pipes and Hubert [32]. Copyright (2003), American Chemical Society

between CNTs. With the increase in rope diameters, Youngs modulus is diminished
by approximately 68 % when upscaling from nanoscale to microscale.

In order to increase the friction between CNTs, CNTs can be embedded in a
polymer with high strength and high modulus like polyvinyl alcohol (PVA). The
CNT/polymer ropes can be fabricated by wet-spinning or dry-spinning followed by
soaking in a polymer solution. The tensile strength of SWCNT/PVA yarns increases
to 850 MPa from 150 to 300 MPa of PVA-free yarns. The strength is still much lower
than that of individual SWCNTs. Creep is a major problem for these CNT composite
ropes.

The highest Youngs modulus of the helical SWCNT ropes is about 15 GPa [33]
for CNT ropes spun from coagulation solution (polymer is removed and CNT ropes
mainly consist of CNTs), with a yield stress of 8.8 GPa. The highest stiffness is
357 GPa for CNT ropes spun directly from an aerogel CNTs [34]. The reported
highest tensile strength is 150-300 MPa for MWCNT ropes fabricated directly from
CNT forests [26]. The tensile strength is higher than most of commercial high-
performance fibers while still more than an order of magnitude lower than the intrinsic
modulus of individual SWCNTs of 37 GPa.

Twisted polymer fibers consisting of CNTs at less than 10wt% have also been
fabricated. The mechanical strength and modulus are enhanced compared with pure
polymer fibers [13]. It is reported that the tensile strength and Youngs modulus have
reached 4.2 and 167 GPa, respectively, in the dry-jet wet-spinning poly(p-phenylene
benzobisoxazole)/SWCNT ropes (SWCNT: 10wt%) [35]. When the SWCNTSs are
lower than 2.1 wt%, the additive of SWCNTSs does not enhance the mechanical prop-
erties [36].

In order to avoid creeping, two-ply ropes are fabricated by over-twisting a single
rope (Fig.9.1b), and four-ply ropes by oppositely twisting a two-ply rope (Fig.9.1c),
and even knitted or knotted ropes are fabricated [24]. Higher tensile strength values
of 250—460 MPa are measured for two-ply yarns, while only 150-300 MPa for single-
ply yarns (Fig.9.2).



9.1 Mechanical Devices 259

Fig. 9.4 Morphologies of a TEM grid with CNT sheet as a supporting film. a SEM image of the
CNT sheet over the holes of a copper grid. Inset: optical image of the coated TEM grid with a
diameter of 3mm. b TEM image of the CNT sheet covering a hole showing a network morphology.
¢ HRTEM image of a Cu;S nanoparticle on one side of a nanotube of the TEM grid. From Zhang
et al. [41]. Copyright (2008) American Chemical Society

Recent experimental data indicate that the parameters of the nanotubes, such as
tube diameter, CNT wall thickness, tube length, and level of defects, play a more
important role in the mechanical properties of the fibers than the initial tube arrange-
ment do [37]. To improve the fiber strength, as well as the modulus, the tubes must
be long and have a small diameter and thin walls.

9.1.2 TEM Grids

The continuous CNT sheets with centimeters in width and tens of nanometers in thick-
ness can be fabricated by spinning methods [24, 28, 38] as described in Sect. 6.2.3.2.
The CNTs are parallel-aligned in the drawing direction and end-to-end joined to
form a continuous thin film, having a much better alignment than the as-synthesized
CNT arrays [38]. These aligned CNT sheets are transparent and highly conductive
[38-40], as a good candidate for TEM grid supporting films.

Figure 9.4 shows the morphologies of a TEM grid. In the fabrication of TEM
grids, four layers of CNT thin sheets are directly cross-stacked layer by layer on TEM
copper grids, then an organic solvent is dispensed on the sheets to bond the sheets
onto the copper grid, following a CNT sheet cutting by a focused laser beam. The
ultrathin CNT sheets cover the copper grid and regular networks with numerous holes
are formed. The holes are mostly less than 1 um in diameter, and the nanometer-sized
holes are more than 60 % of all holes. Considering the good electrical conductivity and
mechanical strength of CNTs, these TEM grids are ideal tools for the characterization
of nanomaterials [41]. The fine structures of individual nanoparticles can be clearly
observed on HRTEM (Fig.9.4c) when the nanoparticles are attached to a CNT on
TEM grids.

In comparison with conventional TEM holey carbon grids, the TEM grids with
CNT sheets have some advanced characteristics resulting from the excellent intrinsic
physical properties of CNTs [41]. First, the CNT has strong adsorbability to adsorb
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small nanoparticles and ensure them to be suspended stably during TEM observa-
tion. Second, due to good electrical conductivity of MWCNTs, the CNT sheet also
has good electrical conductivity (bulk resistivity is about 3.8 x 10~#Qm). Third,
because of the fixed interspace between sidewalls of the MWCNTs, i.e., ~0.34 nm,
the CNT grid can be a standard sample for calibration of HRTEM magnification and
size measurement of nanoparticles. In addition, the CNT sheets have better thermal
stability than that of the conventional amorphous carbon film.

9.1.3 Artificial Setae

Replicating the multiscale structure of micron-size setae and nanometer-size spatulas
of gecko lizard feet using microfabricated MWCNTs, CNT arrays can translate weak
van der Waals interactions into enormous attractive forces [42]. The CNT block arrays
(50-500 wm patches) are synthesized from photolithographic patterns. Each block
array works as micron-size setae and consists of thousands of individual MWCNTs,
the nano-sized spatulas. These patterned CNT arrays can stick to both hydrophobic
and hydrophilic surfaces with a maximum shear stress of 36 N/cm?, nearly four
times higher than the gecko foot and 10 times higher than polymer pillars. The shear
forces supported by the patterned CNT arrays are very stable and time independent.

9.1.4 Piezoresistive Effects: Pressure and Strain Sensors

MWCNT arrays are also very effective sensing element for pressure and strain sensors
operating at elevated temperature [43]. When a CNT array is compressed, individ-
ual carbon nanotutbe starts to buckle, which in turn decreases the array’s electrical
resistance. The behavior is almost fully recoverable because of the high elasticity of
the covalent carbon—carbon bond. The MWCNT array exhibits a significant increase
in the change of resistance with increasing temperature of 20-80 °C.

