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Abstract

Carbon nanotubes (CNTs) are one-dimensional nanostructured materials with unique mechanical,
optical, and electrical properties which can be potentially exploited for fabricating wide variety of
devices. In addition, the biocompatibility of CNTs makes it attractive for wearable and implantable
technology applications. Well-aligned CNTs structures show enhanced properties such as superior
electron mobility, strain sensitivity, better mechanical property and enhanced performance and
reproducibility that are absent in their disordered counterparts, thus allowing more promising
applications in various fields. With aligned CNTs, devices can be optimized to exhibit better
performance with lesser materials and more miniature designs. This review summarizes the landscape
of CNTs alignment, either during the growth or post-growth processing. This paper delineates various
CNTs alignment mechanism, process parameters, and challenges of each technique. A comparative
discussion on the advantages, disadvantages, and degree of alignment of each technique is presented.
A detailed discussion on the various applications that utilize properties of aligned CNTs devices is
presented. The advent of 3D printing techniques for printing CNTs for novel and futuristic
applications is also discussed.

Keywords: carbon nanotube, nanocomposite, aligned CNTs, 3D printing, additive manufacturing,
printed electronics

1. Introduction

Carbon nanotubes (CNTs) are still widely-explored materials today due to their extraordinary
intrinsic properties, thus finding applications in wearable electronics, energy storage, and harvesting
devices, optoelectronics, chemical sensors, and water filtration. The extreme length-to-diameter ratio,
strong covalent bond, and electronic configuration of the one-dimensional (1D) CNT give rise to its
superior material characteristics like high electrical and thermal conductivity, mechanical strength,
and optical anisotropy. CNTs architectures with a high degree of alignment such as vertically aligned

carbon nanotubes (VACNTS) arrays,!!! CNTs sheets,? or CNTs ropes®! provided added advantage

2


https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

This is an Authors’ Original Manuscript (AOM); that is, the manuscript in its original and
unrefereed form; a ‘preprint’ of an article published by Wiley in Advanced Materials Interfaces
31/12/2018, available online: https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

for applications such as chemical sensing and nanoelectronics as they tend to exhibit better
performance. For instances, the electron mobility of highly-ordered CNTs film is 43 times higher
than random CNTs network and thus the amount of CNTs in nanocomposite can be an order lesser
to produce a conducting percolation network when the CNTs are aligned.!*! Also, the strain sensitivity
of a well-organized CNTs composite film is 6 times higher compared to the random counterparts.t!
In terms of the mechanical property, the storage modulus of aligned CNT's nanocomposite improved
by approximately 40 % as compared to the random CNTs nanocomposite.'®’ More importantly, the
alignment and uniformity of 1D materials such as CNTs have a significant effect on the performance
and reproducibility.!”l Therefore, the ability to obtain aligned CNTs architectures is important for
fundamental characterization and potential applications. To date, aligned CNTs can be achieved
through various in-situ (in-growth) and ex-situ (post-growth) alignment techniques. The in-situ CNTs
alignment technique refers to the class of CNTs where alignment is achieved during the growing
process of CNTs, while ex-situ techniques are a class of post-growth alignment process where the
CNTs are dispersed in solvent or polymer resin and aligned using external field. Currently, there are
more than a dozen CNTs alignment techniques that have been explored and reported. Therefore,
understanding the underlying principle of each process is important. This review aims at reporting
and analyzing the fundamental mechanisms for various state-of-the-art alignment techniques for
CNTs and CNTs devices. Emphasis has been laid on discussing the mechanisms for CNTs alignment
through physical and chemical processes , explaining the underlying principle, and showcasing the
potential of each technique for different CNTs architectures. Lastly, the state-of-the-art 3D printing
of CNTs and the potential of applying CNTs alignment technique to various processes are discussed.
In this review, single-walled CNTs (SWNTs), double-walled CNTs (DWNTs), and multi-walled

CNTs (MWNTs) will be referred to as CNT's unless otherwise stated.
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2. Driving forces for CNTs alignment: theoretical background

The alignment of the CNTs requires a driving torque to change the orientation of the CNTs.
The driving torque can be generated by applying external force fields or induced by condition and
constraints of the surrounding medium and substance. For instance, the driving torque can be
generated by applying shear field, electric field, and magnetic field to the CNTs. Besides, the aligning
torque on CNTs can also be induced by van der Waals interaction and a pinned end of CNTs by the
tip adsorption to the substrates as shown in figure 1a and 1b. The torque is normally generated to
minimize the misalignment angle between 2 adjacent nanotube axes or between the nanotube axis
and the force field which is largely attributed to the geometric and electronic structures of the CNTs.[®!
The one-dimensional structure of CNTs can be considered as a graphene sheet being rolled into a
nano-cylinder. Therefore, CNTs possess similar electronic configuration as graphene sheet that is the
hexagonal carbon rings and valence free electrons due to the sp? hybridization of the carbon atom. As
such, the electrons can flow freely along the wall of the nanotubes and also in the direction of the
tube axis.!! The movement of the electrons circling around the circumference of the nanotubes results
in a large orbital magnetic moment and explains the anisotropic susceptibility of CNTs that is
responsible for the magnetic-induced torque acting on the CNTs in the presence of magnetic field as
shown in figure 1¢.1'” Thus, they are magnetically symmetric along the tube axis and possess molar
susceptibilities parallel (y,) and perpendicular (x.) to it."!) For a diamagnetic CNTs with n carbon
atoms, the magnetic energy in a magnetic field, the magnetic energy can be expressed as equation (1)
with y. < x, < 0."" As such, the nanotube is most stable when the tube axis is parallel to the magnetic

field as the magnetic energy is minimized at H (0) = 0.

nH?
E,H) = — (T) [)Q + ()(“ — )(L)cos2 9] @Y
Besides, it is well-known that the van der Waals interaction between CNTs can be explained

by the electromagnetic forces between them.!'?! The electromagnetic force is formed by the temporary
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dipole as a result of the fluctuation of the electron density. It is discovered that the van der Waals
potential of CNTs should go as C3/R* with R representing the intermolecular distance.!'?! The
coefficient Cs is evaluated at the imaginary frequencies and it is calculated from the dielectric constant
of infinite nanotubes and frequency dependent polarizabilities of the molecular fragments.!'3] By
calculating the minimization of surface free energy of 2 skewed CNTs, the van der Waals torque
between them to make them align parallel to each other can be estimated.!'*

Apart from the abovementioned, CNTs in the presence of an electric field can induce
dielectrophoretic torque to make them align parallel to the electric field.!'"! The polarizability of the
elongated CNT is responsible for the formation of dipole across the CNT tube as shown in figure

1d.1'*) The torque acting on the CNT in an electric field can be estimated by using equation (2).!!!

1
Tatign = Z.Qem Re[a*]E? sin 20 (2)

and,

* (55— n)°

" e + (55 — ) L2 (25 + €50)

a

O-m
* —_— . lp
Emp = Emp —J o

Where (2 is the volume of the particle, &y, is the permittivity of the surrounding medium, &5, and &,

are complex numbers (j% =

—1) expressed in terms of the electrical permittivities (&) and
conductivities (o) of the medium (m), and particle (p); E is the magnitude of the electric field; L, is
the depolarization factor, w is the angular frequency of the electric field (w = 2mf) and ‘Re’
represents the real part of the complex expression within brackets.

The aforementioned driving forces such as van der Waals‘ interaction, dielectrophoretic
torque, and magnetic-field-induced torque are closely related to the intrinsic property of the CNTs,

that is the electron flow within the CNTs. Besides these forces, there are other external forces and

torques that can affect CNTs alignment. For instance, the drag force and the Brownian motion of the
5
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particles in a flowing fluid. The former has a strong dependence on the geometric shape of the CNTs
and the latter depends on the thermal energy of the medium. !

For CNTs suspended in a medium, the CNTs can experience various forces such as the drag
force, the capillary force between the CNTs, and the pulling force by the surface tension of the
medium. The drag force of a CNT in a medium depends on its geometry and the viscosity of the
medium. In general, the drag force of a rod-like structure such as CNT can be expressed as equation
(3).17

Farag= Cp6muR,U (3

Where Cp, is the drag coefficient, u is the viscosity of the medium, R, is the CNT radius, U is the

particle velocity. The capillary force between the CNTs can be expressed as equation (4).!!8]

2R R,y

Fyp ~ y (4)

Where R; and R; are particle radii, y is the surface tension of the medium, and d is the distance

between the CNTs. On the other hand, the capillary force (-VxE) and torque (-9e/d¢p) due to the
surface tension at the interface of fluid can be derived from the capillary energy, E =

—ﬂprRIZ, cos 2(¢, — ) of the elongated body, where H, is the quadrupole amplitude, Rc is

_r
Re(1)
the quadropole distance from the center of the particle, ¢, is the orientation angle of quadrupole and
@ is the principle direction of the host interface.!!” This explains why the CNTs tend to be more stable
at the solid-fluid interface.!'! This is also the fundamental driving force of the evaporation-driven
self-assembly which the mechanism will be discussed in a later section.

