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Assembly of carbon nanotubes (CNTs) in effective and
productive ways is of vital importance to their application.
Recent progress in synthesis of CNTs has inspired new
strategies for utilizing the unique physiochemical properties
of CNTs in macroscale materials and devices. Assembling
CNTs by dry processes (e.g., directly collecting CNTs in the
form of freestanding films followed by pressing, stretching,
and multilayer stacking instead of dispersing them in solution)
not only considerably simplifies the processes but also avoids
structural damage to the CNTs. Various dry-processable
CNTs are reviewed, focusing on their synthesis, properties,
and applications. The synthesis techniques are organized in
terms of aggregative morphologies and microstructure control
of CNTs. Important applications such as functional thin-film
devices, strong CNT films, and composites are included. The
opportunities and challenges in the synthesis techniques and
fabrication of advanced composites and devices are discussed.
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1. Introduction

Carbon nanotubes (CNTs) have been expected to be appli-
cable in diverse areas, such as electronics, aerospace, auto-
motive, chemistry and biomedical engineering,!!l because of
their superior mechanical properties (100-200 GPa in tensile
strength and ~1 TPa in modulus when calculated considering
the cross-sectional area of CNT walls),[?l thermal conduc-
tivity (experimentally measured as up to 3000 W m~! K),3!
and electrical properties. It has been realized that all of the
applications strongly rely on how to assemble CNTs effi-
cienctly to form macroscale materials and devices with the
best utilization of the unique physiochemical properties
of CNTs.l Currently, wet chemistry methods are widely
used for processing CNTs in which nanotubes are purified
(removal of catalyst and amorphous carbon), dispersed,
and assembled with the aid of solutions.’] Although they
are applicable to most of raw nanotubes, structural damage
to CNTs are inevitable,l®! such as scission of nanotubes, sp?
bond breakage, and contamination. In addition, the dissolu-
tion and/or surface functionalization by strong acids and/or
other chemical solutions are environmentally problematic
and time-consuming.

The emergence of CNTs that can be processed in dry-
state (hereafter referred to as dry-processable CNTSs) pro-
vides a straightforward route for assembling CNT with
different orientation, density and inter-tube connections.
As shown in Table 1, the dry-processing methods have the
advantage of avoiding complex and time-consuming pro-
cesses that are typical for solution-based methods. Dry-pro-
cessable CNTs typically self-assemble into novel structures
during chemical vapor deposition processes. This means that
they are ready for some applications without involving com-
plex solution processes. For example, CNT arrays (also called
forests) grown vertically on silicon substrates have an aligned
structure that is ideal for thermal interface management,’]
and electrodes of supercapacitors and batteries.[! By tuning
the packing density and alignment of CNTs, transparent and
conducting CNT sheets have been continuously drawn from
vertical CNT arrays,I’l which have potential for many appli-
cations.'] In addition, dry-processable CNTs can retain most
of their novel intrinsic properties such as large length-to-
diameter ratio and high electrical and thermal conductivity
because of no structure damage involved in dry processes.
Therefore, they can be expected to have high performances
as shown by the comparison results in Table 2. For example,
macroscopic films assembled from dry-processable CNTs
exhibited strength and modulus several times higher than the
films prepared by wet chemistry methods.'!l Similarly, fibers
spun from dry-processable CNTs show much better mechan-
ical performance than those from the solution methods as
summarized in a recent review by Lu et al.['?l Devices such
as solar cells, supercapacitors, lithium ion batteries, touch
screen, and loudspeakers that use dry-processable CNTs as
electrodes also exhibit superior performance.

This review focuses on the dry processable CNTs,
including nanotube synthesis from the viewpoints of assembly
morphologies and structure control of CNTs and their novel
applications such as strong composites and functional devices.
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We will also discuss the opportunities and challenges of dry
processable CNTs.

2. Approaches for Growing Dry-Processable
CNTs

Dry-processable CNTs can be prepared by tailoring the
growth and aggregate morphology of CNTs during chemical
vapor deposition. For example, uniformly distributing catalytic
nanoparticles on silicon substrates can help with growing ver-
tically aligned nanotube arrays (or forests),'3] while floating
catalytic nanoparticles in the flowing gas can lead to inter-
woven CNT webs or yarns formed inside of the reactor zone,
which is further collected downstream of a furnace.['*! Particu-
larly, the later method is known as floating catalytic chemical
vapor deposition (FCCVD), which is modified from a method
previously developed for preparing carbon nanofibers.[1°]

2.1. Floating Catalyst Chemical Vapor Deposition

In typical FCCVD processes,'* catalyst-containing com-
pounds such as ferrocene and iron pentacarbonyl are dissolved
in a carbon source solution such as benzene, ethanol and
methanol and then fed into a CNT growth reactor. The cata-
lyst solution vaporizes at the low temperature zone (~200 °C)
and feeds into the high temperature zone of a reactor, together
with flowing forming gas such as diluted hydrogen. The decom-
position of the precursor compound produces catalyst nano-
particles, which catalytically decompose carbon sources. CNTs
nucleate on the catalyst nanoparticles and grow after carbon
becomes saturated. During this process, catalysts and CNTs
float in forming gas and move with gas flow. Finally, CNT
films deposit at the end zone of the reactor. A small amount
of sulfur-containing additive, for example thiophene, is usually
added to enhance the nanotube growth.[42]

The floating method has produced various CNT assem-
blies. Historically, Cheng and co-workers reported in 1998
the synthesis of bulk single-walled carbon nanotubes
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(SWCNTs).'l CNTs self-organized into a random form
and entangled into an irregular bulk assembly as shown in
Figure 1A. The CNT assembly contained impurities such
as multi-walled carbon nanotubes (MWCNTSs), amorphous
carbon, and catalysts. The purity was about 60% in mass.
Song and co-workers reported the synthesis of a film-like
SWCNT assembly.l'”! Instead of dissolving catalysts in a solu-
tion as in Cheng’s method, they put the catalyst powder in a
chamber close to the gas inlet, and the catalyst particles were
sublimed and brought into the reaction zone by argon and
methane.'”] Liu et al. modified Cheng’s method by designing
a porous membrane fixed at the outlet of the quartz reaction
tube as a substrate to collect nanotube films and prepared
book-like SWCNT assemblies (also called “buckybooks”).[]
As shown in Figure 1B, a nanotube buckybook consisted of
several hundreds of homogeneous thin monosheets with a
thickness of ~500 nm. Interestingly, CNT monosheets could
be readily peeled off from the buckybook, which was semi-
transparent and conductive (Figure 1C). Similarly, Ma and
co-workers reported that a transparent SWCNT film could
be collected on a rolling plate that was placed at the down-
stream of the reactant gases in a FCCVD furnace.""] After
peeling it off from the plate, the film was freestanding, con-
ductive and mechanically robust with a tensile strength of
360 MPa. The film can serve as transparent electrodes or
precursor for nanotube yarns. Li and co-workers further
advanced FCCVD for continuous synthesis of CNT films or
fibers.l'4’] They intentionally employed a mechanical tool to
draw as-formed nanotubes out of the furnace as schemati-
cally shown in Figure 1D. The key requirements for the con-
tinuous synthesis were the rapid formation of CNT aerogels
in the furnace and the forcible removal of the aerogel by con-
tinuous wind-up. In their system, they used a vertical hot fur-
nace system and they fed the catalyst solution, ferrocene with
a small fraction of thiophene dissolved in ethanol, from the
top of the furnace. They observed that CNT aerogels formed
at the hot zone (1050 to 1200 °C) after injecting the catalyst-
containing solution and then fluttered to the bottom of the
furnace with flowing gases, followed by continuous collec-
tion in the forms of either mats or fibers depending on the
post-treatment process. Figure 1E and F show a meter-wide
CNT mat and a coil of CNT yarns synthesized by FCCVD,
respectively. Mass production of CNT mats and yarns has
been achieved and commercial products are available now
(Nanocomp Technologies, Inc.). These mats are very prom-
ising for applications as strong composites, electro-magnetic
interference (EMI) shielding, and current collectors in bat-
tery electrodes as discussed in Section 4.