Experimental data of SWCNT arrays show that the normalized resistance changes
inresponse to the changes in strain [44]. The resistance ratio A R/ R increases linearly
with the strain, with a linearity of 0.991. The gauge factor, ratio of normalized
change in piezoresistance to the change of strain, calculated from (AR/R)/e or
(Io — I)/(1e) (where [ is the current and ¢ is the strain), is 248. Figure 9.5 plots the
dynamic response of the sensor device at a frequency of 0.1 Hz for three different
strain intervals. When the strain of the suspended SWCNT array is located in the
scope of 0.0267-0.0497 and 0.0450-0.0769 %, the response curve reveals separate
top-flat and bottom-flat appearances. A perfect triangular wave shows the strain in
the linear changes in the rate of resistance (AR/R) as a response to the changes in
strain. Such SWCNT array devices with high sensitivity have potential application
as strain gauges.
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Fig. 9.5 a Measured free end force and strain of the loading machine. b Dynamic current
response of the suspended SWCNT array strain sensor subjected to three different strain intervals at
0.1 Hz. From Zheng et al. [44]

Aligned CNTs are also used as pressure and flow sensors. The pressure and flow
sensing mechanism relies on the negative temperature coefficient of resistance of
the CNTs and the thermistor effect of an electrothermally heated CNTs, as well
as on the temperature-dependent tunneling rate at the CNT/silicon interface [45].
Figure 9.6a shows a schematic view of a CNT-based pressure and flow sensor and
its electrical circuit configuration. The CNTs are grown only on the sidewalls of
the silicon microelectrodes, connecting the microelectrodes and substrate that are
electrically isolated by a buried oxide layer before the synthesis of the CNTs. A
constant bias voltage is applied between the microelectrode and substrate, and the
change of current flowing through the CNTs is monitored with respect to the variation
of nitrogen pressure and flow velocity. An SEM image of the aligned CNTs are shown
in Fig.9.6b.

The electrical resistance of the sensor decreases linearly as the temperature
increases in the range between 298 and 393 K. The temperature of the CNTs depends
on the loss of thermal energy due to heat transfer through the surrounding gas mole-



262 9 Potential Applications of Carbon Nanotube Arrays

- silicon
Substrate

.............. - - 3.50107 4.68 . r
(© Rt @ | g
4,05 ] — Nitrogen Pressure (Pa) | 3.0x10° 466 CNTs (keY) £
—_— 1 3 - d 464 —— Nitrogen Flow ’
g 4 23516, g Velocity mmss)| [ E
= ] = )
P 4.03 2.0x10° o o 48 30 }":
O 4024 , 3 g 4,60 - Q2
£ 15010° G o
8 a0 b 8 o
= g w456 g
8 o0l 1on1e’ @ =
g o 3 4,56+ =
o 3994 6.0x10° v 0 o
458 T
3.98 - . | 103
v T . - : ; 452 ' T 7 v ]
100 200 300 400 500 600 TOO 400 600 800 1000
Time (sec) Time (sec)

Fig. 9.6 a Schematic structure of a pressure and flow velocity sensor consisted of aligned CNTs
based on the electrothermal-thermistor effect. The CNTs are grown on the silicon microelectrode,
and the bias voltage and the current are applied and monitored through the CNTs. b SEM image of
the silicon microelectrode, silicon substrate, and aligned CNTs. ¢ Dynamic responses of different
nitrogen pressure with a bias of 25V applied to the sensor. The electric resistance of the sensor
increases as the nitrogen pressure is elevated. d Nitrogen flow velocity sensing results with 25V
bias voltage. The resistance of the sensor increases with increasing nitrogen flow velocity. From
Choi et al. [45]

cules when the supply of constant electrical energy on the CNTs is maintained [45].
Hence, the pressure and flow velocity change induces a temperature change in the
CNTs and at the interface between the CNTs and silicon that is monitored by mea-
suring the resistance change.

The responses of the CNT pressure sensor to various nitrogen pressure are pre-
sented in Fig. 9.6¢. The resistance increases under the elevated pressure and recovered
when the pressure is lowered, exhibiting slight signal drift, when the applied bias of
25V between the microelectrode and substrate is maintained as constant during the
experiment. The responsiveness, AR /R, increases monotonically as a function of
pressure increase. The flow velocity sensing capability of the CNTs is also demon-
strated in Fig.9.6d, based on the same mechanism as pressure sensing, wherein the
resistance of the CNTs increases with an increase in flow velocity. The resistance of
the CNTs immediately increases with respect to an abruptly increased nitrogen flow
velocity as the baseline nitrogen flow velocity of 1 mm/s is sequentially modulated
to 52.4,41.9, 31.4 and 20.9 mm/s.

Coated CNT arrays can also be used as flow-rate sensors. Experimental results
show that, after a thin Al,O3 coating on CNTs, the CNT array flow-rate sensor has
higher sensitivity and faster response than a conventional platinum hot-wire flow-rate
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sensors [46]. Such coated CNT flow-rate sensor has better repeatability than its bare
counterpart due to insulation from the surrounding environment.

9.2 Electrical Devices

SWCNTs are metallic or semiconducting according to their structures. The electronic
properties of perfect MWCNTs are rather similar to those of perfect SWCNTs. In the
1D electronic structure, electrons transport in metallic SWCNTs and MWCNTSs over
long nanotube lengths, carrying high current densities [47]. Such electrical properties
make CNTs having important applications in electrics.

Many researches have been carried out to add random CNTs into various compos-
ites to enhance electrical conductivity. Depending on the composite matrix, conduc-
tivities of 0.01-10 S/m can be obtained for 5 wt% MWCNT loading or 0.1-0.2 wt%
SWCNT loading in polymers. Such CNT composites with high conductivities can
dissipate electrostatic charges [48, 49], having potential applications in electrostatic
discharge and electromagnetic radio interference protection. The preparation and
electrical properties of random CNT composites are reviewed [50] and the readers
are referred to the research papers in the review.

The electrical conductivity of CNT composites also depends on the alignment
as well as the concentration of CNTs [51, 52]. Here, we review several electrical
applications of aligned CNTs without matrices.

9.2.1 Random Access Memory

Aligned CNTs can serve as addressable electromechanical switches arrayed across
the surface of a microchip, storing hundreds of gigabits of information as random
access memory (RAM) (Fig.9.7). When an electric field is applied to a nanotube,
the electric field causes the CNT flex downward into a depression onto the chips
surface, where it contacts metal electrodes (in another design, the CNTs touch other
nanotubes [54]). The binary O state corresponds to the nanotubes suspended and
not making contact with the electrode (Fig.9.7b). When a transistor turns on, the
electrode produces an electric field that causes the aligned CNTs to bend and touch
an electrode, a configuration that denotes a 1 state (Fig.9.7c). Van der Waals forces
hold the switch in place until application of a field of different polarity causes the
nanotubes to return to their straightened positions.