For CNTs suspensions that exhibit 2D nematic phase, the governing equation (equation 5)

that describes CNTs orientation can be derived from the free energy of the nanotubes, G =
;Ck1 (g)2 + % ck, sin?(8 — 6,) + kT In ¢, where the first term is the elastic distortion energy due

6
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to the CNTs interaction and k; is the elastic constant; the second term is the surface anchoring energy
due to the substrate-CNT interation that prefer a particular tilting angle, 6, and k2 is the
phenomenological surface tension constant, the third term is related to the thermal energy of
20]

temperature, 7, and ¢ is the CNTs concentration. Equation 5 can be expressed as,!

00 _ ks in2(8—6,) =0 5
ax2 2k, M 0} = ®)

A driving torque can also be generated to align the CNTs when the acoustic wave is applied
to a CNTs suspension. The aligning moment generated by the nonlinear radiation pressure acting on
a straight CNT can be derived as equation 6.1*!]

IDL?

9 = sin 0 (YR\/COSZH + sin2d>sin29) (6)
Where [ is the intensity of the acoustic wave, D is the diameter of the CNT, L is the length of the
CNT, 6 is the azimuth angle on a plane, ® is the angle from the normal axis of the plane, Y is the
related to the property of the fluid and the geometry of CNT.

Other aligning mechanisms that exist as a combination of the aforementioned driving forces

or require more detailed explanation will be discussed separately in the later sections.

3. Methods for CNTs alignment characterization
Normally, the alignment of the as-grown CNTs films or arrays can be evaluated visually by
microscopy technique such as atomic force microscopy (AFM),!??! scanning electron microscopy
(SEM),?! scanning tunneling microscopy (STM)¥, and polarizing microscopy./>> This technique
1s especially suitable for samples that have a very thin thickness and low CNTs density which cannot
be inspected effectively using other laser-based or x-ray-based technique. Transmission electron
microscopy is not suitable because (i) the sample preparation steps could disturb the arrangement of

CNTs in the sample and (ii) the small scanning area could not provide the correct information about
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the actual alignment of CNTs in the sample. The alignment of CNTs can then be further analyzed by
using Fast Fourier transform (FFT) method to evaluate the degree of alignment of the CNTs.[?®
Herman orientation factor, f as shown in equation (7) is commonly used to quantify the degree of

alignment of the CNTs. 2%

3(cos?5) — 1
=— @)

Where {(cos?8) can be derived from the result of FFT.

The aforementioned techniques are suitable for CNTs that are thoroughly exposed, however
not suitable for evaluating the alignment of CNTs embedded inside matrix materials. The alignment
of CNTs in composite materials can be evaluated by using Raman spectrometry?”) and XRD
spectrometry!?®), For Raman spectrometry, a change in peak amplitude at 1590 cm™ when the
orientation of the CNTs sample is adjusted from 0° to 180° indicates there is a preferential alignment
of CNTs in the sample. For XRD spectrometry, the alignment of CNTs can be evaluated by plotting
the integrated x-ray intensity along the 20 along the azimuth angle. Generally, 2 peaks can be
observed form aligned CNTs and no peaks for the random counterparts. Full-width-half-maximum
(FWHM) is normally used to evaluate the degree of alignment of the CNT's, normally, a small FWHM
indicates the CNTs sample has a higher degree of alignment. Besides, a more recent study used X-
ray CT scan to inspect the 3D texture of CNTs film.[?*! Also, a three-dimensional distribution of CNTs
network can be inspected by electron tomography with which the orientation of the CNTs can be
visualized."!

Readers are encouraged to read the textbook and review article by Ren et al.l’!! and
TIakoubovskii*?! respectively for more information about the techniques for evaluating the alignment

of CNTs.
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4. Mechanisms of CNTs alignment

4.1 Electrostatic and van der Waals forces-induced CNTs alignment

Chemical vapor deposition technique is commonly used for CNTs fabrication, therefore
aligning CNTs in CVD processes are referred to as in-situ alignment technique. Generally, CVD
technique can be subcategorized into thermal CVD and plasma-enhanced CVD (PE-CVD) and each
of them comes with many variants such as hot-wall CVD, hot-wire CVD, direct-current PE-CVD,

radio frequency PE-CVD and microwave PE-CVD, just to name a few.

Vertically aligned CNTs (VA-CNTs) can be grown in CVD process under certain controlled
conditions as shown in figure 2a. Normally, high growth yield is required for VA-CNTs. This can
be achieved by increasing the density of the catalytic nanoparticle deposited on the substrate which
is used in the CVD process.l*!! Several techniques such as thin film dewetting, solution-based,
sublimation, and deposition techniques can be used to prepare closely packed catalytic nanoparticle

B Zhang et. al. confirms the effect of catalyst density on the CNTs alignment

for the growth substrate.
by showing increasing CNTs spacing results in randomly oriented CNTs.33! Therefore, it is usually
conceived that the van der Waals forces among the densely packed CNTs help in the formation of
rigid bundles which support each other from collapsing during the growth.*# One good advantage of
aligning CNTs during growth stage is that CNTs can be grown as long as a few millimeters as the
growth front is kept unblocked.>! The tube length can be controlled by tuning the CVD reaction
time.*¥ VA-CNTs can be grown from a variety of substrates such as mesoporous silica,*®! channel
of aluminum membrane,*”! liquid-crystal matrices,*® aluminophosphate!*”! or zeolites.*”! VA-CNTs
stacks can be achieved by repeating water-assisted etching to remove the carbon nanotube cap at its
ends and CVD CNTs growth process.*! Also, the thickness of the catalyst's film plays a significant

role in determining the end result of the CVD process. Nessim et al. have shown that thinner catalyst

film can lead to the growth of vertically aligned CNTs, whereas thicker film can lead to the growth
9
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of sparse and entangled CNT.*?! Besides, adding a controlled amount of water to the CVD process

can result in the growth of VA-SWNTs array with a catalytic selectivity as high as 84%. 4!

Besides, aligned CNTs thin films can be fabricated from CNTs suspension. As CNTs are
randomly dispersed in the solution, they are normally functionalized with carboxylic acid group (-
COOH) or amine group (-NHb») to provide strong interaction with the substrate to immobilize CNTs
on the substrate. Typically, short CNTs with a length shorter than 100 nm is normally used.!**! Like
in CVD process, the strong van der Walls interaction between the tail chain of the CNTs molecules
forms self-assembled monolayers (SAM) as shown in figure 2b. The SAM can be created by using
various strategies such as Au-S bonding, surface condensation, and electrostatic interaction. When a
nanopattern affinity template is used, CNTs with a length greater than the SWNT-COOH-SAM
feature will tend to align along the boundary along the SAM due to electrostatic interaction.*!
Together with direct writing technology, self-aligning printing of CNTs can be achieved by

depositing the CNTs-dispersion on-demand onto a SAM-coated substrate for thin film fabrication.®!

An extensive review of VA-CNTs via SAM method can be found in.*#

4.2 Magnetic field-induced CNT alignment

Magnetic field-induced alignment of CNTs can be achieved in the growth process of CNTs
and post-growth process. This method can be considered as remote action as the target substrates can
be placed within the vicinity of a magnetic field and do not need to come into contact with any probes.
This technique is suitable for the growth of aligned CNTs, alignment of solution-processed CNTs and

polymer-CNTs matrix.

For CNTs alignment during the growth process, a magnetic field is used to orientate the
catalytic nanoparticle as shown in figure 3a.l’”! The catalytic nanoparticle is catalytically active on
certain nanocrystalline facets and the carbon diffusion rate is highest on those facets. Hence, CNT's

can grow preferentially in those directions and alignment can be achieved by manipulating the
10
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orientation of the catalytic nanoparticle. For example, ferromagnetic particles such as iron, nickel,
and cobalt have one crystallographic magnetic axis and they tend to align parallel to the magnetic
field. Depending on the type of catalytic nanoparticles, CNTs can be aligned in more than one

direction concurrently.