Hydrocarbons such as n-hexane, methane, acetylene,
and ethanol are readily pyrolysiszed at high temperature
for efficient CNT growth. However, byproducts such as
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amorphous carbons and soot particles accumulate very fast
on CNTs. Nikolaev et al. proposed to use carbon monoxide
as carbon source, considering that the disproportionation
of carbon monoxide only occurs in the presence of cata-
lyst.?)] This indeed produced nanotubes with very clean
surfaces. The problem of this method is the low nanotube
yield, which forced to conduct the growth at high pressure
with high safety risk. In addition, the as-produced SWCNT

Table 1. Comparison of the dry-processing methods and solution-based methods for processing CNTs.

Methods Scalabillity Dispersion Purification Time-consuming Structure damage Nanotube alignment

Dry-process method Yes No CNTs by FCCVD: Yes; No No Yes
Spinnable arrays: No

Solution-based methods Yes Yes Yes Yes Yes No

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Comparison of the properties of CNT films and composites prepared by dry-processing methods and solution-based methods.

Types Methods Materials Diameter Density Tensile Modulus Thermal Electrical Ref.
[nm] [gcm™ strength [GPa] conductivity conductivity
[MPa] [Wm K] [Sm™Y
CNT films Solution-based FWCNT 3-8 - 80 14 - 14 940-29 400 [11d]
methods
SWCNT - - 37 0.95 - 350000 [106]
SWCNT 0.88-1.19 0.5 74%2 5+0.2 12000 [11b]
SWCNT - 0.6 80 1.5 - - [107]
SWCNT 1.1-1.4 0.8 22 2 - - [108]
SWCNT - - 15 (as-prepared) - - 15000 [109]
(as-prepared)
60 (cross-linked) 55 000
(cross-linked)
MWCNT - - 80 (random) 1.04 - 40 000 (random)
(random)
100 (aligned) 1.91(aligned) |: 60 000 (aligned)
220 (aligned & 8.8 (aligned & |: 620 000 (aligned
cross-linked) cross-linked) &cross-linked)
SWCNT 1.0-3.0 - - - 2.24* - [110]
MWCNT 30-100 - - - 1.68* - [111]
SWCNT 1.3 0.6 - - |:60, L:11 |- 29411, 1: 4743  [112]
MWCNT 40-60 - 7.5 0.785 - 10 000 [113]
MWCNT 10 1.39 - 2 |: 766+ 77 |: 64 000 [102]
Dry-processing MWCNT 7-10 1.51 422.6+17.4 10.1+0.9 - - [35d]
methods
MWCNT 15 0.62 - - - 153 : 20 000 [97]
MWCNT 30-50 0.84 + 75.6 - - 70 |: 4 000 [90d]
0.08
FWCNT 5 0.9 1100-1900 90 - [l: 35 000 [11a]
FWCNT 8 0.98 598 15.4 - - [98]
Compos- Solution-based or MWCNT/PVA 15 - 348 7 - - [114]
ites melt-processing
methods
MWCNT/PVA - - - 12.6 - - [115]
MWCNT/PMMA 20-50 - 80 3.7 - - [116]
MWNT/PA-6 <20 - 47 1.24 - - [117]
SWCNT/PP 1.3-1.5 - 36 1.19 - - [118]
MWCNT/epoxy 60-100 - - - 1.3* - [119]
MWCNT/PPS 40-90 2.1 - - 1* 5x 10712 [120]
SWCNT/epoxy <2 - - - 0.29* 0.08 [121]
SWCNT/PVA - - 505+ 67 15.6+3.8 - - [89c]
MWCNT/PA 6,6 50 2.1 625 56 - 41700 [93]
Dry-process methods ~ MWCNT/epoxy 8 1.5 402 22.3 - |: 7700, L: 4200  [90e]
MWCNT/epoxy 20 - 231.5 20.4 - [l: 10 000 [90c]
MWCNT/BMI 3-8 - 2088 169 - |l: 550 000 [90a]
MWCNT/BMI 3-8 - 3081 350 - - [90b]
MWCNT/PVA 7-10 1.51 1600 + 200 107t 16 - l: 78 000 [122]
MWCNT/BMI 7-10 1.51 3500+ 420 266+ 36 |:41£2.5 [l: 123000 [35b]
MWCNT/ 7-10 1.51 227.7.0+£25.3 53.73+3.29 |:18.4+0.13 |- 18300 [123]
polyimide

Note: Values with “*” after them are thermal conductivities along the thickness direction. Others are the in plane thermal conductivities. For the films that are composed of aligned CNTs, the in-

plane thermal conducitivity and electrical conductivity parallel () to and perpendicular (1) to the nanotube alignment are given.
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Figure 1. (A) Optical images of SWCNT ribbons synthesized by FCCVD. Reproduced with permission.[1b! Copyright 1998, Elsevier. (B) SEM image
of a buckybook. (C) A freestanding single walled nanotube monosheet peeled from a buckybook with tweezers. Reproduced with permission. 8!
Copyright 2009, American Chemical Society. (D) Schematic of continuous spinning (left) and collecting (right) process. Reproduced with
permission.[14?l Copyright 2004, AAAS. (E) A large-area CNT film and (F) CNT threads prepared by FCCVD (Photographs courtesy of Suzhou Creative

Nano-Carbon Co. Ltd.).

films or mats contained 75 wt% of ion impurity. In order to
overcome this problem and improve the stability of nanotube
growth, Nasibulin and co-workers introduced a small amount
of CO, and H,O vapor into in the reactor and achieved con-
tinuous collection of large-area transparent and conducting
CNT films at atmosphere pressure.?!] These additives were
found to increase the length of nanotubes by etching amor-
phous carbon that can poison catalyst particles needed for
CO disproportionation as well as for nanotube nucleation
and growth. Moreover, the CO, could decrease the minimum
temperature for nanotube synthesis from 890 °C to below
600 °C.[2!l They showed that the CNT films after acid treat-
ment could give a sheet resistance of 80 ohms per square
(Q/sq) at a transmittance of 90% at 550 nm, even superior to
the typical performance of ITO coated on flexible polymer
substrates.l?!l We will further discuss the properties and appli-
cations of these transparent CNT films in section 3 and 4.

2.2. Vertically Aligned CNT Arrays
2.2.1. Normal CNT Arrays

Instead of floating catalysts in the gas stream, fixing catalysts
on a substrate is one of the best approaches to grow high-
purity CNT assemblies (arrays) directly. In a typical process
for growing vertically aligned CNT arrays, catalysts are pre-
pared by physical vapor deposition of a layer of catalyst film
on a substrate such as Si wafer, and then annealing at high
temperatures with diluted hydrogen atmosphere to form cat-
alyst nanoparticles on the substrate. Hydrocarbon gases such
as acetylene, ethylene or methane then catalytically decom-
poses on the catalyst particles to produce active carbon