Compared with conventional memories, dynamic random access memory, static
random access memory, and flash memory, the CNT-based data storage devices have
higher cell density, lower programming voltage, 22nm process technology while
both reading speed and writing speed are fast [53].
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Fig. 9.7 a RAM made with aligned CNTs. b O state. ¢ 1 state. From Bichoutskaia et al. [53].
Copyright (2008), Elsevier

9.2.2 Low k Dielectrics

Electrically insulating layers are required in integrated circuits on semiconductor
substrates to reduce the coupling capacitance of interconnects. The low x materials
are employed as the insulating layers in integrated circuits to reduce the coupling
capacitance. Amorphous silicon dioxide with or without fluorine, hydrogen, or alkyl
groups is often used as the dielectric to electrically insulate the metallic interconnects
from one another.

The relative dielectric constant of electrically insulating layers can be reduced
further by introducing cavities into the low k materials. The « value decreases linearly
with the cavity volume fraction. The simulation calculations demonstrate that the
effective « value is also affected by the morphology of the cavities. If elongated and
oriented pores are used, it is possible to reduce significantly the effective « value
without increasing the proportion of the cavity volume in a dielectric. With the same
proportion of cavity volume, a reduction of 13 % is achieved with a cavity aspect
ratio of 4:1 and a reduction of 20 % is achieved with a cavity aspect ratio of 24:1
when the cavities are oriented perpendicularly to an electric field.

CNTs have a high aspect ratio and can be used to introduce elongated, oriented
pores into a low « dielectric to further reduce the effective « value of the dielectric.

In a typical procedure, aligned CNT forests are grown on a desired surface using
PECVD methods as described in Sect.6.1. Silicon dioxide is deposited between
and on top of CNTs. The top oxide is removed by mechanical polishing or by a
dry-etch process to expose the CNTs. Then the CNTs are subsequently removed by
high-temperature oxidation and/or oxygen or hydrogen plasma.
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Fig. 9.8 Architecture of a CNT transistor array. (a) Vertically grown CNTs with diameter of 20 nm
and height of 40 nm. (b) Structure of a CNT transistor. (¢) Current-voltage diagram of a vertically
oriented CNT transistor at a temperature of 4.2 K. No bias is applied to the gate. From Choi et al.
[55]. Copyright (2001), American Institute of Physics

9.2.3 Transistors

Figure 9.8 shows a transistor array made from vertically aligned CNTs grown on
a template of porous aluminum oxide described in Sect.6.1.6.2. In the integrated
device, each CNT is electrically attached to a source electrode (lower electrode in
Fig.9.8b) and a drain electrode (upper electrode in Fig.9.8b). The gate electrode is
located close to the nanotubes. Current flows from the source electrode to the drain
electrode and can be switched on or off by applying a voltage to the gate. Figure 9.8c
shows a current-voltage curve of the CNT transistor.

Recently, the effects of CNT lengths, CNT diameters, source and drain contacts
have been systematically investigated [56].

9.3 Acoustic Sensors

9.3.1 Artificial Ears

CNT arrays are also used to detect sound as an ear [57]. The CNT arrays bend in
response to acoustic energy. The motion of CNTs is transformed to an electrical
signal that can be received by a standard electrical sensor. Such sensors can detect
much fainter sounds than ears and provide directional information of sounds.

9.3.2 Thermoacoustic Loudspeakers

The thermoacoustic phenomenon was discovered in the late nineteenth century. When
an alternating current passes through a thin conducting plate or wire, a periodic heat-
ing takes place in the conductor because of Joules effect, following the periodic


http://dx.doi.org/10.1007/978-3-642-30490-3_6

266 9 Potential Applications of Carbon Nanotube Arrays

(a)
R
(c) 40 0.50 (d)12
== S T 10l Linearf
a o2 &' & Linear fit
foer L wos}t
a 2 3z
= 000 3 § 06}
8 S 54
- - [
§ E -0.25 5 c 55
=2 0.

> a &

s . -0.50 o ) S S T S S S S

0 1 2 3 D1 2 3 4 5 6 7 8
Time (ms) Power (W)

Fig. 9.9 Thermoacoustic CNT loudspeaker. Optical images of thermoacoustic CNT sheet loud-
speakers with a planar structure and b cage structure. ¢ Real-time signals of the input voltage of a
CNT thin-film loudspeaker and the output sound pressure. The phase shift between the input voltage
and the output sound pressure signal is primarily due to the sound propagation from the CNT sheet
to the microphone detector. d Sound pressure versus power of CNT thermoacoustic speaker. From
Xiao et al. [61]. Copyright (2008) American Chemical Society

change of the current amplitude. This periodic heating causes a periodic temperature
oscillation that heats the surrounding medium (usually air) near the conductor sur-
face, resulting in the contraction and expansion of molecules near the conductor while
the conductor remains static. The vibrating movement of the molecules results in the
generation of an acoustic wave. In a conventional thermoacoustic device (thermo-
phone), the acoustic element is a thin metal film such as a gold film with a thickness
of 285 nm [58] and a platinum strip with a thickness of 1.8 pm [59].

To obtain appreciable amplitudes of acoustic waves, it is essential that the con-
ductor be very thin and its heat capacity be very low to conduct the produced heat
at a high rate [59]. CNTs have an extremely low heat capacity and good thermal
conductivity. CNT sheets can be heated up to 2000°C in less than 1 ms, and the
sheet temperature synchronizes with electrical currents in a wide frequency range of
1-10° Hz [60] because of extremely low heat capacity and high thermal conductivity
of CNTs. The thickness of present CNT sheets is less than microns. So CNT sheets
are one of the best candidates for thermoacoustic devices.

Figure 9.9a, b shows CNT sheet loudspeakers. The CNT sheets are directly drawn
out from CNT forests consisting of super aligned CNTs with diameters of 10nm.
The dry-spinning method is described in Sect.6.2. The thickness of the CNT sheet
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is of tens of nanometers. The CNT sheet loudspeaker is formed by directly putting
the CNT sheet on two electrodes. When a sinusoidal voltage is applied across the
two electrodes, clear and loud tones are emitted from the CNT sheet.

Figure 9.9¢ shows the input voltage and the output sound pressure. The output
sound pressure is measured by a microphone near the CNT sheet. It is noted that
the frequency of the sound pressure doubles that of the input voltage, as observed in
a conventional thermophone. When an alternating current passes through the CNT
sheet, the CNT sheet is heated twice, once during positive and once during negative
half-cycles of the alternating current, resulting in a double frequency temperature
oscillation, as well as a double frequency sound pressure [61]. The output sound
with doubled frequency always sounds strange. In order to reproduce human voice
and music with normal frequency without introducing the double frequency effect, a
direct current bias must be superimposed to the alternating current. When the strength
of the direct current is several times higher than that of the alternating current, the
double frequency effect can be negligible [59]. Then the CNT sheet loudspeaker can
possess all the functions of a voice-coil loudspeaker [61].