Alignment of post-growth CNTs is achievable by placing the solution-processed CNTs in a

(11. 48] Wwell-dispersed CNTs suspension in a liquid

strong magnetic field as shown in figure 3b.
medium is free to rotate and orientate themselves along the field direction when a magnetic field is
applied. The CNTs can be dispersed in various liquid media such as DI water, alcohol,
dimethylformamide, to form pure CNTs film and liquid polymer to form polymer-CNTs composite
materials.!*”! The anisotropic magnetic susceptibility of the CNTs produces a magnetic torque which
is the driving force for the CNTs alignment. The degree of alignment depends on the competition
between the driving force (magnetic torque) and drag forces (hydrodynamic torque and viscous
shear).’% Typically, a magnetic field strength of 10-30 T is required to have properly aligned
CNTs.B! The magnetic sources are normally DC resistive solenoid,'¥ superconducting magnet and
MRI magnet bore.!*?! Magnetic particles such as iron and nickel can be entrapped in the inner-tubular
cavity of CNTs to lower the magnetic field strength required for the alignment to a few Tesla.l®*
Unlike the electric field-induced alignment which alters the position of the CNTs, magnetic field-
induced alignment orientates the tube only which eliminates CNTs agglomeration.’* Also, it is
suitable for large area alignment of CNTs. Another benefit of using a magnetic field is that it improves

the dispersion of CNTs.1*3! Furthermore, bundling of CNTs can be promoted by using the magnetic

processing technique. %!

4.3 Electric field-induced CNT alignment
Similar to magnetic field-induced alignment, the electric field can be applied during both

growth and post-growth processes to achieve CNTs alignment. CNTs can be oriented by the electric

11
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field due to their anisotropic polarizability. An electrical torque is generated when an electric field is

passed through the CNTs which help orientate the CNTs parallel to the electric field.!'!

In the case of growing aligned CNTs during the growth process, a self-biased electric field
can be applied to the substrate to help align the CNTs.%! An external electric field is normally used
to achieve field-directed growth of horizontally aligned CNTs on substrates.'*”! Typically, SWCNTSs
can be field directed along the electric field direction above 130 kV m™! direct-current (DC) field
strength or above 250 kV m™! AC field strength. Apart from that, plasma-enhanced CVD (PECVD)
is used for the growth of vertically aligned CNTs as shown in figure 4a.°% There is a variety of
PECVD, such as radio frequency PECVD,®! microwave PECVD,%! hot-filament PECVD, !
electron cyclotron PECVD,[%?! have been developed for this purpose. These methods are used to lower
the synthesis temperature of CNTs. In PECVD, the plasma would create a parasitic electric field will

help to align the CNTs.

For electric field-induced CNTs alignment of post-growth CNTs, an electrical potential is
applied at 2 terminals between the region of interest as shown in figure 4b.** 3 For bulk CNTs
composite, the electric potential is applied to 2 sides of the materials,**! whereas for CNTs thin film,
interdigitated terminals are normally used for unidirectional CNTs alignment.!®! The alignment
efficiency depends on the material viscosity, electrical voltage, and electrical frequency.'®® Typically,
higher efficiency can be achieved by using a material with low viscosity and applying high electrical
voltage and frequency. It has been shown that both DC and AC electric fields work for CNTs
alignment.[*67! However, one disadvantage of using DC electric field for aligning CNTs is that the
CNTs in the suspension tend to migrate and accumulate at the terminals causing non-uniform
distribution of dried CNTs thin films.[%%! Therefore, AC electric field is normally used because it gives
better CNTs distribution and requires lower voltage (5.5 kVp., m™) comparing to DC electric field

(6.6 kV m™).[®] Besides controlling the peak-to-peak voltage, the AC frequency (typically in the
12


https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

This is an Authors’ Original Manuscript (AOM); that is, the manuscript in its original and
unrefereed form; a ‘preprint’ of an article published by Wiley in Advanced Materials Interfaces
31/12/2018, available online: https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

range of 1-10 MHz) can also be used to control the degree of alignment.!°®! Chen et al. found that the
CNTs film fabricated in high AC frequency (~MHz) tends to have better degree of alignment and
CNTs in low frequency (~hundreds of Hz) tends to form aggregations within the electrode gaps. They
also showed that the more tangled CNTs are observed at low AC frequency and the CNTs are

[66

straightened out at high AC frequency.[®® Similar result is also obtained by Yamamoto et al..[®! They

suggest that the high AC frequency plays a role in suppressing the movements of charged ions in the

liquid medium which aids in the formation of a dipole on the CNTs.!%8)

4.4 Pulling-induced CNT alignment

Pulling-induced alignment is a method that aligns the CNTs by applying mechanical forces to
the CNTs network and the CNTs network can be aligned in the direction of stretching as shown in
figure 5a.1%! This method is normally used for aligning CNTs embedded in a polymer, however, it
can also be used on pure CNTs film.?® 7% The misaligned CNTs can be realigned by the aligning
torque when the force is applied to the ends of the CNTs network. The aligning torque acting on the
CNTs can be developed when the force is transferred to the CNTs network in the 2 ways, (i) the
stretching of the nanocomposite polymer which results in the formation of shear force at the CNT-
polymer interface!’!! and (ii) the entanglement at the ends of CNTs within a pure CNTs network.[?®!
For CNTs embedded in a polymer, the polymer is normally softened first either by melting or dipping
in an alcohol solution.”’!® Currently, it has been shown that mechanically straining can effectively
align CNTs embedded in different binding materials such as g polyhydroxyaminoether (PHAE),[”!"!
polyurethane (PU),[?! polypropylene (PP),[’*! and polyvinyl alcohol (PVA)."# Also, the degree of
alignment of CNTs improves as the strain increases. Typically, the strain range is typically from 40 %
to 80 %. One advantage of this method is that it is very simple. However, this method is time-
consuming and highly skill dependent, hence it is unsuitable for industrial applications. Also, it is

difficult to ensure homogeneous stretching at the film edges. Besides, pulling method can also be

13
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applied on fiber drawing (spinning) method to fabricate highly aligned CNTs yarns as shown in figure
5b. It is found that CNTs aligned better with higher CNTs loading!”> and pulling tension.!”®! Besides,
Zhang et al. developed a process to treat the CNTs yarn spun from a super-aligned VA-CNTs array
with ethanol to make the CNTs more compact and tight.'””! Similarly, Liu et al. spun super-aligned
CNTs sheet from a super-aligned VA-CNTs array with tunable tube diameter by controlling the
catalyst film thickness.!?! Micro-combing process (by using blades with micro-groove) can be used
to mitigate the CNTs waviness, minimizing film defects, and enhancing CNTs alignment and

[78] Interestingly, Xiong et al. developed a novel technique that uses a laser source to create

packing.
strain for CNTs alignment.!””! They attributed the aligning force to the volume shrinkage of the

cooling substrate in the laser scanning direction.

4.5 Shear-induced CNTs alignment
Shear-induced alignment can be generated by 3 different kinds of techniques, namely pure
shear force alignment, extrusion-induced alignment, and flow-induced alignment. Each technique

will be discussed in detail in the following subsections.
4.5.1 Pure shear force CNTs alignment

Shear-induced technique is typically used for post-growth alignment of CNTs. The shear
force can be applied in various forms which include cutting, rubbing or pushing as shown in figure

6. Shearing induces elastic force which helps align the CNTs.

CNTs alignment by the cutting method is normally used for bulk composite materials.®! In
this method, a knife is used to slice through the target material and CNTs alignment in the cutting
direction can be seen on the cut surfaces.’'® This method is particularly useful for large area
production of aligned CNTs thin film and the thickness can be as thin as 50 nm, however, the

alignment effect reduces when the film thickness increases beyond 0.5 um.B% It is found that this
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method is most effective on CNT's with a tube length of several hundred nanometers and diameters
<10 nm. However, this method is only applicable to CNTs dispersed resin matrix material of low tube

density.