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

atoms, which diffuse to the step edges of the catalyst parti-
cles, reach saturation, and then precipitate out to form nano-
tubes.[2] Early works demonstrated that vertical CNT arrays
could grow from the catalytic particles that are embedded in
porous substrates such as silica and alumina.**! In particular,
Fan and co-workers reported the growth of highly-packed
CNT arrays by CVD.['*] They deposited a thin Fe film (5 nm
thick) on a porous silicon substrate by electron beam evapo-
ration and used it as catalyst. Figure 2A shows patterned
CNT arrays grown at 700 °C using ethylene as carbon source.
The CNTs self-aligned perpendicularly to the silicon sub-
strate because of the high packing density of nanotubes and
strong inter-tube interactions (e.g. van der Waals forces).[!3b]
Hata et al. developed an efficient method (well known
as the “super-growth”) for growing SWCNT arrays.['*] They
were able to grow a 2.5-mm high SWCNT array in ten min-
utes by introducing a trace amount of water vapor to the
growth atmosphere (Figure 2B and C). The water vapor acted
as a weak oxidizer to etch the amorphous carbon coated
on the catalyst particles, which considerably prolonged the
activity of the catalyst. It could also inhibit the aggrega-
tion of catalyst particles on the substrates.?*! Further study
revealed that a series of oxygen-containing molecules are
capable to enhance nanotube growth when combined with
a carbon source that does not contain oxygen.”! In addi-
tion to the growth enhancers, Hata et al. added an alumina
buffer layer between the silicon substrate and the catalyst
film (iron film, deposited by electron beam evaporation),!'>¢]
which helped sustain the activity of the catalyst by inhib-
iting the diffusion of the catalyst into the substrate.2%] Both
the growth enhancer and efficient buffer layer promote the
growth of CNT arrays with long length and at high rate.
By further optimizing the growth condition, CNT arrays in

small 2014, 10, No. 22, 4606-4625
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centimeter-long and in large area have been achieved.[?’l For
example, Hata’s group introduced a shower system in which
gases including water vapor were delivered evenly to cata-
lysts from the top of CNT arrays (Figure 2D). Figure 2E and
Figure F show a centimeter-long CNT array and a CNT array
grown on in A4 size substrate, respectively.’’l Recently,
Villoria demonstrated continuous production of vertically
aligned CNT arrays (Figure 2G).?>281 Catalyst (Fe/Al,O;)
substrates were placed on a movable quartz stage between
a bottom heater and a top heater in their smartly designed
growth system. They were able to grow millimeter tall-aligned
MWCNT arrays at a moving speed of 2.4 mm/s. Moreover,
the method was suitable to grow aligned CNTs on 2D and
3D substrates.*”]

2.2.2. Spinnable CNT Arrays

A unique type of CNT arrays, known as spinnable arrays, has
attracted considerable interest in recent years. They can be
continuously transformed from the vertically aligned state
into a horizontally aligned CNT film by a simple dry drawing
method.[’] Jiang and co-workers reported the first spinnable
CNT array in 2002.1%] They found that picking a small nano-
tube bundle off the edge of an array led to the formation of a
continuous CNT thread. They also showed that only the CNT
arrays that had good alignment were spinnable.*”! Zhang
et al. demonstrated that twisting a nanotube film during the
drawing process gave a strong and flexible CNT fiber.[*!l They
further showed a 5-centimeter-wide, meter-long transparent
CNT film drawn from a spinnable array at a rate of ~7 m per
minute as shown in Figure 3A.1°° The films are flexible, free-
standing, transparent, conductive, and have nanotubes well
aligned, which have enabled various applications as discussed

small 2014, 10, No. 22, 4606-4625
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Figure 2. (A) SEM image of patterned CNT arrays. Reproduced with permission.[3%! Copyright 1999, AAAS. (B) SEM image of a 2.5-mm-tall SWCNT
array and (C) TEM image of the nanotubes. Reproduced with permission.[3¢ Copyright 2004, AAAS. (D) Schematic of a shower growth system
showing gases delivered from the top of the CNT array. (E) A centimeter-long CNT array. (F) Photograph of a CNT array grown on an A4-size substrate.
Reproduced with permission.l?”?! Copyright 2009, American Chemical Society. (G) Cold-wall reactor system developed for continuous growth of
vertically aligned nanotube arrays. Reproduced with permission.[2 Copyright 2011, American Chemical Society.

in section 3 and 4. By optimizing the growth conditions, Jiang
and coworkers were able to continuously draw a high quality
nanotube sheet from a nanotube array on an 8-inch wafer as
shown in Figure 3B.[1%

The growth approaches for spinnable CNT arrays are
very similar to those for normal arrays. The critical issue for
growing spinnable arrays is to prepare catalysts that have
proper areal distribution density of particles and uniform
particle sizes. Two widely used catalyst layer structures are
Fe/SiO,/Si and Fe/Al,05/Si0,/Si. Both of them are com-
monly prepared by depositing nanometer-thin target layers
on a silicon wafer with a layer of SiO, using physical vapor
deposition (e.g. electron beam evaporation). The Fe/SiO,/Si
catalysts usually come with acetylene as the carbon source
and they give MWCNTSs (3-12 graphitic walls, and ~10 nm
in diameter).’1321 The Fe/Al,0,/SiO,/Si catalysts produce
few-walled CNTs (2—4 graphitic walls, and ~5 nm in diam-
eter) when ethylene is used as the carbon source.l''233] The
Al,O; layer helps with the formation of uniformly distrib-
uted nano-size catalyst particles by restricting particles from
aggregation and diffusion. Recently, we achieved spinnable
double-walled CNT arrays (>90% nanotubes are double-
walled) by optimizing the growth conditions (Figure 3D).]
Figure 3C shows our spinnable double-walled CNT arrays
grown on 4-inch silicon wafers using batch growth in auto-
matic 7-inch CVD furnace. Iron (II) chloride was also used
as catalyst for growing spinnable CNT arrays. It usually cata-
lyzes the growth of large-diameter MWCNTSs (>20 graphitic
walls, and 20-50 nm in diameter).?*! Our previous study
demonstrated that the fibers, films and composites prepared
using small-diameter CNTs have much better mechanical
performance than large-diameter MWCNTs.['1235] Because
the growth of CNT arrays is dominated by a base-growth
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SACNT array

on an 8-inch wafer

Figure 3. Spinnable CNT arrays. (A) A meter-long CNT film drawn from spinnable array and their SEM images. Reproduced with permission.[b!
Copyright 2005, AAAS. (B) Photograph showing a transparent CNT film drawn from an 8-inch wafer. (C) Batch growth of 4-inch spinnable CNT wafers.
(D) TEM image of double-walled CNTs in a spinnable array. Reproduced with permission.33! Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA.

mode,? and most of the catalyst particles remained on the
substrate after the removal of CNTs.*2d] This means the CNT
films drawn from spinnable arrays are of high purity.

The drawing mechanism of spinnable nanotube arrays
has been controversial for years due to the complexity of
the drawing processes. Descriptively, CNTs were drawn from
their arrays typically in the form of small bundles that con-
tain about 50-100 nanotubes. Zhang et al. proposed that the
continuity of CNT films is maintained by initiating new nano-
tube bundles at the top and bottom of spinnable arrays.?]
This means that the interaction force varies along the nano-
tube array. Indeed, Gilvaei et al. reported that the drawing
force at the top of a CNT array was several times higher than
that in the middle of the array.[’’l Zhu et al. attributed the
continuity of the drawing process to the formation of entan-
gled structures when the pulling process approached the
ends of an spinnable array.®8! Kuznetsov et al. developed a
self-strengthening spinning model,*”) with the following key
components: 1) a network of individual nanotubes or small
bundles interconnecting with larger bundles in a spinnable
array, 2) preferentially peeling off the interconnecting bun-
dles, and 3) self-strengthening of these interconnections by
densification at the top and bottom of the nanotube array
during drawing. By comparing the morphologies of the
normal and spinnable CNT arrays, Zhang and co-workers
proposed that the well-aligned CNT arrays have good spin-
nability. However, nanotube alignment alone cannot be used
as judge if an array is spinnable or not. For example, SWCNT
arrays are not spinnable although the nanotubes have very
good alignment.[*”! Our experimental results indicate that
both good alignment and appropriate volumetric density are
required for a CNT array to be spinnable.?>d Their optimum
combination gives proper heterogeneity of tube—tube inter-
actions that facilitate spinning. Experimental study showed
that the well-aligned CNT arrays composed of 10-nm-thick

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanotubes were spinnable when the number density of CNTs
was between 3-10 x 10'° cm=2.32d]

3. Applications for Functional Thin-Film
Devices

Thin CNT films are flexible, transparent and conductive.
They have the potential to serve as transparent electrodes
to replace the resource-limited and brittle indium tin oxide
(ITO) transparent electrodes for the next generation opto-
electronic devices.*!l They are also promising to act as con-
ducting scaffolds with large surface area for semiconductors
to prepare functional devices. In this section, we will first
discuss the advantages of dry-processable CNTs in terms of
making transparent electrodes and their performance and
then discuss the functional film devices that are fabricated
using dry-processable CNTs.