The CNT sheet loudspeaker can generate sound in a wide frequency range
1-10° Hz. The high sound pressure level increases with increasing frequency and
the sound pressure is proportional to the input power (Fig. 9.9d). The sound pressure
produced by the CNT sheet under an alternating current can be expressed as [61]

\/aPO \/? Pinput
Prms = X
2ﬁT0 Cq r

9.2)

in an open system (a more accurate while more complex expression is derived in some
references [61, 62]), in which Cj is the heat capacity per unit area of the CNT sheet,
the frequency of sound, Pjppy; = 1 2R the input electrical power proportional to the
square of applied root-mean-square (rms) current / = Ij sin(wt), R the resistance of
the CNT sheet, r the distance between the thin CNT sheet conductor and the sound
pressure detector (microphone), po, T, and « the density, average temperature, and
thermal diffusivity of the surrounding medium, respectively, and Py the rms sound
pressure.

Equation 9.2 indicates that the produced sound pressure decreases rapidly with
distance. Usually, the temperature of the CNT sheet is a sinusoid of time, and the
temperature waves propagate into the atmosphere on either side. The periodic tem-
perature change in the thin boundary layer near the CNT sheets accounts for the
sound vibration. Calculation shows that the temperature waves propagate into the
working medium and are practically extinguished after one wavelength (27 pm in
air and 2.0 pm in water) has been traversed [59].

According to Eq.9.2, the sound pressure generated by CNT sheet loudspeaker is
260 times higher than that generated by a conventional thermophone with a 700 nm-
thick Pt film as the acoustic element, corresponding to a 48 dB difference in the sound
pressure level [61]. The measured sound pressure level of the CNT loudspeaker is
over 100dB at high frequencies, higher than the conventional thermoacoustic device
with a gold film of 285 nm in thickness as the acoustic element (63 dB) [58].
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More detailed works indicate that the heat capacity of the gas also affects the
generated sound pressure. Theoretical derivations show that the sound pressure gen-
erated by CNT thin films is approximately proportional to the inverse of the heat
capacity of the gas within the audible frequency range of human hearing [63].

Besides the freestanding CNT sheet loudspeaker, CNT sheets are also encapsu-
lated into an argon- or air-filled chamber. Such encapsulated CNT loudspeakers can
be used in liquids, such as water [64]. In the small enclosure, the sound pressure is

1/4
Pone = _apoT X Piout (9.3)
rms VOTaveCS f3/2 mpu .

where Ty is the temperature of the surface of the CNT sheet, T,y the average
temperature of the filled gas, and Vj the volume of the enclose [59]. The produced
pressure causes a vibration of the attached enclosure windows with a resonant fre-
quency f» (f, = 3.28kHz when working in air and 1050 Hz when immersed in
water [64]). The highest sound pressure level is over 130dB, 30dB higher than that
exposed to air.

The pressure generation efficiency coefficient

£ = (Vapo/2vTTo)(\/ £/ Cs) (9.4)

is affected by many parameters [64], such as (1) the ability of the CNT sheet to be
rapidly electrically heated and then to transfer heat to the surrounding medium at
high rates, thereby returning to a starting temperature within the excitation cycle; (2)
the working medium, which enables rapid heat transfer while minimizing effective
increase in the heat capacity of the projector material, and surviving the possible
extreme temperature of the CNT sheets; and (3) possible packaging, which provides
protection for the CNT sheets and efficient transmission of internal acoustic oscilla-
tion to external locations. Theoretical calculation indicates that a CNT sheet working
in argon has a higher generation coefficient than that in air or in helium while 100
times higher than that working in liquids, such as water, methanol, and ethanol [64].
The total energy conversion efficiency of the argonen capsulated thermoacoustic
device is 0%, while that of CNT freestanding sheet device in air does not exceed
0.001 %.

Additionally, the experimental efficiency of nanoscale thermophones is one order
of magnitude below the theoretical expectation [65]. At low frequencies this mainly
results from the presence of a substrate. At high frequencies, on the other hand, the
efficiency is limited by the heat capacity of the nanowires.

Similar thermoacoustic CNT speakers made of CNT networks are also demon-
strated recently [66]. A strong acoustic output was observed in a wide frequency
range from 100 Hz to 100kHz. Sound pressure level measured from 0.5 m away was
extremely broad and flat in the ultrasonic region from 40 to 100 KHz.

Based on the same principle, graphene can also be used as speaker to produce
sound in the wide ultrasound range 20-50kHz [67]. The sound pressure depends
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Fig.9.10 Simplified Ragone diagram of the energy storage domains for the electrochemical energy
conversion systems compared to the internal combustion engine, turbines, and conventional capac-
itors. From Winter and Brodd [69]. Copyright (2004) American Chemical Society

linearly with frequency of the signal generator from 3 to 20kHz while independents
on the frequency in the ultrasonic region, ranging from 20 to 50 KHz.

Besides the AC electric fields, laser can also generate ultrasound by exploiting
the high frequency spectra of laser pulses to achieve broad acoustic bandwidths [68].
Such optoacoustic transmitters made of CNT arrays generates very strong optoa-
coustic pressure: 18 times stronger than a Cr film reference and five times stronger
than a gold nanoparticle composite with the same polymer under pulsed laser excita-
tion. The frequency of the produced strong and high sound covers the DC frequency
up to 120MHz.

9.4 Electrochemical and Chemical Storage Devices

Systems for electrochemical energy storage and conversion include batteries, fuel
cells, and electrochemical capacitors [69]. Although the mechanisms are different,
the common features are that the energy-providing processes take place at the phase
boundary of the electrode/electrolyte interface and that electron and ion transports are
separated. All of them consist of two electrodes in contact with an electrolyte solution.
Figure 9.10 is a simplified Ragone-diagram disclosing the specific power and specific
energy of these three electrochemical storage systems. Fuel cells can be considered
to be high-energy systems and capacitors to be high-power systems while batter-
ies have intermediate power and energy characteristics. Although no single elec-
trochemical power source can match the characteristics of the internal combustion
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engine (high power and high energy), some hybrid electrochemical power sources
combining fuel cells (deliver high energy) and capacitors (provide high power) will
be competitive with regard to the combustion engines and turbines in the future.

Here, we talk about the applications of CNT arrays in batteries, fuel cells, and
capacities as electrodes.

Most favorable electrodes in these electrochemical storage systems are porous
electrodes with large surface areas and low polarization. The porous structures of
electrodes increase the surface area for reaction and shorten the diffusion path lengths
to the reaction sites [69]. The effectiveness of a porous electrode can be estimated
from the active surface area and the penetration depth of the reaction process into
the porous electrode.