CNTs alignment by rubbing (or pushing) is considered a surface alignment method. This
method requires a thin film of vertically aligned CNT's on a substrate either grown from CVD process
or prepared from CNTs suspension. The thin film is then rubbed against a plastic surface (Delrin or
Teflon) and CNTs alignment can be observed in the rubbing direction.!®!! This method is applicable
to align CNT with a tube length of 1-5 um and a diameter of approximately 10 nm. Unlike the cutting
method, this method is applicable to pure CNTs thin film and able to produce much densely packed
aligned CNTs.®?! Using this method, bucky paper of highly aligned CNTs can be produced.!®3! Dry
contact transfer technique is another variant of shear-induced technique which also can be used to
produce highly aligned CNTs film.!®¥ Besides, another way of aligning CNTs by shearing method is
doctor blade technique which the embedded CNTs in the softened polymer film is scrubbed against

821 Miansari et al. deagglomerated dry CNT bundles on a

a blade or a set of parallel grooves.
piezoelectric substrate with surface acoustic wave (SAW) and aligned them by shearing against a
glass slide.®> However, one disadvantage of the rubbing technique is that it damages the film.
Preparation of post-growth vertically-aligned CNTs can be achieved by peeling off a composite
structure with CNTs sandwiched in between 2 polymer membranes.'®®! During the peeling process,
shear force and mechanical stretch force is applied and acted on the CNTs forcing them to align in

the out-of-plane direction. However, the initial orientation of CNTs before the peeling process has a

great impact on the alignment effectiveness.

4.5.2 Extrusion-induced CNT alignment
Aligned CNTs fiber can also be produced via the extrusion-based method as shown in figure

7a. Normally, the extrusion technique is used to produce long and continuous CNTSs yarn or rope.
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During extrusion, the CNTs will tend to align themselves in the direction of the drawing, or in other
words, in the direction parallel to the orifice. In general, direct spinning, melt fiber spinning and

electrospinning can be considered types of extrusion-based technique that can produce aligned CNTs.

Direct spinning of CNTs is a process whereby CNTs are continuously produced in the vapor
phase to form a CNTs aerogel, then subsequently spun into CNTs fibers.[’®! At the initial stage of the
process, the CNTs are synthesized from carbon precursors and catalysts in a reactor. The process
consists of various process parameters such as methane flow rate, ferrocene flow rate, sulfur flow
rate, hydrogen flow rate, water flow rate, and reaction temperature which requires careful
optimization to produce long and mechanically strong CNTs fibers. Direct spinning of CVD can be
used to produce aligned nanotube fibers, ribbons, and coating in one step.!® The full-width-at-half-
maximum (FWHM) of the inter-nanotube interference peak was 11°, which indicates the CNTs are
highly preferentially aligned in extrusion direction in direct spinning process.[”®’ The dimension of
the extrusion nozzle can be further reduced to 1 um so that more highly aligned CNTs fiber can be

(871 Hossain et al. have shown that ZnO can be used as an alignment

obtained with a higher shear flow.
agent to promote better CNTs alignment in the CNTs fiber for better mechanical and electrical

properties.[!

Unlike direct spinning, fiber spinning is a multi-step process which could involve preform
fabrication or preparation of CNTs dispersion and fiber extrusion. It normally involves the fabrication
of CNTs/polymer composite at the first stage and followed by a melt fiber spinning to fabricate the
fiber composite. This method can produce highly aligned CNT's fiber with FWHM of as small as 4°.
Many polymeric materials can be used for the matrix materials such as poly(methyl methacrylate)
(PMMA),®1 polycarbonate,! and more.!! During the process, the matrix material is first melted
by heating before fiber drawing. It is found that the fiber drawing speed can be adjusted to vary the

CNTs alignment.””! Another variant of this process is fiber drawing from CNTs dispersion. The
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CNTs is extruded into PVA solution from a fine nozzle to form aligned CNTs with PVA coating. A
similar method could be used to produce helical fiber structure with a rotating PVA solution bath
while the CNTs fiber is being extruded.®! Liquid crystalline CNTs solution made with dimethyl
sulfoxide can be used for the extrusion process to obtain highly aligned CNTs fibers.®”! A similar
principle can also be applied to 3D printing and it has been found that the CNTs alignment is affected

significantly by the CNTs loading, feed rate, and nozzle diameter.!*!

Electrospinning technique, on the other hand, is a process to produce very fine polymer fiber
by extruding the charged polymer resin with strong electric field applied across the extruding nozzle
and the target. This method normally produces fine fibers of several hundreds of nanometre. These
polymer fibers such as PLA, PAN, PMMA etc. are normally used as carbon precursor for the
synthesis of continuous carbon fiber by carbonization process at 1000°C.°¥ CNTs can be embedded
in the polymer fiber by pre-mixing the CNTs in the polymer resin. The embedded CNTs in the
polymer fibers are highly aligned along fiber axis due to the strong electric field in the extrusion
process and it is proven effective with both SWNT and MWNT. Typically, the electric field ranges
from 0.3 — 200 kV cm™’. The alignment of CNTs in the nanofiber is dependent on the type of polymer
used.®! The electrospun fiber can be made into different forms by using different collectors. For
example, electrospun nanofiber in the form of a random non-woven mat can be produced with a flat
metal plate as a collector, whereas highly aligned continuous nanofiber can be produced by using a

rotating cylinder as a collector.®!

4.5.3 Flow-induced CNTs alignment

In the thermal CVD process, CNTs growth is affected by the gas flow, be it the feeding gas
flow or the convection gas flow.””! The alignment mechanism is based on 2 major criteria, i.e. the
growing front of the nanotube should be free above the substrate surface and the gas flow that directs

the CNTs growth direction.” The growth direction of CNTs front depends on the competition
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between the feeding gas flow and convection gas flow.”?! At low feeding gas flow, the convection
gas flow keeps the CNTs growth front away from the substrate surface and make sure that the CNTs
is vertically aligned. In contrast, in high feeding gas flow condition, the feeding gas flow dominates,
and the CNTs is aligned in the direction of the feeding gas flow. This process is very commonly used

(1901 Typically for high gas flow condition, stable laminar

to fabricate horizontally aligned CNTs array.
flow is required to produce aligned long CNTs network as turbulent flow normally produces short
and disordered CNTs.!"%!l The orientation of the substrate in the CVD is not a dominant factor to alter
the degree of alignment of the CNTs as the Van der Waals interaction between the SWNTs and silica

(1921 Hong et al. also demonstrated the fabrication

substrate is stronger than the influence of gravity.
of horizontally aligned semiconducting SWNTs arrays by illuminating UV radiations to impede the

growth of metallic SWNTs during the CVD process. !

A thin film of aligned CNT can be fabricated by applying a shear flow to the dispersed CNT's
solution as shown in figure 7b. This method is applicable to both pure CNTs and polymer/CNTs
composite solution. Typically, the CNTs is drop cast on a flat substrate and the shear flow is applied
either by gas flow or spin coating method. In the case of gas flow alignment, the CNTs is aligned in
the direction of flow direction, whereas for the spin coating method, the CNT's tends to radially with
respect to the center of rotation. In both cases, shear flow arises due to the velocity gradient across
the thin film. For gas flow alignment, the linear velocity of 6-9 cm/s has been shown to effectively
align the CNTs suspension.!!®! This method is also found suitable for direct write process such as ink
deposition via pipette but alignment can only be done in a large area and limited to a single direction.
On the other hand, the alignment of CNTs via spin coating depends greatly on the condition of the
substrate surfaces. For instance, better alignment is achieved using amine-functionalized surface than
phenyl-functionalized surface.!'® In the case of polymer/CNTSs composite, it is found that the CNTs

tend to align 45° from the radial direction and independent of radial position and spin rate.!'%! The

18


https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

This is an Authors’ Original Manuscript (AOM); that is, the manuscript in its original and
unrefereed form; a ‘preprint’ of an article published by Wiley in Advanced Materials Interfaces
31/12/2018, available online: https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

reported degree of alignment of the CNTs for the rotary spin method is half-maximum-full-width
(HMFW) of around <15°.1%! This method is simple and robust; however, it has several limitations
such as poor alignment at the center region and no control over the direction of alignment. Besides,
it is found that long spin time tends to produce CNTs aggregates especially when the low vapor
pressure solvent is used.!'” Aligned CNTs with thin line width can be produced by using the
microfluidic method to create a capillary flow of CNTs suspension into the microchannel.!'%! Another
example of CNTs alignment technique that uses this shearing principle is the blown bubble film
technique.”) Shear flow produced in the dip-coating method can also be used to create CNTs
alignment in the direction of the dip direction.!''”) This technique creates expanding bubbles by
blowing CNTs suspension through a circular mold which results in the aligned CNTs film. The shear
stress causes the high aspect ratio CNTs to align in the shearing direction when the CNT's suspension
passes through the circumferential edge of the die. Similarly, composite materials of MWNT/poly mer
can be used in microfluidic infiltration, compression molding, conventional injection molding, micro
injection moulding, and microinjection-compression molding processes to create structures with

aligned CNTs.!!!!