3.1. Transparent CNT Films

Solution-based methods, such as vacuum filtration,[*?! solu-
tion spray,®] and dip coating,*Yl have been developed to
prepare thin CNT films with high transparency and low sheet
resistance.[*”] In comparison, CNT films that are prepared
from dry-processable CNTs show comparable performance,
but are much more straightforward to prepare. As mentioned
in section 2, transparent CNT films can be collected down-
stream of a furnace reactor or drawn from spinnable arrays
(Figure 4). The dry state processing eliminates the complex
processes in the solution-based methods such as purification,
surfactant-assisted ultrasonic dispersion, film deposition, and
film exfoliation.[*] Tt avoids structural damages of CNTs that
usually occurs in solution-based methods. In addition, the

small 2014, 10, No. 22, 4606-4625
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Figure 4. (A) Schematic showing the roll-to-roll process for producing nanotube films
and (B) the produced CNT films. (C) Nanotube film based touch screen. Reproduced with
permission.“?l Copyright 2011, Wiley-VCH Verlag GmbH & Co. KGaA. (D) Photograph of
nitrocellulose filters with collected single walled nanotube films and (E) SEM image of the
nanotube films. Reproduced with permission.2!] Copyright 2011, American Chemical Society.
(F) An aligned CNT film embedded in PDMS for stretchable conductor. Reproduced with
permission.l*® Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA. (G) A prestrain-release
method for preparing buckled stretchable CNT/PDMS composite conductors. Reproduced
with permission.5! Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA. (H) Fabrication
and properties of cross-stacked (45°, 45°) CNT/PDMS film. Reproduced with permission.!2

Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA.

freestanding feature of dry-processed films makes it easy to
transfer them, whereas the transfer of the vacuum-filtrated
CNT films is still a challenge.

Transparency and conductivity are two key indexes for
transparent glectrodes. They correlate with each other by
T_(1+ZZI§ 22 ), where T is the transmittance, Ry is the sheet
resistance, Z (376 73 Q) is the characteristic impedance of
vacuum, and O'dC and o, are the DC and optical conductivity,
respectively.l*l The ratlo of 04/0,, is the figure of merit
(FOM). A high o,/0,, value indicates a thin film with high
conductivity and low optical absorption. CNT films prepared
by the dry-processable methods typically have o4/0,, lower
than 5,°°3047] which is consistent with dopant-free nanotube
films prepared by other methods.[***8] However, they cannot
meet the minimum requirement of 16 for flat panel displays,
which means a sheet resistance of ~100 Q/sq and transpar-
ency of 80% at 550 nm. Strategies such as doping or metal
coating have been developed to improve the conductivity of
CNT films. Kaskela et al. reported that SWCNT films pre-
pared by FCCVD had a sheet resistance of as low as 110 Q/sq
at 90% optical transmittance (at 550 nm) after being doped
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by acid.*’?l The corresponding 6,./0,,, was

~32. Feng et al. reported roll-to-roll prepa-
ration of CNT thin films using spinnable
arrays as shown in Figure 4A.[*! Highly
conductive and transparent nanotube films
(208 Q/sq, 90% and 24 Q/sq, 83.4%) was
achieved after suitable laser trimming and
deposition of metals on the films,*] which
produced a oy/0,, value as high as ~82.
They further demonstrated the fabrication
of touch screens using the CNT films from
spinnable arrays as shown in Figure 4B-
C.[*1 Benefiting from the unique proper-
ties of CNTs, the nanotube-based touch
screens are flexible, durable, energy
saving and resistant to water, humidity
and EML[*) Smart cell phones and other
display products that use CNT films as
transparent electrodes are commercially
available (CNTouch).

CNT films are suitable for preparing
robust and stretchable conductors. Zhang
etal.reported a transparent and stretchable
film conductor by embedding an aligned
CNT film in poly(dimethylsiloxane)
(PDMS) (Figure 4H).5% The CNT/PDMS
film showed a large increase in electrical
resistance when stretched to 100% strain
at the first time because of the decreased
contact area between nanotubes. After
the first stretch-release cycle, the resist-
ance of the film became very stable even
after 30 cycles. Xu et al. transferred an
aligned CNT film onto a pre-strained
PDMS film and released the CNT/PDMS
film to form a buckled structure as shown
in Figure 4G.P" The buckled CNT/PDMS
film showed a very small increase of 4.1%
in resistance when stretched to the pre-strain of 100%. The
aligned CNT films are anisotropic in electrical conductivity.
The sheet resistance perpendicular to the nanotubes is
50-70 times higher than that parallel to the nanotubes.[*"]
Liu and coworkers reported the preparation of cross-
stacked aligned CNT films for transparent and stretchable
conductors (Figure 4H).’?l The cross-stacked CNT films
showed isotropic resistance but anisotropic mechanical
properties. By embedding the cross-stacked CNT films in a
PDMS film, the composite film showed nearly unchanged
resistance after 200 stretch-release cycles with a maximum
strain of 15%.0?

3.2. Solar Energy Harvesting Devices

For solar energy applications, films from dry processable
nanotubes have been applied as either transparent electrodes
or catalytic electrode in several types of solar energy har-
vesting devices such as nanotube-silicon solar cells, photo-
electrochemical cells, and organic photovoltaic cells.
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Figure 5. (A) Illlustration of the fabrication process of nanotube/n-Si solar cell. The as-grown nanotube films fully expanded in a water solution
and then were transferred to a patterned Si substrate. Reproduced with permission.>3 Copyright 2007 American Chemical Society. (B) /-V
characteristics of the solar cell before (black curve) and after (red) infiltration of dilute HNO;. Conversion efficiency increased from 6.3% to 13.8%
after acid infiltration. Reproduced with permission.5”] Copyright 2011 American Chemical Society. (C) -V curves of a TiO,-nanotube-Si solar cell
measured in the dark and light conditions (from 70 to 100 mW/cm?). The efficiency was 15.1% at 100 mW/cm?. Reproduced with permission.[6%
Copyright 2012 Nature Publishing Group. (D) Preparation of the Si hybrid solar cells using aligned carbon nanotube drawn from spinnable nanotube
arrays and the structure and optical image of the device. (E) /-V characteristics of an aligned nanotube-Si solar cell under one sun (AM 1.5 G)
illumination and dark). Reproduced with permission.[3! Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