CNTs are the electrode material of choice because a CNT combines a large sur-
face area wetted by an electrolyte, a high electrical conductivity, and a high chemical,
mechanical, and electrochemical stability. So the electrochemical behaviors of CNTs
have been studied [70-79] because of good electrical conductivity/chemical inert-
ness/wide potential range.

Below, we discuss the application of aligned CNT arrays as porous electrodes in
these chemical storage devices. Because of the large electrochemically accessible
surface area of CNT arrays, combined with their high electrical conductivity and
useful mechanical properties, CNT arrays are attractive as electrodes for devices that
use electrochemical double-layer charge injection [48].

9.4.1 Fuel Cells

Fuel cells, one kind of electrochemical energy storage devices, are made up of three
sandwiched segments similar to ultracapacitors and batteries: an anode, an elec-
trolyte, and a cathode, in a reaction cell. Different from ultracapacitors and batteries
in which the energy is stored in the cells and consumed, electricity is produced inside
the fuel cells through the reactions between an external fuel and an oxidant in the pres-
ence of an electrolyte. At the anode, a catalyst, usually Pt nanoparticles, oxidizes the
fuel, usually hydrogen, hydrocarbons, and alcohols, turning the fuel into positively
charged ions and negatively charged electrons. The electrolyte (usually composed of
aqueous alkaline solution, polymer membrane, phosphoric acid, molten carbonate,
and solid oxide substrates) blocks the transportation of electrons while conducting
ions. On the cathode, the ions traveling through the electrolyte are reunited with the
electrons passing through a load during a reaction with an oxidant, such as oxygen,
chlorine, and chlorine dioxide, to produce water or carbon dioxide.

In a typical fuel cell using methanol as the fuel, methanol is oxidized to produce
ions and electrons at the anode in a polymer electrolyte:

CH30H + H,0 = 6H" + 6e~ + CO, (on catalyst) 9.5)
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and oxygen combines with electrons and H* ions at the cathode catalyst surface to
form water:
0, +4H" +4e~ = 2H,0 (9.6)

Fuel cells can operate continuously as long as the fuels and the oxidants are well
maintained [69].

Platinum and platinum alloys seem to be the best choice of catalysts for the
electroreduction of oxygen in an acidic media [80]. The catalytic nanoparticles are
deposited on porous materials, such as activated carbon, as electrodes. The electro-
catalytic activity of platinum catalyst is dependent on many factors [§1]. Among
them, the good properties of the catalyst supports, such as high surface area and
good electrical properties, are essential for a Pt catalyst to highly promote catalytic
activities [82].

The large accessible surface area, low resistance, and high stability of CNTs [83,
84] suggest that CNTs are suitable materials for electrodes and catalyst supports in
fuel cells. The nanoparticles with electrocatalytic activities may decorate the external
walls or be encapsulated in the interior of the CNTs [85]. Several papers have stud-
ied the electrocatalytic properties of tangled and substrate-free CNTs [86-91]. More
details of electrocatalytic activities using CNT electrodes are reviewed recently [92,
93]. Pthas been deposited on activated SWCNTs or MWCNTs by chemical reduction
methods and the resultant electrodes show good electrocatalytic properties for hydro-
genation [87], and oxygen reduction [86, 89]. Below we review the electrocatalytic
properties of CNT arrays.

Experiments show that no O, reduction current is observed using CNT array elec-
trodes or using graphite electrodes over the studied potential range [83]. This means
that the CNT arrays and the graphite substrate result in no obvious electrocatalytic
activities.

After Pt coating, electrocatalytic activity of CNT is observed. Pt naonparticles
can be deposited on the as-grown CNT arrays by a DC sputtering method [94]
or other methods. Figure9.11 shows the electrocatalytic properties of a Pt/CNT
electrode for oxygen reduction reaction investigated by linear sweep voltammetry in
a 0.1M H,SO4 aqueous solution. The well-aligned CNT arrays are synthesized by
the PECVD method (see Chap.5) on a titanium substrate as the working electrode.
The CNT diameters are 50-70nm and the lengths are 3—4 pm [83]. Pt catalysts are
deposited on the CNT arrays using a potential-step electrodeposition method.

For Pt/CNT electrodes, a large oxygen reduction current is observed at 0.36V,
which is the typical potential for oxygen electroreduction on platinum catalysts in a
H>SO4 solution [83]. The specific current, defined by peak current density (mA/cm?)
per unit of deposition charge (C/ecm?) [83] is used to evaluate the electrocatalytic
activity of Pt catalysts for oxygen reduction activities. When the Pt loading mass
is low (deposition charge: 9.744 C/cm?), the specific current of the Pt/CNT elec-
trode (solid curve in Fig.9.11a) is 0.41 mA/nC, which is 1.4 times as large as
that of a Pt/graphite electrode (dashed curve in Fig.9.11a). At a high deposition
charge (572.5 wC/cm?), the specific current of the Pt/CNT electrode (solid curve in
Fig.9.11b) is almost twice as large as that of a Pt/graphite electrode (dashed curve
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Fig.9.11 The linear sweep voltammograms of Pt/CNT arrays in N> saturated 0.1 M H, SO4 aqueous
solution. For comparison, the voltammograms of platinum-electrodeposited graphite disk electrode
(geometry area 1.71 cm? prepared at the same conditions) are also plotted as dashed curves. (a)
Pt nanoparticles disperse individually on CNT walls with a deposition charge of 9.744 jLC/cm?.
(b) Pt nanofilm is deposited on individual CNTs with a deposition charge of 572.5 wC/cm? while
the coated CNTs huddle together to form bundles of 2-10 CNTs. Linear sweep rate is 200mV/s.
Pt catalytic nanoparticles are also deposited on a conventional graphite electrode for comparison.
From Tang et al. [83]. Reprinted with permission from Elsevier

in Fig.9.11b). These results imply that the Pt/CNT electrodes possess higher elec-
trocatalytic activities for oxygen reduction.

The increase in the O, reduction activity of Pt/CNT array electrodes may be
attributed to the following two factors: (1) high dispersion of Pt nanoparticles on
the 3D structure of CNT electrodes can provide large acceptable surface areas of Pt
nanoparticles for oxygen reduction; (2) the particular structure and electrical prop-
erties of CNT arrays may be beneficial to the electrocatalytic reduction of oxygen.
A previous study on the dissociation of adsorptive oxygen on the surface of CNTs
suggested that CNTs have the ability to promote electron-transfer reactions [79].
Additionally, the activity of the catalyst, which could be involved in the interaction
between metallic catalyst and catalyst support, can be strongly affected by the prop-
erties of the supporting materials. These results imply that well-aligned CNT arrays
may be a good candidate for the cathodic catalyst supports in fuel cells.