4.6 Self-assembly of Aligned CNTs

4.6.1 Liquid crystal-induced CNTs alignment

Liquid crystal (LC) are soft and ordered structure that can be used to alter the microstructure
of materials. Many studies have shown that SWNT and MWNT can be aligned using LC by first
creating a well-dispersed CNTs-LC solution. Different classes of LC such as thermotropic LC
(display-type) [6% 21 and lyotropic (amphiphilic molecule dispersed in water, e.g. surfactant
encapsulated-CNT) LC can be used for CNTs aligning purpose.''*! However, thermotropic LC could
not be removed from the CNTs thin film once the alignment is done, whereas the surfactant in

lyotropic CNTs-LC can be easily removed by rinsing with water. Generally, LC in nematic phase is
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normally used for CNTs alignment purpose.!''¥ The orientation of the LC can be altered by
mechanical, electrical and magnetic forces and hence the CNTs alignment. Depending on how
surfactant molecules are attached to the CNTs surfaces, the surfactant-coated CNT's will interact with
the host LC solution to promote alignment in a preferential direction with respect to the LC director.
CNT concentration is an important criterion for the formation of lyotropic CNTs solution, typically

(1151 One disadvantage of LC-induced CNTs alignment method is that it only

ranges between 1-4 %.
works within the certain temperature range of LC’s nematic phase. An extensive review of carbon

nanotube and liquid crystalline phase has been done by Zakri et al.l!!®!

4.6.2 CNTs alignment by Evaporation-Driven Self-Assembly

Patterning of CNTs-LC into aligned CNTs thin films is essential to fabricate functional
electronic devices. Various techniques have been used to pattern the CNTs-LC such as dip-coating!!'!”!
and inkjet printing (figure 8),!''¥! just to name a few. These techniques basically use the principle of
evaporation-driven self-assembly of the nanoparticle to control the adsorption of CNTs to the
substrate. Generally, there are 2 modes of evaporation, which are (1) constant contact angle (shrinking
or depinned contact) and (2) constant contact area (pinned contact).!''”! The mode of evaporation is
affected by various factors such as rheology of suspension, surface roughness, the rate of evaporation
and evaporation mechanism. However, it has been shown that a third mode (switching between mode
1 and 2) 1s also possible and it is generally believed that it is due to the existence of contact angle
hysteresis on the surface.l'?”! The pinning of the liquid-substrate interface is due to the friction
between the substrate surface and the CNTs suspension coupled with the higher evaporation at the
interface. The accelerated evaporation rate at the interface causes a capillary flow (also known as
convective transport) which brings CNT to the interface forming CNTs aggregates at the liquid edge.

This phenomenon is more commonly known as “coffee-ring” effect. Besides pushing the CNTs to

the edge, the capillary flow also induces a torque on those CNTs are pinned on one end so that they
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align parallel to the interface. This phenomenon can also be attributed to the minimization of the
surface energy of the CNTs because the CNTs is more thermodynamically stable along the triple-
phase junction line and causing the junction line to be pinned.!'?!) Due to the equilibrium of van der
Waals’ force, the CNTs will then stack next to one another.''*?! In other words, the first CNT at the
interface will act as the LC director to align the subsequent CNTs as the solvent evaporates.
Combining the principles of self-assembly and LC-induced alignment, a thin film of highly aligned
CNTs can be produced. For the case of inkjet printing, an additional force invoked by the incoming
droplets in the printing direction would interfere with the radial capillary force resulting in a total
velocity flow which can be resolved in radial direction and printing direction.!'??! The effect of the
resultant velocity flow is that CNTs would tend to align parallel to it resulting in CNTs being aligned

[122

in a preferential direction.!'*?! The CNTs spacing can be adjusted by varying the concentration of

n.['23] Self-assembly by dip coating is suitable for large area

CNTs and surfactant in the suspensio
fabrication, however, the process is very slow due to the fact the process depends on the evaporation
rate instead of the pulling speed of the substrate.['>*! One advantage of evaporation-driven self-
assembly method is that non-lyotropic CNTs solution can also be used. This is because local CNT's
concentration could exceed the critical concentration when CNTs are pushed toward the periphery
via convective transport forming lyotropic CNTs solution locally.'”! Since the alignment is
concentration dependent, the CNT's concentration could recede well below the critical concentration
in the middle region of the drying CNTs suspension due to the “coffee ring” effect forming randomly
oriented CNTs. One way to overcome this issue is to use CNTs suspension with a concentration
higher than the critical concentration. Other ways to pattern the CNTs-LC is by using a substrate
patterned with different wettability (both hydrophilic and hydrophobic) for CNTs-LC or substrates

placing in a wedge configuration.!'3: 125 With self-assembled monolayer (SAM) together with inkjet

printing, it has been shown that aligned CNTs thin film can be produced using strong wettability
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boundary and coffee-stain effect.['?! It was found that CNTs lines with smaller line width can have
better CNTs alignment.!'”>! It is interesting to note that SWNTSs tend to align better than MWNTs
since SWNTSs bend more easily than MWNTs, thus their orientations at the outer edge can be easily

adjusted to form a large area well-organized CNTs architectures.!?!!

4.6.3 CNTs alignment by Langmuir-Blodgett technique

Langmuir-Blodgett technique is used to create nanostructured thin films on substrates,
traditionally used for assembling amphiphilic molecules with a hydrophilic head and hydrophobic
tail. This technique involves the transfer of Langmuir monolayer from the liquid-gas interface to a
solid substrate that moves vertically through the monolayer (like dip coating). Li et al. used this
technique to create highly aligned pristine SWNTSs thin films that are suitable for microelectronic

s.1271 The Langmuir monolayer of SWNTSs is made by treating the suspension of SWNTs in

device
1,2-dichloroethane ~ (DCE)  solutions  with  poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV). The Langmuir monolayer on a water subphase is then repeatedly

compressed and retracted to minimize hysteresis. By doing so, the SWNTs will align themselves

normal to the direction of the compression and the substrate pulling direction.

4.7 Surface acoustic wave-induced CNTs alignment

Surface acoustic wave (SAW) method can be used to align CNTs suspension horizontally at
a preferential angle on a substrate. In this method, the SAW is normally produced by using a
piezoelectric transducer or 2 interdigital transducers. Generally, a drop of CNT's dispersion is placed
in the cavity between a glass slide and a piezoelectric substrate, LINbO3. The Rayleigh waves couple
into the CNTs dispersion and excites longitudinal pressure wave.!!?8 This process induces a series of
pressure nodes and antinodes with a space of half wavelength, which pushes the CNT's to the pressure
node.!?*! As such, the spacing of the CNTs can be controlled by adjusting the frequency of the

SAW.!"3% Due to the piezoelectric effect of the substrate, an electric field is created on the substrate
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surface which also helps in aligning the CNTs as shown in figure 9a!'3!! In other words, the direction
of the CNTs depends on the resultant field of the acoustic radiation force and electric-field induced
force."?”! In some case, the alignment of CNTs suspension on a non-piezoelectric substrate is also
possible as shown in figure 9b. The degree of CNTs alignment depends on the direction and
frequency of the SAW. For instance, better alignment can be achieved with low frequency (several
tens of kHz) when SAW travels parallel to the substrate surface.®!! Besides, the substrate-nanotube
interaction must be sufficiently weak to avoid rapid adsorption of CNTs on the substrate to achieve
good CNTs alignment.?!! Adsorption of CNTs can be improved by applying SAW perpendicularly
to the substrate.!?!! Interestingly, CNTs can be simultaneously aligned in 2 different directions via
SAW method as a result of superpositioning of the SAW from 2 transducers.!'*) However, this

method is not suitable for CNTs with large curvature.?!!

4.8 Guided growth of CNTs

Besides using electric field and gas flow in a CVD process for in-situ alignment of CNTs,
guided growth of CNTs can be done by making use of (i) specific crystallographic plane of crystalline
structures or (ii) nano steps on miscut crystallographic planes. This technique commonly involves the
use of single crystal silicon (Si),!!33) sapphire,!'*¥ and quartz!'*>! as the substrates for the CVD process.
Su et al. found that the CNTs grow in 2 perpendicular directions on Si(100) plane, while the CNTs

e.l!3] The observation is validated by the

grow in 3 different directions 60° apart on Si(111) plan
molecular simulation using empirical force potentials in which the total interaction energy as a
function of nanotubes orientation on the Si plane is investigated.['** They also found that the CNTs
can grow much longer on Si(100) plane as compared to Si(111) plane because the energy barrier for
CNTs to slide on Si(100) plane is lower than that of Si(111) plane.['*3] Han et al., on the other hand,

grew aligned CNTs on a template-free sapphire substrate.!'** They found that the CNTs will

preferentially align on a-plane and r-plane of the sapphire substrate, but no alignment is observed on
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m-plane and c-plane of the sapphire substrate. Ago et al. attributed the guided growth of CNTs to 2
interactions between the CNTs and the Al atoms in the sapphire which are (i) the electrostatic charge
transfer from the Al atom to the C atom and (ii) the formation of covalent bond between the Al and
C atoms.!"*®! Ismach et al. demonstrated the use of a nano-step template to guide the growth of
CNTs.!"*”) The nano-step template is made by miscutting a specific crystallographic plane of a crystal
lattice with a slight deviation from the perfect cutting plane.!'*”) The guided growth of CNTs on the
nano-steps can be attributed to the stronger Van der Waal’s interaction between the nanotubes and
the nano-steps due to larger surface area, the electrostatic interaction between the atomic steps and
the induced dipole across the SWNTs; and capillarity of the catalyst nanoparticles at the inner edge

of the faceted nano-steps.!'**!