Wei et al. reported the utilization of a double-walled
CNT film prepared by floating catalyst CVD as a trans-
parent electrode for silicon hybrid solar cells.”* The device
was achieved by simply transferring a nanotube film to a
patterned silicon substrate as shown in Figure SA. Its power
conversion efficiency was as high as 7.4%.5% The CNT films
in such devices function as both transparent charge col-
lecting electrodes and a counterpart for the formation of
heterojunction (Schottky junction®! or p-n junction[*. By
doping the nanotubes with strong acids such as HNOj;, Jia
et al. further improved the conversion efficiency up to 13.8%
as shown in Figure 5B.’7] The acid improves the conduc-
tivity of the nanotubes by p-type doping,®®! and also helps
the formation of a thin layer of oxide to prohibit the charge
recombination.’¥) Recently, Shi and co-workers reported
a high conversion efficiency of ~15% for the silicon hybrid
solar cells, which is comparable to that of commercial silicon
solar cells as shown in Figure 5C.[° In their approach, they
applied a layer of titanium oxide particles on the device to
reduce the light reflection, and meanwhile doped the CNT
film with HNO;. As mentioned in Section 2.1, the CNT films
prepared by FCCVD methods contain many types of impuri-
ties such as amorphous carbon and metal catalyst particles.
It is desirable to remove them prior to device fabrication in
order to eliminate their influence on the device performance.
CNT films drawn from spinnable arrays are of high purity as
shown in Section 2.2. We recently demonstrated their appli-
cation in fabricating CNT-silicon hybrid solar cells as shown
in Figure 5D.[3] The device fabrication processes were sim-
plified considerably due to the fast and easy dry drawing
process and the exemption of the purification of nanotubes.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Although the films were not as conductive as the films from
floating catalyst CVD process as mentioned in Section 3.1,
the conversion efficiency of the devices reached up to 10.5%
as shown in Figure SE,[3] which was even higher than that
of the devices fabricated using pristine nanotube films pre-
pared by floating catalyst CVD.[¥7¢>461 We attributed it to
the good alignment of the nanotubes in the spinnable array-
based films, which could form high nanotube-silicon junction.
Indeed, a device using aligned nanotubes showed a 3.2-imes
higher efficiency than that with random nanotubes that were
prepared from the same nanotube array.l**!
Photoelectrochemical cells include dye- or quantum
dot-sensitized solar cells and solar water splitting cells. A
typical photoelectrochemical cell is composed of an anode, a
cathode, and electrolyte.[2] For an n-type anode, the anode
absorbs light and converts it to electricity (dye-sensitized
solar cells, DSSC) or hydrogen (water-splitting cells). Dry-
processable CNT films have been applied as a catalyst com-
ponent of cathodes in dye-sensitized solar cells with the aim
of replacing the high cost and scarce platinized cathodes. It
was recently reported that the charge transfer resistance of
the CNT-catalyzed cathodes was several times lower than
that of the Pt-catalyzed cathodes in the disulfide/thiolatel®!
and Co(II/IIN)tris(2,2"-bipyridyl)[®* redox mediators. As for
commonly used I/I;~ electrolyte, CNTs showed comparable
charge transfer resistance with Pt.[] Conversion efficiency
of solar cells using nanotube-catalyzed cathodes in disulfide/
thiolate electrolyte was 5.81%, higher than 4.54% for the
solar cells using Pt-catalyzed cathodes.l®*l Comparable effi-
ciency was also achieved in Co(II/IIT)tris(2,2’-bipyridyl) and
I/1,~ redox electrolyte.[®*%] Yang et al. reported the usage of
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and can generate stable photocurrent even
after being bent for hundreds of times.[°]

3.3. Supercapacitors and Batteries

Dry processable CNT films can act as
charge collectors and high surface area
scaffolds for active materials of superca-
pacitors and lithium ion batteries. Firstly,

—{afiis]-= V(mV)

Isolated CNTs

Interconnected CNTs

as mentioned in section 3.1, conducting
paths are formed in dry processable nano-
tube films via interconnected nanotubes.
When compounded with active materials,
the interconnected structure can trans-
port charges very efficiently, and even
make devices free from traditional metal
charge collectors such as aluminum and

p Carbon nanotube E copper foils. In comparison, for nano-
&\0'20_ UV light tube-incorporated active composites pre-
£0.15- pared by solution-based method,/®”! the
ﬁ potential of nanotubes in conductivity
= 0.10+ enhancement has not been fully utilized
“\E/0.0S | due to the isolation of nanotubes by active
o dark materials, and charge collectors are still
50.00 required. Secondly, dry processable nano-
2 tube films can adjust their porous struc-

Figure 6. (A) Schematic illustration of a novel dye-sensitized solar cell using a CNT sheet as
the counter electrode. (B) Current-voltage characteristics of the typical dye-sensitized solar
cells by using the randomly dispersed pristine CNT film (a), the aligned multi-walled CNT
sheet (b), and the platinum (c) as counter electrodes. The curves were obtained under AM 1.5
illumination. Reproduced with permission.®®! Copyright 2011 WILEY-VCH Verlag GmbH & Co.
KGaA. (C) Schematic illustrating that charges transfer more smoothly between nanotubes that
are interconnected inside of oxide coatings (right) than those isolated by oxide coatings (left).
(D) Schematic illustrating the structure of a water-splitting solar cell containing a nanotube/
TiO, film in which nanotubes serve as the charge transport paths and current collector.
(E) Current—potential curves of a nanotube/TiO, film under dark and UV illumination.
Reproduced with permission.[! Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA.

aligned CNT films as the catalytic component in the counter
electrode of a DSSC as shown in Figure 6A.[%5] Their results
showed that the energy conversion efficiency of the resulting
cell was higher than that of devices using randomly dispersed
carbon nanotube films and comparable with that of devices
using the platinum (Figure 6B). We reported a novel anode
for water splitting cells, in which continuous TiO, was coated
on a freestanding CNT film.[] The nanotubes were well-
aligned and interconnected inside of the conformal oxide
coating, achieving efficient conducting paths, which sharply
contrasted to that of the nanotube/TiO, hybrids synthesized
by the wet chemistry approaches as shown in Figure 6C. The
nanotube films acted as scaffold, charge transport path, and
charge collecting electrode simultaneously. Upon light illu-
mination, photogenerated and separated electrons in TiO,
transport through nanotubes to the external circuit as shown
in Figure 6 (D and E). Moreover, the hybrid film is robust,
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tures to adapt to the volume change of
active materials during electrochemical
processes, which avoids the problem of
detachment of active materials for metal
foil charge collectors. Thirdly, the large
surface area of dry processable nanotubes
promises strong adhesion of active mate-
rials on nanotubes, making it unnecessary
to use binders in the nanotube composite
electrodes. Lastly, dry processable CNT
films is strong, flexible, transparent, and
lightweight (e.g. 1.5 mg/cm® for nanotube
films from spinnable arraysi®® and thus
are promising for making portable, flexible
and lightweight energy storage devices.
Based on these advantages, high performance energy storage
devices have been reported using various active materials
such as poly(3,4-ethylene-dioxythiophene),l! polyaniline,®]
MnO,, NiO,™l Co0,0,/™ for supercapacitors and
Fe;0,," graphite,["? silicon,[’! SnO,"! for lithium ion bat-
teries, respectively.

In the following section, we will present a few exam-
ples to demonstrate the superiority of dry processable CNT
films as charge collecting electrodes for supercapacitors and
lithium ion batteries. Kim and co-workers electrodepos-
ited MnO, active layers onto aligned nanotube films drawn
from spinnable nanotube arrays and characterized the elec-
trochemical capacitance of the composite film using the
aligned nanotubes as charge collector (Figure 7A).7%] The
oxide coated the surfaces of nanotubes in a conformal way as
shown in Figure 7B. High specific capacitances of ~1250 F/g
(Figure 7C, right) and excellent cycling stability (Figure 7C,
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Figure7. (A)Aschematicrepresentationandimageofananotubefilmelectrode. (B)ATEMimage
of a nanotube/MnO, composite film. (C) Cycling performance (left) and specific capacitance
(right) of composite films deposition and for different time. Reproduced with permission.[70b!
Copyright 2011 American Chemical Society. (D) SEM image showing the morphology of a
hybrid nanomembrane. Photographs of a freestanding and optically transparent hybrid
nanomembrane in ethanol (E) and a helically twisted hybrid nanomembrane/PET film (F).
Reproduced with permission.[68 Copyright 2011 American Chemical Society.

left) were achieved by tuning the deposition time. By coating
conductive polymers on aligned nanotubes, Lin[*] and Leel®®]
independently developed transparent and flexible superca-
pacitors as shown in Figure 7D-F. Yu et al. developed stretch-
able supercapacitors by applying buckles on single walled
nanotube films.[) Wang and co-workers compared nanotube
films with commonly used copper foils as charge collectors
for lithium ion batteries,”?! and found that nanotube films
had much stronger adhesion with graphite than copper foils
(Figure 8A and B). The cycling and rate performance of the
lithium ion batteries using nanotube films as charge- col-
lecting electrodes is superior to the that of the batteries using
copper foils as shown in Figure 8C.["2