More detailed studies on the kinetics of oxygen reduction reaction at Pt/CNT
electrodes indicated that the activation energy of Pt/CNT electrodes is lower than
that of Pt/graphite electrodes at the same cathodic over potential [83]. This suggests
that CNTs have a beneficial effect on the kinetics of oxygen reduction.

Pt/CNT arrays can also oxidize methanol [95]. Additional the oxidation activity
of the Pt/CNT electrodes is increased after nitrogen doping.

Besides working as novel catalyst supports (including random CNTs [91, 96] and
CNT arrays [83]), CNT arrays with iron catalyst may highly promote electrocatalytic
activity themselves after nitrogen doping and can replace Pt catalysts [84, 87, 97, 98].
Figure 9.12 shows the cyclic voltammograms for CNT arrays taken in either argon- or
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oxygen-saturated aqueous electrolytes. CNT arrays are synthesized using ferrocene
as the source of catalyst and ammonia as the nitrogen dopant. The catalytic iron
nanoparticles are kept on the CNT tips and the as-synthesized CNT arrays are used
as cathodes. The CNTs are doped by nitrogen from ammonia during the CNT growth.
The average content of nitrogen of the nitrogen-doped CNT arrays is 3.44 atomic%.
Compared with the undoped CNT arrays (Fig. 9.12b), the electrocatalytic activity of
the nitrogen-doped CNT arrays is enhanced significantly (Fig.9.12a), as observed in
random CNTs [99]. It is believed that active sites of nitrogen and iron with carbon
have contributed to the oxygen reduction reaction.

Recently, it is found that the nitrogen-containing CNT arrays without metal
inclusions also promote good electrocatalytic activities. Figure9.13 plots the cyclic
voltammogram for the oxygen reduction reaction of nitrogen-doped CNT array elec-
trodes. The CNT arrays are free of iron catalysts and have a nitrogen content of
4—6 atomic%. Compared to Pt/carbon electrodes, the CNT array electrodes result in
a much better electrocatalytic activity, long-term operation stability, and more toler-
ance to crossover effects than platinum for oxygen reduction in alkaline fuel cells.
The vertically aligned CNTs reduce oxygen more effectively in alkaline solutions.

The ends of CNT arrays can be open by femtosecond laser. This Pd-coated end-
opened CNT array electrodes perform significantly better than the unprocessed
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Fig. 9.13 The cyclic voltammogram for the oxygen reduction reaction of CNT array electrodes
before (solid curves) and after (dotted curves) a continuous potentiodynamic swept for 100,000
cycles in an air-saturated 0.1 M KOH solution at 25 °C. The CNT array electrodes are free of iron
catalysts. The properties of Pt/carbon electrodes are also plotted as a reference. From Gong et al.
[98]. Copyright (2009), AAAS

Pd-coated CNT array electrodes [100]. Such treated Pd/CNT arrays can oxidate
alcohol better in alkaline fuel cells.

9.4.2 Supercapacitors

Supercapacitors, also termed as electric double-layer capacitors or ultracapacitors,
are electrochemical capacitors that store the electrostatic charges through adsorbing
electrolytic ions onto a conductive electrode material with a large accessible specific
surface area. The high capacitance of supercapacitors depends on the accessible spe-
cific surface area and the double layer adsorbing ions. Supercapacitors can be fully
charged or discharged in seconds and achieve a high power output (10kW/kg) in
a few seconds [101] while their energy density (~5kWh/kg) is lower than that of
batteries. Supercapacitors currently bridge the conventional electrolytic capacitors
and traditional batteries because they combine the unique properties of conven-
tional capacitors (high power density) and that of traditional batteries (high energy
density) [102].

Supercapacitors consist of two electrodes immersed in or impregnated with an
electrolyte solution with a semi-permeable membrane serving as a separator that
prevents electrical contact between the two electrodes. Figure9.14 schematically
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Fig.9.14 Schematic of electrochemical double-layer capacitor. The membrane thickness is several
nanometers. The potential difference is only several volts

illustrates a supercapacitor made of CNT array electrodes. CNT supercapacitors
typically comprise two electrodes separated by an electrically insulating material,
which is ionically conducting in electrochemical devices [103, 104]. The capacitance
depends on the separation between the charges on the electrodes and the counter-
charges in the electrolyte that contributed mostly to the capacitance. Very large
capacitances result from the large CNT surface area accessible to the electrolyte.

The CNT array electrodes can be fabricated ex situ or in situ. In ex situ proce-
dures, CNT arrays are grown by CVD methods. Then they are detached from the
substrates, re-attached onto an electrically conductive current collector by binding
[105], soldering, or surface tension, to form a CNT array electrode. The CNT array
electrodes can also be fabricated from random CNTs by self-assembly processes
[106]. In in situ procedures, a CNT array can be directly grown on a current
collector to form an electrode [107, 108]. The procedure is a one-step process,
and the electrical resistance between the CNT array and the current collector is
relatively low.

The supercapacitors store the electrostatic charges by reversible absorption of
electrolytic ions on active materials with large accessible specific surface areas.
When an electric potential is applied to the electrodes, a potential difference is
created at the electrode—electrolyte interface because of the charge separation from
polarization. This electrostatic interface consists of a double-layer between the ions
in the electrolyte and the electrical charges on the electrode.

The capacitance of a supercapacitor is generally assumed to follow that of a
parallel-plate capacitor based on the Helmholtz model [109]:



276 9 Potential Applications of Carbon Nanotube Arrays

c = fo&rA 9.7)
d

where ¢, is the dielectric constant of the electrolyte, g the permittivity of vacuum,

A the specific surface area of the electrode accessible to the electrolyte ions, and d

the effective thickness of the electrical double layer.

In fact, the structure of the electric double-layer is more complex than the
Helmholtz model. The Helmholtz model states that two layers of opposite charges
are formed at the electrode—electrolyte interface and are separated by an atomic dis-
tance. Besides the Helmholtz model, a modified Gouy-Chapman model refers to a
diffuse layer consisting of continuous distribution of electrolyte ions (both cations
and anions), not a layer consisting of only cations or only anions, in the electrolyte
solution. The modern Stern model combines the Helmoltz model with the Gouy-
Chapman model to structure two regions of ion distribution: the inner compact layer
(Stern layer) where ions are strongly absorbed by the electrode and an outer diffuse
layer defined in the Gouy-Chapman model. The more accurate capacitance is a sum
of the capacitances from the two regions:

1 1 1

= +
C Cstern Cuaift

9.8)

Both Stern layer contribution Cyer, and diffuse layer contribution Cyjfr are pro-
portional to the specific surface area and depend on the pore size.