In summary, various techniques have been used to achieve aligned CNTs. These techniques
include the growth of aligned CNTs via Chemical vapor deposition, and the post-growth alignment
via applying a magnetic field and electric field, shearing, straining, fiber drawing/electrospinning,
spin coating, liquid crystal, surface acoustic wave, and self-assembly as summarised in Table 1. Table
1 summarizes all the CNTs alignment techniques to the best of authors’ knowledge. Figure 10 shows

various in-situ and ex-situ CNTs alignment techniques and their respective resulting end products.
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Table 1. Various principle of CNTs alignment and techniques

Principle of . During Various Forms of Type of . Her.man's
alignment (driving Advantages Disadvantage growth/Post- processes CNTs alignment orientation factor? Ref
growth / FWHMPD)
force)
Electrostatic and Van elLarge area coverage *Only work with high thermal CVD Pure CNTs Vertically 0.99 134]
der Waal's interaction  ¢CNTs patterning is CNTs density During growth forest aligned
possible (by patterning *Not applicable to
the catalyst or SAM) composite materials
eScalable
Self-assembled Pure CNTs Vertically 0.96 [44]
monolayers film aligned
Post-growth (SAM)
Magnetic field eNon-contact *Require very strong . CVD + magnetic Pure CNTs 3D aligned 0.61-0.89 147]
. . . . During growth .
induced alignment eRemote action magnet (typically >10T) field forest
eApplicable to viscous *CNTs must be filled Pure CNT/CNT Thin films of aligned FWHM (25°-35°) (51a]
liquids with paramagnetic composite SWNTs rope fiber rope
eImprove CNTs particles dispersion +
dispersion eUnable to control CNT Post-growth magnetic field
*Prevent agglomeration separation SWNTs—epoxy 3D aligned 0.62-0.95 152]
composite
Electric field induced eFast process eElectrode/terminal is During growth Plasma- Pure MWNTSs Vertically 0.89 58]
alignment (<1minute) required enhanced CVD aligned
eApplicable to viscous *Possible accumulation Pure CNT/CNT Pure SWNTs 3D aligned 0.89 [e6]
liquid of CNTs on the composite
electrode dispersion +
eMigration of CNTs can Post-growth electric field
ocecur MWNTs 3D aligned 0.94 164]
*The effectiveness of composite
alignment is dependent
on frequency applied
Strain-induced esimple procedure Stretching Pure CNTs In-plane 0.83 (28]
alignment Post-growth Pulling film
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eControllable degree of  estretchingis CNTs In-plane 0.67-0.87 (71b,
alignment by varying inhomogeneous at film composite 72
strain edge CNT sheets In-plane 0.99 21
ethe sample size is
limited
stime-consuming CNT yarns Aligned 0.99 77
erequire experience yarns
Shear-induced eControllable degree of  eCanincur damage on Rubbing Pure CNT film In-plane 0.78 (811
alignment (in-plane alignment materials
shear) sthe degree of Post-growth
alignment depends on Domino-pushing CNTs Bucky In-plane 0.77 183]
the film thickness paper
eonly work with low Doctor blade CNTs/polymer In-plane 0.70 (821
CNTs density technique composite
Cutting CNTs In-plane 0.72 (80]
composite
Shear-induced efast and simple eTend to bend and Direct-spinning Pure SWNTs aligned 0.78 [139]
alignment (extrusion-  process twist CNTs During growth and MWNTs fiber rope
induced) *CNTs fiber are highly eFormation of bent and fiber
aligned twisted CNTs and Fiber spinning CNTs/polymer aligned 0.50-0.97 (o1]
agglomerate composite fiber
ePossible fiber embedded
formation in filament
Post-growth matrix
Electrospinning Pure CNTs or aligned 0.25 195]
CNTs fiber
composite embedded
in filament
matrix
Nano drawing Pure CNTs aligned 0.94 [140]
fiber
embedded
in filament
matrix
*Simple eLimited to low thermal CVD Pure CNTs In-plane 0.82 1971
Shear-induced viscosity solution . and
. During growth .
alignment (flow- vertically
induced) aligned
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ethe degree of Gas flow Pure CNTs or In-Plane 0.87 {1411
alignment depends on CNTs
the type of substrates Post-growth composite
elimited to in-plane Spin coating Pure CNTs or In-Plane 0.54 [108]
alignment CNTs
composite
Microfluidic Pure CNTs In-Plane 0.53 [109a]
Blown bubble- Pure CNTs In-Plane 0.85 7]
film
Self-assembly and ethe orientational eHave a strong Post-growth Dip coating Pure CNTs In-plane 0.51 [117]
Liquid crystal-induced  behavior of carbon tendency towards
nanotubes can be clustering and
preselected and aggregation of single Inkjet printing Pure CNTs |r_1—p|ane 0.65-0.91 [123]
determined tubes into a network alignment
eCan 'use various eLimited to solution Langmuir- Pure CNTs In-plane 0.84 [127]
techniques such as Blodgett alignment
mechanical, electrical technique
and magnetic forces
with a much lower field
force
elarge area oriented-
synthesis of CNT thin
film
eDensely packed
eSuitable for various
substrates
Surface acoustic e the spacing of the CNT e highly dependent on Post-growth Drop-cast Pure CNTs In-plane 0.68-0.83 (1301,
wave-induced can be controlled by the substrate-nanotube alignment [21]
adjusting the interaction
frequency of the SAW @ not suitable for CNTs
with large curvature
Guided growth- e In-situ alignment e Low CNT density During growth e Lattice- Pure CNTs In-plane Most CNTs fall [136]
induced alignment guided within £5°
e Nano- Angle deviation
steps from the aligning
guided angle

“Herman Orientation Factor: the value of 1 represents perfect alignment; the value of O represents random alignment. This Herman Orientation Factor is obtained by extracting the SEM images from the original article and then
processed by using the image processing software, ImageJ.
YFull With Half Maximum: smaller angle deviation suggests better alignment.
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5. Properties and Applications of aligned CNTs
5.1 Composite materials and structures

Composite material refers to an engineered material that is made up of a combination of 2 or
more different constituent materials, normally fiber and matrix. Generally, the fiber normally has a
high tensile strength to withstand the mechanical load, whereas the matrix transfers the load to the
fiber and maintain and hold the fiber in place at the same time. Composite has become popular in
many fields such as building, aerospace, and automobile because it is cheaper, stronger and lighter.
CNTs/polymer composite, being the most suitable candidate for composite materials, have been
widely studied because of its enhanced mechanical property, heat transfer and electrical property.4*
These CNTs/polymer composite can be made into different forms such as composite fibers, fabrics,
sheets, films, filaments, and structure. CNTs/polymer composite with the CNTs aligned in a specific
direction can further enhance the mechanical, thermal and electrical properties along the CNTs axial
direction."**! This allows the flexibility to design the property of the structure by controlling the
CNTs orientation which cannot be achieved by conventional materials. Some application of
composite materials with aligned CNTs are sports equipment, electrostatic dissipation (ESD) and
electromagnetic interference (EMI) shielding.!!*#!