Fu et al. recently reported an aligned CNT-silicon film
as a novel structure for flexible lithium ion battery elec-
trodes.[”! Silicon layers were coated around nanotubes in
aligned films by a CVD method using silane as the silicon
source. In order to enhance the conductivity of composite
films, an additional layer of carbon was coated on the nano-
tube-silicon core-shell composites, forming a nanotube-—
silicon—carbon hybrid structure as shown in Figure 8D.
The hybrid showed high columbic efficiency of 94% after
45 cycles at a current density of 100 mA/g, with a resultant
charge capacity of 1494 mAh/g (Figure 8E, left). Moreover,
the hybrid also showed good rate capability as shown by
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the right panel in Figure 8E. A spring-like
deformation behavior was observed in the
nanotube-silicon-carbon hybrids during
the lithiation/delithiation process, which
possibly stabilized the cycling perfor-
mance of the lithium ion batteries.

3.4. Other Applications of Dry-Processable
CNTs

The unique structures of the dry pro-
cessable CNT films have also made
some other advanced energy conversion
devices a reality. For example, Aliev et
al. reported that CNT films drawn from
spinnable arrays expanded 220% in width
upon applying high-voltage static elec-
tricity as shown in Figure 9A.I77] Strong
electrostatic repulsion between nano-
tubes occurred and led to the film expan-
sion when static voltage is applied. The
expansion disappeared very fast after
the removal of voltage due to the good
electrical conductivity of the nanotubes.
Nanotube film-based actuators can serve
at extreme temperature (80-1900 K) with
giant strokes and strain rates.””] More-
over, the actuation mechanism provides
an effective approach to tune the density
of nanotube films for other device optimi-
zation. As shown in Figure 9B, Fan’s group
developed a novel loudspeaker using the
aligned nanotube films drawn from spin-
nable nanotube arrays (see Figure 9B).[¥] They found that
the nanotube films could generate audial sound when fed by
audio frequency electric currents, due to the thermoacoustic
effect. The nanotube loudspeaker showed a wide frequency
response range of 10°-10* kHz, benefiting from the small
heat capacity per unit area of nanotube thin films (estimated
as 7.7 x 107 J/m? K for a single nanotube film, 260 times
lower than a 0.7 um thick Pt film). Compared with traditional
loudspeakers, the CNT-based loudspeakers are magnet-free,
flexible, stretchable, and even transparent (Figure 9B). They
can be freestanding or attached onto any insulating sub-
strates (Figure 9B). Aliev and co-workers further extended
the application of the nanotube thermoacoustic loudspeaker
from air to water (Figure 9C).”] A wide response range of
1-10° HZ was achieved.””] Wei et al. recently demonstrated
thermoacoustic chips fabricated by aligning CNT yarn arrays
across grooves on silicon substrates as shown in Figure 9D.[8]
The nanotube yarn arrays were achieved by tailoring aligned
nanotube film from spinnable arrays by laser. This is a big
step for the nanotube thermoacoustic loudspeakers toward
commercialization. Other important applications of the dry
processable CNT thin films include TEM grids,®! incan-
descent display,[®2] transparent electrodes in organic light-
emitting diodes,®] and scaffolds for surface-enhanced
Raman scattering,[® planar-defect-rich ZnO nanoparticles

\Q‘
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Figure 8. Photographs of graphite slurry droplets on: (A) a porous CNT film and (B) a flat Cu foil. The smaller contact angle and the larger
droplet diameter on the CNT film reveal better wetting and easier slurry infiltration at the graphite/CNT interface than at the graphite/Cu
interface. (C) Cycling (0.1 C, top) and rate performances (bottom) of the graphite-nanotube and graphite-Cu electrodes, revealing the superior
electrochemical properties of the graphite-nanotube electrodes. Reproduced with permissionfrom.”? Copyright 2013, WILEY-VCH Verlag GmbH &
Co. KGaA. (D) Structures of nanotube—silicon and nanotube-silicon—carbon hybrids. (E) Cycle performance at 100 mA/g (left) and rate capability
cycled at different current densities (right) in the potential window of 0.01-1.0 V. Reproduced with permission.”3! Copyright 2013, WILEY-VCH

Verlag GmbH & Co. KGaA.

as ultraviolet emitters and photocatalysts,!®! and 3D copper
nanostructures for CO, reduction./®]

4. Novel Strategies for High-Performance and
Multifunctional Composite Films

Preparation of engineering materials with high strength,
high electrical and thermal conductivities is another hot area
where CNTs play a very important role. Because CNTs have
highly anisotropic properties, they need to be aligned in pre-
ferred orientation in order to obtain the best mechanical or
physical properties. The CNT films prepared by solution-
based methods are composed of random and short nanotubes.
Their tensile strengths are usually below 100 MPa, and simi-
larly their composites show poor mechanical performance.
Approaches such as magnetic or electric field,[”) and shear
flow,®] have been used to align CNTs in polymer matrix.

small 2014, 10, No. 22, 46064625
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However, these approaches have some challenges, including
difficult CNT dispersion, entanglement of long nanotubes,
and low CNT volume factions. Due to these challenges, CNT/
polymer structural composites synthesized by the wet disper-
sion method usually have low strengths (<600 MPa).[%]

The nanotube alignment in dry processable CNTs can
be improved by post drawing processing. For the CNT
films prepared by FCCVD, simple stretching of the films
can significantly improve nanotube alignment. For the CNT
films drawn from spinnable arrays, most of the CNTs are
well aligned along the drawing direction. The length-to-
diameter ratio of dry processable CNTs is in the range of
10° and 10°, much higher than that of the CNTs processed
by wet chemistry. These unique features help utilize the
unique properties of CNTs to prepare novel CNT films and
composites.3549] Table 2 compares the properties of CNT
films and composites prepared by solution-based methods
and dry-state methods in terms of tensile strength, Young’s
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Figure 9. (A) CNT film actuators driven by high static voltage. Reproduced with permission.’”! Copyright 2009, AAAS. (B) CNT thermoacoustic
loudspeakers in air. Reproduced with permission.8 Copyright 2013 American Chemical Society. (C) CNT thermoacoustic loudspeakers under
water. Reproduced with permission.l”?] Copyright 2010, American Chemical Society. (D) A sketch of nanotube yarn array based thermoacoustic chip
and the exploded view of a thermoacoustic earphone. Reproduced with permission.!8 Copyright 2013, American Chemical Society.

modulus, and electrical and thermal conductivities. Usu-
ally, the dry processable CNTs sheets are directly incorpo-
rated into polymer matrix (thermoplastic or thermosetting)
without the need for dispersion. Currently, the architectures
of the composites comprising of dry processable CNTs fall
into three types. Type I, aligned CNT arrays are directly used
as nano-fillers in continuous polymer matrix. The aligned
CNT arrays play the role of free-standing continuous rein-
forcements in polymer,®!l or be shear-pressed into aligned
sheet before polymer infiltration.[*] Composites assembled
from shear-pressed CNT arrays showed a tensile strength
of ~400 MPa. Type II, CNT films are mechanically stretched
to induce CNT alignment and subsequently infiltrated with
polymer matrix.”%%] CNTs were assembled into bucky-
papers in which CNTs are highly aligned to enable ten-
sile strength to up to 3.1 GPa, elastic modulus of 350 GPa
and electrical conductivity of ~5 x 10° S/cm.l] Type III,
aligned CNTs drawn from spinnable arrays were infiltrated
with polymer by spin-coating or casting,®l resin transfer
molding,®! or spraying-winding.[***l-d Nanotube alignment
can be improved by stretching CNTs before3*®! or after!*’]
incorporation of polymers. We have prepared ultrastrong
aligned CNT composites that are 3.8 GPa in tensile strength,
293 GPa in Young’s modulus, and (293 GPa), and 41 W m™!
K~! in thermal conductivity.?>"! The opportunities for appli-
cations emanating from the remarkable mechanical and
physical properties of aligned CNT/polymer composites are
extraordinary, including structural and multifunctional com-
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ponents for aerospace vehicles, automotive structures, elec-
tromagnetic interference shielding, and thermal management.