In the supercapacitors, the electrical energy is stored as the electrostatic charges
based on the separation of charged species in an electrical double-layer across the
electrode-solution interfaces and there is no faradic (redox) reaction.

The active materials with high specific surface area and electrically conduct-
ing electron collectors produce high capacitances. In conventional supercapaci-
tors, in which activated carbon or glassy carbon are employed as electrodes, the
double-layer capacitance reaches 100-200 F/g in organic electrolytes, and exceeds
370F/g in aqueous electrolytes [110], storing more energy than the conventional
capacitors [111].

CNT arrays store energy by the electrochemical double-layer formed on the sur-
faces of each CNT in the array. Since the capacitive properties of the array-like CNT
membranes were studied [76], capacitance of 18 F/g was obtained in 6 M KOH elec-
trolytes using a 400 wm long CNT array directly grown on a metallic alloy [108], and
35F/g was obtained in 6M KOH using a CNT array embedded in cellulose [112].

It is observed that the capacitance of supercapacitors is maximum when the elec-
trode size is close to the ion size [113], confirming the capacitance contribution from
pores with sizes smaller than the solvated ion size. CNTs are aligned regularly, pos-
sessing regular pore structures, and adjustable pore sizes, and therefore are the best
candidates for supercapacitor electrodes. The CNT arrays have larger surface areas
than activated carbon to store electron charges in supercapacitors. In addition, the
CNT site density can be adjusted to store elementary charges, such as electrons, and
consequently the capacitance may be increased considerably.



9.4 Electrochemical and Chemical Storage Devices 277

The capacitances of 180 and 102F/g are achieved for random SWCNT
electrodes and MWCNT electrodes, respectively. It is typically between 15 and
200 F/g when random CNTs are employed [103, 104]. The capacitances come from
the large amounts of charge injection when only a few volts are applied.

The CNT array electrodes possess lower ion diffusion resistance, higher elec-
trical conductivity, larger pores, and more regular pore structure than the elec-
trodes consisting of random CNTs. Therefore, the CNT array electrodes have higher
capacitances, lower resistances, and better rate performances [114]. The application
of CNT arrays as capacitors are reviewed recently [102, 110, 114, 115].

Besides aqueous electrolytes, organic electrolytes are also tested. Capacitances of
22 F/g in ionic liquid electrolyte [112], 80F/g in 1 M tetra-ethylammonium tetraflu-
oroborate (Et4NBF,)/propylene carbonate (PC) electrolyte using SWCNT arrays
[116], 10-15F/g in organic electrolytes at an extremely high current density of
200A/g [117], 83F/g in organic electrolytes using a DWCNT array of 300 um in
length grown on a conductive Si substrate [118], and 27 F/g in organic electrolytes
are reported.

Experimental results indicate that the CNT array electrodes possess lower ion
diffusivity resistances and higher electrical conductivities, better rate performances,
and higher capacitances than random CNTs because of the regular pore structure and
the large pore size of CNT arrays.

Although CNT array electrodes possess a higher rate capability than any other
electrochemical electrode materials, their capacitances are moderate, i.e., 10-80F/g
[118, 119], lower than the activated carbon and pseudo-capacitive materials. The
moderate capacitance should come from the medium specific surface area of CNTs
(120-500 mZ/g), lower than that of active carbon (1000-3500 m2/g) [110]. In order
to improve the power and cycle performances of CNT array electrodes, pseudo-
capacitive materials (including conducting polymers, such as polyaniline [120],
polypyrrole, and polythiophene, metal oxides, such as ruthenium oxide (RuO»),
manganese oxide (MnOj) [121], NiO, Fe304, and nitrides, (such as vanadium
nitride) are deposited on the CNT surface to form CNT composite electrodes. In
these CNT composite capacitors, CNTs serve as an effective support for pseudo-
capacitive materials because of the excellent mechanical properties of CNTs.

At the same time, the CNTs conduct electrons due to superior electrical proper-
ties. These pseudocapacitive (or termed redox supercapacitive) materials can be fast
and reversible redoxed on the CNT surfaces or near-surface for charge storage and
the pseudo-capacitance is faradic. For example, the ruthenium oxidation states in
ruthenium oxide can react in electrolyte as [101]

RuO; + xH* + xe™ = RuO,_(OH), (0 < x <2) (9.9)
The continuous change of x during HT insertion leads to a pseudo-capacitive
behavior with ion adsorption. The charge storage mechanism of manganese oxide is

based on the surface absorption of electrolyte cations and proton incorporation:

MnO; + xC* + yH' + (x + y)e~ = MnOOC,H, (9.10)
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Fig. 9.15 Specific capacitance of (a) manganese oxide-CNT array (MO/CNTA), manganese
oxide-entangled CNT(MO/ECNT), manganese oxide-active carbon (MO/AC), and CNTA versus
discharge current density. From Zhang et al. [121]. Copyright (2008) American Chemical Society.
(b) Polyaniline (PANI) on CNT array compared with polyaniline/CNTA. From Zhang et al. [120].
Copyright (2008), Elsevier

A study in an electrolyte ionic liquid shows that maximum capacitance is produced
when the pore size is close to the ionic radius [113]. So the density of CNT array
is usually very high with the gap between CNTs being a few nanometers. So, the
conducting polymers and inorganic materials are usually electrodeposited on CNT
arrays, like polyaniline (PANI) [120] and MnO,, [121].

Such CNT array composites have higher capacitances than CNT arrays and
pseudo-capacitive materials due to the contribution of both double-layer capacitance
and pseudo-capacitance (Fig.9.15). The capacitance of the PANI/CNTA composite
is 1030F/g at a low current density of 5.9 A/g [120], higher than the PANI mate-
rials. Compared to the best results from commercial products (about 130F/g), the
pseudo-capacitors have much higher energy storage capabilities.

SWCNT arrays are also coated by Al,O3 to fabricate solid-state dielectric energy
storage materials. The solid-state dielectric architecture enables the operation of
such devices at substantially higher frequencies than conventional electrolyte-based
capacitor designs [122]. Furthermore, modeling of supercapacitor architectures uti-
lizing other dielectric layers suggests the ability to achieve energy densities above
10 Wh/kg while still exhibiting power densities comparable to conventional solid-
state capacitor devices.

The SWCNT films were also uniformly spreaded onto the separators serving as
both electrodes and charge collectors without metallic current collectors, leading to a
simplified and lightweight assembling compact-designed supercapacitor [123]. High
energy density of 43.7 Wh/kg and power density of 197.3kW/kg were achieved from
the SWCNT film-based compact-designed supercapacitors with small equivalent
series resistance. The specific capacitance of this kind of compact-designed SWCNT
film supercapacitor is about 35F/g.