5.1.1 Enhanced mechanical property

Miaudet et al. reported composite nanotube fibers with very large strain-to-failure (430 %)
and high toughness (870 J g").l1¥! To improve the CNTs alignment in the fibers, they developed a
hot drawing method to fabricate highly aligned composite fiber. Using this technique, the CNTs
alignment of hot drawn CNTs/PVA fibers is shown to improve from +27° to #4.3°. This makes the

aligned CNTs/PVA fibers less sensitive to moisture and capable of maintaining high toughness in

humid condition.
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Khan et al. have fabricated epoxy nanocomposite with aligned CNTs using DC electric
field.!®” They have shown that Young’s modulus and fracture toughness of the epoxy nanocomposite
with aligned were shown to be 22 % and 30 % respectively higher (along the nanotube axis) than
those with randomly oriented CNT (figure 11a &11b). Also, they have noted the threshold
concentration of the CNTs concentration to be 0.3 w%, beyond which the material property of the
epoxy nanocomposite deteriorates. Besides, the Storage modulus of the epoxy nanocomposites also
show a similar trend as Young's modulus (figure 11c¢), however, they noted that storage modulus in
the transverse direction of the epoxy nanocomposite is lower than randomly-oriented nanocomposite.
This can be explained by the lower constraint in polymer chain motion in the direction perpendicular
to the aligned CNTs.

He et al. have fabricated epoxy nanocomposite with aligned CNTs with a 0.7 T magnet.!**!
They have shown that the crack density in the nanocomposite is significantly reduced by 37.2 % and
the suppression to microcracks also is increased by aligning the CNTs perpendicularly to the crack
propagation. Besides, aligned CNTs can also be used to enhance the interlaminar property of
laminates structure by about 9 %.!146]

Wang et al. reported a methodology to improve the strength and stiffness of aligned
CNTs/Nylon composite by drawing and stretching approach.!!*”! The ultimate strength of the
CNTs/Nylon composite improved by 50%, 150%, and 190% corresponding to stretch ratio of 2%,
4%, and 7%, respectively. The improvement in the mechanical property can be explained by the
reduction of waviness in the CNTs and hence the improvement in the alignment of CNTs.

5.1.2 Enhanced heat transfer
Choi et al. fabricated an aligned CNTs-PMMA composite with 3 w% of SWNTs dispersed in

uncured epoxy resin using magnetic field as driving force.** They observed a 300 % increase in

thermal conductivity with the addition of 3 w% of SWNT as compared to the pure PMMA and a
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30 % increase in thermal conductivity (4 W m™ K') in the direction of the magnetic field (25T) as
compared to the nonaligned CNTs-PMMA samples. However, it has been suggested by the authors
that the bundling effect (which is promoted by the magnetic field) would work against the
enhancement of thermal conductivity of the composite materials.

Gonnet et al. developed a fabrication technique for nanotube/polymer composite which is by
embedding magnetically aligned buckypaper into a low viscosity polymer resin (figure 11d).!!*®!
They have shown that for the pristine aligned buckypaper mats, the thermal conductivity is relatively
high (42 W m™" K' at room temperature), with an anisotropy Kl/k*-~3.5. Also, their result also shows
that the thermal conductivity of the aligned nanotube composite is 50-100 % higher than the random
nanotube composite.

Marconnet et al. investigated the thermal conduction in aligned CNTs/polymer composite
with high packing density made by biaxial mechanical compression method.!'*’! They found out that
the thermal conduction of the nanocomposite enhances by a factor of 18 by adding 17 vol% of CNTs
to the base epoxy. Similarly, the observed an anisotropy in the thermal conduction of KI/K' ~2-5
with greater anisotropy at higher CNTs volume fractions.

Huang et al. studied the thermal conductivities of the aligned and dispersed CNT's/silicone
composite.!'3% They have found that the thermal conductivities of pure silicone matrix (0.56 W m'!
K™) and dispersed CNTs/silicone composite (0.59 W m™ K™) are rather similar, however the aligned
CNT/silicone composite (1.21 W m™! K!) exhibit about 115 % enhancement in thermal conductivity.

Park et al. showed that the thermal conductivity of the long MWNTs/epoxy composite is 55
W/mK higher compared to the short-MWNTs counterpart.!'>!! Also, they have demonstrated that the
degree of alignment of CNT can be improved by mechanical stretching which then enhances the
thermal conductivity to over 100 W/mK.

5.1.3 Enhanced electrical conductivity
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Li et al. produced woven CNTs fabric from CNTs using direct spinning and achieved best
electrical conductivity they have measured along a fiber was 8.3 x 10° Q! m™!, which is better than
conventional carbon fiber.!”®!

Khan et al. fabricated epoxy composite with aligned CNTs and showed that the electrical
conductivity of epoxy nanocomposite with aligned CNT exhibits at least 1 order magnitude higher
than that or randomly oriented nanocomposite (figure 11e).1°”) They also found out that the
percolation threshold for epoxy nanocomposite threshold in the transverse direction (perpendicular
to CNTs alignment direction) is about 0.05 w% which is approximately an order higher than that in
the parallel direction. The electrical conductivity of 0.5 w% epoxy nanocomposite is the reported to
be around 102 S cm™. The anisotropy in percolation results in the difference in the electrical
conductivity in both parallel and transverse direction of the epoxy nanocomposite. Interestingly, the
anisotropy in electrical conductivity diminishes as the CNTs increases due to the increasing
interconnection in the transverse direction.

Shang et al. have developed a highly stretchable CNTs/polyurethane conductive
nanocomposites can that be stretched up to approximately 550 % before breaking.”! They have
demonstrated that the CNT in the composite can be realigned by applying mechanical stretching force
to the specimen. The conductive nanocomposites have an electrical conductivity of around 5 S cm™
and able to retain its electrical conductivity after being stretched repeatedly at 20 %.

5.2 Electrical and electronic devices
5.2.1 Electrodes for energy storage device and energy harvesting device

Battery and supercapacitor, known for their high energy density and power density, are the
common energy storage devices that are often used to power electronic devices. However,
conventional electrodes for these energy storage devices have certain limitations that restrict the

device performance. For instance, battery with an active binder in the electrodes normally suffers
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from non-uniform porosity, inhomogeneity, tortuous electrolyte diffusion paths, and high electrical
and thermal resistance caused by the point contacts between individual particles.!'>?! Thus, the
attribute of the high specific surface area and electrical conductivity of CNTs makes them good
candidates for battery and supercapacitor electrodes.!'>*) Commonly, CNTs is used as electrodes for

[155

lithium-ion battery,!!52 54 Jithium-sulfur battery,!!>>! pseudocapacitors,'*®" and electrical double

11531541 A5 electrodes of energy storage device, aligned CNTs electrodes are much

layer capacito
preferred over entangled CNTs electrodes because of their higher specific capacitance, lower
equivalent series resistance, and better rate capability than the entangled CNTs electrodes. This is
because aligned CNTs electrodes possess larger pore size, more regular pore structure and conducting

pathway.!"”l The VA-CNTs electrode can be directly grown on Inconel disk!!*®! or metal foil 5%

and, in certain cases, can be further processed into free-standing thin film,!'>! fiber,!'®"! and yarn!!6!!
(figure 12A) for wearable and stretchable devices [!33!. For pure CNT electrodes, the performance of
the supercapacitor can be improved by the densification process using liquid drops.!'®*! The
densification process reduces the lateral volume significantly while retaining the original surface area
of CNTs which considerably increases the volumetric adsorption density. One limitation of CNTs is
the poor wetting behavior at the electrode/electrolyte interface. The wetting behavior can be improved

5.3 To further improve the performance of the

by plasma and force vacuum wetting procedure
energy storage device, composites electrodes such as CNTs/transition metal (molybdenum
disulfide),'%*! CNTs/metal oxide (Fe3O4, MnO», oxidized nickel),!!36: 15% 1641 CNTs/semi-conducting
metal (silicon),'®!  CNTs/non-metal (sulfur),!! and CNTs/ polymer (Polyaniline,
PEDOT/PVDF)! have been explored to enhance the capacity and power delivery. However, these
metal oxide composites often face issues such as the poor conductivity of oxides that lowers the rate

performance, and degradation of the cell’s capacity due to the change in volume and aggregation of

the oxides. Therefore, cross stack CNTs film is normally used for these electrodes loaded with metal
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oxide nanoparticles.!'*?! The fabricated Li-S battery with silicon/carbon-coated VA-CNTs can carry
over 3000 mA h g! with virtually no sign of degradation after over 250 cycles.!">?! Recently, nickel
cobaltite has become a popular candidate for supercapacitor to be integrated with VA-CNTs and
showed a specific capacitance of 970 Fg™! at 2 Ag™! with capacity retention of over 80 % for more
than 3000 cycles.!"¥! Izadi-Najafabadi et al. reported a binder-free SWNTSs supercapacitor that can
operate at a higher voltage (4 V) which can deliver higher energy and power performance with a
specific capacitance of 160 Fg™!.1®”] Besides, they also found that the aligned SWNTs array performs
best when oriented parallel to the dominant ion transport direction.!!®®!