4.1. Processing Aligned MWCNT Arrays into Flexible
and Conductive Composites

Freestanding arrays of millimeter-long MWCNTs have
unique compressive properties,[?>#%4 fatigue resistance and
viscoelastic characteristics.[”! They can be incorporated into
polymer matrices, such as polydimethylsiloxane (PDMS),%!
and epoxy,”'P! for high-performance composites. For
example, the MWCNT/PDMS composites exhibited desirable
compressive performance.”'?l Under longitudinal compres-
sion, the composites exhibited dramatic increase in stiffness
over the entire strain range, and showed a longitudinal mod-
ulus of ~18.87 MPa between 0 and 8% strain, which was a
600% and 3300% increase as compared with the pure matrix
and CNT array, respectively. Anisotropic characteristics and
damping capability were also observed for such continuous
aligned CNT composites. In order to prepare thin composite
films for electrical conductivity testing, Peng et al. reported
a method for preparing thin CNT composites by slicing a
polymer-filtrated CNT array perpendicularl®'?l or parallell®']
to the array. Particularly, MWCNTs penetrated through the
composite film with open ends when sliced along the per-
pendicular direction as shown in Figure 10A. Figure 10B
shows an electrode fabricated using the composite film. The
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Figure 10. (A) Schematic of the preparation of perpendicularly aligned MWCNT/polymer films. (B) An electrode using MWCNT/polymer film as an
ultrahigh sensor for NH3. Reproduced with permission.[1al Copyright 2011, Wiley-VCH. (C) Schematic of the morphology of the array before and
after shear pressing, (D) SEM image of the end of the preform showing the alignment of CNTs and (E) the aligned CNT preform is easily removed
from the substrate by hand and ready for resin infusion. Reproduced with permission.[%¢l Copyright 2010, Elsevier.

composite showed high sensitivity to NH; because of the
open ends and the aligned structure. The composites could
be transparent by choosing an appropriate polymer and film
thickness. Moreover, the composites showed stable electrical
resistance in response to repetitive bending. However, it is
still a challenge to characterize the tensile properties along
the nanotube direction owing to the size limitation of these
samples.

In a recent report, instead of direct incorporation into
polymer matrix, CNT arrays were “pushed down” to form
aligned CNT buckypapers or films using a method first
reported by Wang et al.,l’’! followed by polymer infiltration
(Figure 10C).[%¢1 CNTs were uniformly converted from their
vertical orientation to a horizontal orientation after pushing
(Figure 10D). Meanwhile, the packing density of CNTs was
increased. After shear pressing,® the aligned preforms
were removed from the growth substrate (Figure 10E) and
then soaked in an epoxy resin solution to form prepregged
sheets. The dry CNT preforms exhibited a failure strength
of 16 MPa, and the cured prepregs showed a tensile strength
reaching 300 MPa and a modulus of 15 GPa. To further
improve the mechanical properties of the composites by
reducing CNT waviness, the resin infused prepregs were
exposed to a strain of 5% before curing, followed by cut-
ting the sheet into test strips and then curing. Such pre-cure-
stretching increased the maximum tensile strength by 33% to
402 MPa and elastic modulus by 50% to 22.3 GPa as shown
in Figure 10F These results demonstrate that straightening
wavy CNTs can effectively improve the strength and stiffness
of the composites.

In the shear pressing strategy, aligned CNT arrays con-
taining long nanotubes can be converted into aligned
CNT performs in seconds. The preforms meet the desired
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characteristics of millimeter long CNTs, high volume fraction,
high degree of CNT alignment, and fast processing simulta-
neously. Additionally, the parallel alignment and through-
the-thickness morphology of CNTs in the preforms facilitate
resin infusion of the preform and thus create composites with
both good unidirectional and through-the-thickness proper-
ties. However, one challenge of this strategy is to provide
good resin infusion. Because the pushing and pressing pro-
cesses remove the empty space between CNTs, many of the
CNTs form much larger bundles. Bundling in turn reduces
the effective reinforcement of the aligned CNTs in the com-
posite due to less effective load transfer. Another limitation
of this strategy is its inability to produce composite prepregs
continuously and at a large scale.

4.2. Stretching MWCNT Films for Strong Composites

As mentioned in Section 2, FCCVD is an effective method to
produce large-scale CNT films in which CNTs are randomly
aligned. Post-treatment by simple stretching can make the
CNTs well aligned as shown in Figure 11. The tensile strength
and Young’s modulus of a randomly dispersed CNT bucky-
paper were 205 MPa and 1.1 GPa, respectively. The ten-
sile strength increased to 390 MPa, 508 MPa, and 668 MPa,
which represent 90%, 148% and 226% improvements, after
stretching 30%, 35% and 40%, respectively. Young’s mod-
ulus and electrical conductivity exhibited a similar trend.!%]
In another work,®! stepwise stretching and pressing
(Figure 11A) drastically improved the CNT alignment and
packing density of FCCVD-produced CNT sheets. As shown
in Figure 11B, the CNT sheet with one-time stretching (30%)
and pressing produced a tensile strength of 416 MPa and a
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Young’s modulus of 13.4 GPa, corresponding to 124% and
319% improvements, respectively, compared to the pristine
CNT sheet. With additional 5% stretching and one more time
pressing, the strength and modulus of the CNT sheet reached
598 MPa and 15.4 GPa, corresponding to 221% and 381 %
improvements, respectively. The CNT sheet after the second
stretching and pressing obtained a high volume density of
0.98 g cm™ (increased by 109%).

Stretched CNT buckypaper (or sheet) can be incorpo-
rated into a polymer matrix to produce composites. After
stretching, high weight fraction of aligned MWCNT buckypa-
pers (60 wt%) was embedded in bismaleimide (BMI) matrix
to form composites. The tensile strength and Young’s mod-
ulus of the 30%-stretched CNT/BMI composite were 1.6 GPa
and 122 GPa, respectively. When the stretch ratio increased
to 40%, the tensile strength and Young’s modulus reached
2.1 GPa and 169 GPa, respectively. The improvement of CNT
alignment also gave rise to record-high electrical conductivity
of 5,500 S cm™! for the 40%-stretched composites.

Aligned MWCNT buckypaper was functionalized to
enable covalent bonding between the CNTs and the BMI
resin matrix."! Functionalization resulted in some deg-
radation of the electrical conductivity of the composites. In
contrast, functionalization led to further improvement in the
mechanical properties of the composites (Figure 11, C and
D). For example, for functionalized 40% stretched CNT-
sheet/BMI nanocomposites, the tensile strength and Young’s
modulus reached up to 3.1 GPa and 350 GPa, respectively.
This was the first report to demonstrate that the mechanical
properties of CNT composites can exceed the state-of-the-art
unidirectional carbon fiber composites.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4.3. Layered Assembly of Aligned CNT Films for
Multifunctional Composites

CNT thin films drawn from spinnable arrays are of high
purity and have good alignment compared to those syn-
thesized by FCCVD. They are promising for fabricating
high-performance composites. Three major strategies have
been developed for fabricating composites based on such
super-aligned MWCNT sheets. 1) Stacking and infiltrating
strategy: polymer is infiltrated after single or multiple layers
of aligned MWCNT sheet are assembled on a substrate. 2)
Spraying-winding strategy: the as-drawn CNTs are continu-
ously wound onto a rotating mandrel under the spray of a
polymer solution. 3) Stretch-winding strategy: evolved from
the spraying-winding method, this strategy enables the as-
drawn CNTs to be further straightened before being incorpo-
rated into polymer matrix.