The advantages of CNT arrays as capacitors come from their excellent mechanical
properties, electrical conductivity, and good ion conduction owing to the straight
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Fig. 9.16 Schematic diagram showing the Li-ion battery devices with CNT array electrodes as
anodes. From Zhang et al. [120]. Copyright (2008), Elsevier

conduction pathways [116]. More detailed applications of CNTs as supercapacitors
are reviewed in some literatures [109].

Additionally, the vertical CNT arrays can form effective CNT membranes, which
can be electrostatically actuated like the conventional metal plates used in MEMS
capacitors [124]. A maximum capacitance of 400fF and maximum tunability of
5.8 % is extracted.

9.4.3 Lithium Ion Batteries

In batteries, electrical energy is generated by conversion of chemical energy via a
redox reaction at the anode and the cathode in a closed system. Unlike in ultraca-
pacitors where the solvent of the electrolyte is not involved in the charge storage
mechanism, the solvent of the electrolyte contributes to the solid-electrolyte inter-
phase in batteries. The Li-ion batteries, one kind of rechargeable batteries, usually
consist of an active carbon anode, a lithium-cobalt oxide cathode, and an organic
electrolyte.

Activated carbon is used in the commercial lithium-ion batteries as electrodes.
In order to obtain better performance of electrodes, CNT arrays and CNT array
composites are recently studied as electrodes besides the random CNTs and random
CNT composites.

Figure 9.16 illustrates such a Li-ion battery consisting of CNT array (composite)
electrodes and a Li electrode. The CNT arrays are prepared by the PECVD method
described in Chap.5. Then a PANI layer is coated on CNTs. Then the PANI/CNT
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array composite can be used as the lithium-ion battery cathode [120]. The capacity
of such PANI/CNT array composite electrode 98 mAh/g is higher than that of the
PANI/random CNT composite electrode 86 mAh/g [125]. MnO,/CNT array com-
posite electrodes are also used as cathodes [121]. The capacity of MnO,/CNT array
composite (246 mAh/g) is also higher than that of MnO,-based nanostructures. In
the CNT array composites, the CNT array framework enhances the rate performance
of the electrode materials by providing good electrical conductivity and preserving
the benefits of the electrochemical properties of supercapacitive nanomaterials. The
CNT array electrodes can also be used as lithium-ion battery anodes [76, 114]. The
rate and cycle performance of CNT array electrodes are superior to random CNT
electrodes.

9.4.4 Hydrogen Storage

CNTs have been long heralded as potentially useful for hydrogen storage. It was
reported that the amount of hydrogen desorbed on SWCNTs is 5-10 wt% at room
temperature [126—128], close to the reasonable automotive target of 6.5wt%. A
higher hydrogen storage capacity was also reported in many published papers. For
example, it was reported that lithium-doped SWCNTSs can absorb 20 wt% of hydro-
gen at room temperatures under ambient pressures [129]. However, experimental
reports of high storage capacities are so controversial [130] that it is impossible to
assess the true potential [48]. Careful experiments indicate that the highest absorp-
tion percentage of hydrogen is less than 0.1wt% at room temperature in SWCNTs
[131, 132], in MWCNTs [131], and in carbon fibers [133]. More efforts are needed
in the field, and the application of CNT arrays in hydrogen storage is still far away
from practical applications.

9.5 Electromechanical Devices: Actuators

Actuator materials can convert electrical, chemical, thermal, or photonic energies to
mechanical energy. Electromechanical actuators are frequently used in robots and
typically comprised of two electrodes separated by an electrically insulating material,
similar to the supercapacitors. The charge injection causes electrode expansions and
contractions that can do mechanical work in the electromechanical actuators [135].
Electrostatic attraction and repulsion between two CNTs were used for cantilever-
based nanotweezers [134] (Fig.9.17) and electromechanically based logic elements
[54] and nanoswitches [136].

Macroscaled CNT actuators powered by electricity [135, 137, 138] or fuel [139]
can provide a hundred times higher stress generation than natural muscles [140].
The maximum observed isometric actuator stress of SWCNT-sheet actuators is about
26 MPa, 100 times that of the stress generation capability of natural muscles. Aligned
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Fig. 9.17 Electromechanical
response of the nanotube

nanotweezers. From Kim and
Lieber [134]. Scale bar 1pm

CNT composites can also be actuators powered by IR irradiation [141] or by elec-
tricity [142], and be of shape memory functions [143, 144].

Figure 9.18 shows the CNT aerogel sheets used as the sole component of artificial
muscles. The CNT aerogel sheets are fabricated by the spinning method described in
Chap. 6. Such muscles can provide giant elongations and elongation rates of 220 %
and 3.7 x 10* % per second, respectively, at operating temperatures from 80 to
1900 K. The width expansion ratio, W/ W), increases approximately quadratically
with applied voltage V, while a crossover occurs at higher voltages to a weaker
dependence, ~V3/2,

9.6 Terahertz Sources

CNTs have many properties, from their unique dimensions to an unusual current
conduction mechanism, that make them ideal components of electrical circuits. For
example, they have shown to exhibit strong electron-phonon resonances. Under cer-
tain direct current bias and doping conditions their current and the average electron
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Fig. 9.18 Aurtificial muscles. (a) Photograph of a rigidly end-supported nanotube sheet strip with
length of 50mm and width of 2mm. (b) Same sheet strip expanded in width by applying a 5kV
voltage with respect to ground. (¢) Width direction actuation strain, W/ W, versus applied voltage
V for N = 1 — 8 stacks of single aerogel sheets and for a densified eight-sheet stack, labeled 1 to
8, respectively. From Aliev et al. [145]. Copyright (2009), AAAS

velocity, as well as the electron concentration on the tube, CNTs can oscillate at
terahertz frequencies. These resonances could potentially be used to make terahertz
sources or sensors.

9.7 Other Applications

There are a handful of other applications of assembled CNTs, such as blackbody
absorbers to absorb light perfectly across a very wide spectral range (0.2-200 j.m)
[147], and infrared (IR) detectors [148, 146] as shown in Fig.9.19, filters and mem-
branes [149-152], hydrophilicity [153], micro-electro-mechanical-systems [154],
gate MOS transistor [155], varactor [156], piezoelectric generators [157], platelet
hybrid microstructured reactor [158], ion source in mass spectrometry [159, 160],
organic electronic devices [161], microtransducers [162], hazardous industrial chem-
ical gas sensors [163], temperature sensors [164]. As a demonstration, nanotube tran-
sistor radios are also fabricated [165], in which SWCNT array devices provide all of
the key functions, including resonant antennas, fixed RF amplifiers, RF mixers, and
audio amplifiers.
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