In the stacking and infiltrating strategy, CNT preforms
were made by stacking multiple layers of CNT films and then
infiltrating the aligned stacks with epoxy resin using a vac-
uum-assisted infiltration.["”**] This method produced com-
posites with 16.5 wt% CNTs, which showed a tensile strength
and Young’s modulus of 231.5 MPa and 20.4 GPa, respec-
tively. Polymers were also directly spin-coated or casted on
as-drawn aligned CNT film supported by a substrate.[1%]
Monomers could also be introduced to the aligned MWCNT
sheet, followed by in situ polymerization. This strategy uti-
lized aligned CNTs and improved the resultant composite
properties to some extent. However, the uniformity of infil-
tration is a challenge because the preforms are already tightly
packed.
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To tackle this issue, we used a spraying-winding strategy
that produced well-dispersed CNT/polymer composites.
As-drawn CNTs were continuously wound onto a rotating
mandrel under the spray of a polymer solution.’*d A wide
variety of polymers including poly(vinyl alcohol) (PVA),
nylon 6,6, epoxy, and polyimide have been studied. Typical
spray-wound MWCNT/PVA composites exhibit a tensile
strength of 1.8 GPa, Young’s modulus of 40-96 GPa, tough-
ness of 38-100 J g~! and electrical conductivity of 780 S cm™.
Compared to regular infiltration methods that cannot avoid
disturbance to CNT alignment due to migration of polymer
molecules and flow of the liquid, the spraying—winding pro-
cess deposits polymer onto each layer of well-aligned CNT
films and maintains the aligned structure. Additionally, it
allows the polymer matrix to penetrate between individual or
very small bundles of CNTs instead of large bundles. There-
fore, the CNTs or their bundles are integrated with the matrix
at molecular level, which is critical for ensuring the effective-
ness of load transfer, and thereby enhancing the mechanical
properties of the resulting composites. Most importantly, this
fabrication approach directly produces composite prepregs
in one step, and the production rate depends on the rotation
speed of the mandrel, and is thus conducive to large-scale
productions.

One critical issue that prevents the full utilization of the
reinforcing potential of the CNTs is the waviness of nano-
tubes. Micrographs show that individual nanotubes are wavy
microscopically."”] CNTs with different degrees of wavi-
ness do not carry applied load uniformly, cannot be packed
densely, and have poor inter-tube connections, all of which
adversely affect the strength, stiffness, and conductivity of
the resulting CNT composites. The adverse effect of CNT
waviness on composite properties has been clearly demon-
strated by simulations.'"'] We recently reported a stretching
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strategy to straighten wavy CNTs before embedding them
into a polymer matrix during the spraying-winding processes
(Figure 12A).3%°1 The CNT film was stretched according to
a stretch ratio (Lg-L)/L, where Lg and L, are the length of
the CNT film after and before stretching, respectively. CNT/
bismaleimide composites, with a volume fraction of 46%,
were fabricated by the stretch-winding approach and exhib-
ited a combined strength and Young’s modulus exceeding
current carbon fiber reinforced polymer (CFRP) composites.
The CNT composite that was stretched by 12% achieved a
tensile strength of 3.8 GPa and Young’s modulus of 293 GPa,
as shown in Figure 12C-E. The average strength and stiff-
ness of the CNT composites were 3.5 GPa and 266 GPa,
respectively. The thermal conductivity was 41 W m™ K!
(Figure 12F) and the electrical conductivity was 1230 S-cm™!
(Figure 12G). These results indicated that the stretching pro-
cess increased their load carrying efficiency, and promoted a
more efficient transfer of phonons and electrons along the
CNT length direction of the composites by improving the
alignment of CNTs.

As shown in Table 2, the CNTs for preparing compos-
ites have diameters of >10 nm. Considering that the out-
most walls of CNTs play a dominant role in load transfer,
large contact area between CNTs is of great importance for
CNT films or fibers to achieve high strength. Small-diameter
CNTs are superior because they have a large contact area
in a unit volume compared to the large-diameter nanotubes.
Figure 13 (A-E) shows our results on preparing strong CNT
films using small-diameter and few-walled CNTs. The CNTs
contained 2—4 graphitic walls and have diameters of ~5 nm
(Figure 13C). The preparation method was similar to the
one used for composites.?% Instead of spraying polymers
during winding, ethanol was sprayed to densify the CNT
film. CNTs were densely packed in the films, which appears
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Figure 13G. High thermal conductivity was
achieved when the density of the aligned
CNT films reached 1.39 g/cm?.['02]

5. Summary

Dry processable CNTs not only simplify
the fabrication of nanotube-based devices
and composites but also improve their
performance compared with CNTs pro-
cessed by wet-solution-based methods.
There is no doubt that the performance
of nanotube-based functional devices
and composites highly depend on the
structure of nanotubes. Therefore, con-
trolled growth of dry processable CNTs
is of great importance. The existing issues
on the growth of dry processable CNTs
are listed as follows. For spinnable CNT
arrays, 1) nanotubes are very defective as
indicated by the low G/D Raman inten-
sity ratio.’31%%] The defects decrease the
mechanical properties and the thermal
and electrical conductivities of the nano-
tubes and their assembly.' 2) CNTs
typically show semi-metallic conductive
properties at room temperature due to
their relatively large diameter (5-80) nm
and multi-walled structure, 91041051 which
are not suitable for electronics such as
field effect transistors. Spinnable SWCNT
arrays are therefore desirable not only for
electronics but also for high-performance
composites. 3) Other important issues
include understanding the spinning mech-
anism of CNT arrays and optimizing array
structures to improve spinnability. The
challenges for CNT films prepapred by
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a smooth and shinning surface as shown in Figure 13B. The
films showed tensile strengths of 1.1-1.9 GPa and Young’s
modulus of 40-90 GPa (Figure 13D), which are markedly
superior to other types of carbon-based films ever reported,
including commercial graphite foils, buckypapers, and gra-
phene related papers (Table 2). The films are strong but not
brittle. They can bear severe bending (even being folded),
and shows good structure integrity and negligible change in
electric conductivity (Figure 13E). We are working on prepa-
ration of even stronger composites using the small-diameter
CNTs and related results will be reported in a future publi-
cation. The good nanotube alignment makes the CNT films
promising for directional heat transfer materials as demon-
strated in Figure 13F. Zhang et al. reported high-density CNT
films that have thermal conductivity up to 776 W m™' K-! in
the direction of nanotube alignment.['%?] They showed that
the thermal conductivity increased with density as shown in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FCCVD method include 1) the poor uni-

formity of the nanotube films and 2) the

removal of impurities such as catalyst and
amorphous carbon.

Although aligned CNTs with superior mechanical and
physical properties have been successfully developed,
research on aligned CNT composites and devices is still in
its infancy. Better understanding of multi-scale structure-
property relationship for CNT materials needs to be estab-
lished. This includes further study of the effect of CNT type,
morphology and waviness at the nanoscale, the effect of
CNT arrangement, alignment, intertube coupling and stress
transfer at the microscale, and the effect of sheet arrange-
ment at the macroscale on final material properties. Addi-
tionally, some challenges remain for the synthesis of high and
consistent quality CNT arrays and the translation of unique
properties of individual CNTs to macroscopic CNT assem-
blies. Further sustained efforts need to focus on realizing the
full potential of CNTs in hierarchical structures, to enable
future aerospace technologies and to inspire new devices that
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can capitalize on their unique properties. Finally, to commer-
cialize dry-processable CNTs in future functional devices and
composites, the greatest challenge is the large-scale produc-
tion of CNTs with consistent and reproducible quality. This
requires the precise control of synthesis parameters, which
has been a challenge in most laboratories.
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