Interestingly, CNTs can be used to produce the high-efficiency silicon Schottky solar cells.
Aligned CNTs has been proven to increase the CNTs-Si junction density and allows faster transport

[169

paths for photocurrent in the oxide.!'®®! It has been shown that the aligned CNTs can achieve an

efficiency of up to 10.5 %, which is higher than the counterpart with randomly oriented CNTs
network.!170!
5.2.2 Field-emission devices

CNTs can be used for field-emission devices due to its high aspect ratio and small tip radius
of curvature.!'’!! The unique structure of CNTs has resulted in high field enhancement ranging from
1000 to 3000.1'7?! The field emission property of VA-CNTs is influenced by CNTs length and spacing.
For a given length of CNTs, the macroscopic electric field is reduced when the spacing of CNTs is
increased. On the other hand, for a certain spacing of CNTs, the macroscopic electric field is reduced
when the length of CNTs is increased. However, it is not true for very high-density CNTs film.!!7!
Besides, the orientation of the CNT's orientation to the substrates also have a significant effect on the

field emission, for instance, the VA-CNTs can exhibit much better field emission as compared to

horizontally aligned CNTs.[!73!
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Song et al. fabricated a well-aligned CNTs array and investigated its field emission
property.['’ The vertically aligned CNTs array is fabricated by the CVD process and the field
emitting area is measured to be 4.0x10° cm?. They have the best-reported result with a large current
density as high as 80 mA cm™ at 3V um™. Jung et al. developed a flexible field-emission device with
aligned CNTs using silicone rubber as base materials (figure 12B).!'”>! They have demonstrated that
their field-emission device exhibits a field-enhancement factor of approximately 19100 with a turn-
on field of 0.87 V um and a current density of 1 mA cm? at 0.76 V um™. The composite materials
remain electrically functional even after being strained up to 12 % repeatedly.

Generally, CNTs-based field emission displays (FEDs) often face challenges as follow: (1)
SWNTs have low voltage threshold but short emission lifetime and (2) MWNTSs have good emission

(1761 Double-walled carbon nanotubes (DWNTSs) emitter possess

lifetime but high voltage threshold.
the good quality of both SWNTs and MWNTs, that is low voltage threshold and long emission
lifetime.!'””) Tamada et al. reported a water-assisted CVD process to fabricate VA-CNTs arrays of
DWNTs from iron catalysts.[!”® The VA-DWNTs forest is measured to be 2.2 mm high and the
percentage of DWNTs is found to be as high as 85 % with an optimum film thickness of iron catalysts.
5.2.3 Field-effect transistor

Semiconducting CNTs is suitable for field-effect transistor because of its high mobility.[!”"!
The key challenges in faced in fabricating CNTs-FET is the difficulty in placing and aligning the
CNTs over a large area and low on/off ratio due to the mixing of metallic CNTs. Due to the high
resistance of the CNTs (~1.4 MQ sq"), the CNT-FET often exhibit undesirable low-level on-state
drive current.!'?*! Very often, metallic CNTs is added to the CNTs-FET to improve the on-state drive

current at the expense of lowering the on/off ratio (1 — 2 order of magnitude). As such, controlling

the CNTs alignment in the CNTs-FET is very important.
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Engel et al. developed a large area fabrication technique for CNTs-based thin film transistor using
self-assembly technique (figure 12C).1">* The technique takes advantage of the liquid crystal nature
of the CNTs dispersion to fabricate a thin film of aligned semiconducting CNTs with directionality
error within 5°. Besides, the highly dense and aligned CNTs transistor has on-state performance is
very good, delivering high drive currents, Ios»=1 mA at V=2 V, while maintaining Iow/Iorr~ 10°. Li et
al. used AC electrophoresis method to the deposited SWNT to selectively remove the metallic SWNT
by current induced oxidation.!'%! By applying the AC voltage to the CNTs-FET, the orientation,
length, and reconnection of the CNTs can be controlled. The back-gate CNTs-FET has an on/off ratio
of 7 x10° at Vds =150 mV. LeMieux et al. showed that the CNTs in the CNTs-FET can be aligned
using spin-coating method.!'®”! The density and the alignment of the CNTs can be tuned by using
different functionalized surfaces. The fabricated CNTs-FET exhibits a high on/off ratio of 9 x10°,

Kang et al. reported a transistor made up of ~2100 SWNTs on interdigitated electrodes with
a measured transconductance of the device approaches 1,000 cm? V7' s and 3,000 S m™, respectively,
and with current outputs of up to 1 A.!'8! Transistor with aligned CNT arrays is also found to be
suitable for radio frequency (RF) devices. Kocabas et al. reported a transistor with sub-micrometer
channel length exhibits unity current gain and unity power gain frequencies as ~5 GHz and ~9 GHz
respectively.[!8?]

5.2.4 Optoelectronics

Aligned CNTs films have been widely used in optoelectronics due to its unique such as its
high transparency, light polarizability, and electrical conductivity. For instance, aligned CNT's films
have been reported to be used as polarizer, polarized light source, alignment layer for liquid crystal
display and transparent electrodes.

Due to the unidirectional feature of the aligned CNT's, some polarizing effect can be observed

in electromagnetic wave absorption and emission behaviors.['®3! The polarizing effect of aligned
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CNTs film can be explained by the photon absorption characteristic at different incident angles.!!**
The electrons can flow in the same direction as the E-field of a photon if the polarization of the
incident photon is parallel to the tube axis. As a result, the photon energy will then be absorbed by
the electrons and dissipated as heat energy. On the other hand, the energy of an incident photon with
polarization transverses the tube axis cannot be absorbed by the electrons and hence the polarizing
effect.!'*?] Typically, the CNTs-based polarizers are fabricated by drawing from VA-CNTs array. It
has been shown that the transmittance of the CNTs-based polarizer is affected by the height of the
VA-CNTs array, whereas the degree of polarization is affected by the drawing angle during the film
formation process.!'®” The degree of polarization (0 represents no polarization, 1 represents perfectly
polarized) can also be improved (0.5 for 1 layer; 0.99 for 3 layers) by stacking multiple aligned CNT's

[186] Ren et al. reported a CNTs-based terahertz linear polarizer with a

film in the same orientation.
degree of polarization in terms of absorbance were 1 and the reduced linear dichroism was 3,
throughout the entire frequency range of 0.1-1.8 THz.['8”) By applying DC electric current to the
aligned CNTs film, it can emit polarized visible light. The degree of polarization of the emitted light
is affected by the drawing angle, i.e. higher the degree of polarization at larger drawing angle.[!85- 188]
Besides, the degree of polarization can be tuned by stretching the CNTs/PVA composite film
polarizer.!!%!

The alignment layer of liquid crystal display (LCD) is vital to control the liquid crystal (LC)
orientation. Conventionally, the alignment layer is fabricated by mechanical rubbing of the surface
of polyimide films. Parallel grooves formed during the rubbing process can be used to direct the LC
orientation. By the same token, nano grooves formed between the unidirectional nanostructure of the
aligned CNTs film can be used to direct the LC orientation.!'””) Several ways have been proposed to

create the aligned CNTs film for alignment layers, which are drawing method,!"*” self-assembly and

dip coating method.!"'” For the drawing method, the aligned CNTs film is first wetted by a volatile
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solvent and placed on a substrate. After being dried in ambient condition, the CNTs films attach
firmly to the substrate by van der Waal’s interaction and coating of silicon dioxide can be done to

(1901 Aqueous dispersions of CNTs are used for both self-assembly and

further prevent delamination.
dip coating methods. However, both techniques create very distinct film morphology with self-
assembly (gradual evaporation) produces a densely packed CNTs film and dip coating (constant dip
rate) produces sparse CNTs film. Due to the high transparency and electrical conductivity of the
CNTs film, the CNTs alignment layer can be used directly for LCD. Russell et al. have developed a
technique that used aligned CNTs film as a template and sacrificial layer for silicon nitride target
layer. The CNTs film is then removed by thermal treatment to create silicon nitride alignment layer
with improved transmittance. Aside from acting as a transparent alignment layer, the resistive nature
of the CNTs film can be made used to act as a built-in heater to widen the operating temperature of
the LCD.!"" Kang et al. developed a transfer printing method to fabricate multilayer superstructures
of a large collection of SWNTs arrays configured in aligned and random CNT networks on various
substrates suitable for optoelectronic devices.!'*!!

In short, CNTs can be used and incorporated directly into LCD panel. Liu et al. found that
CNTs film in the vacuum can be heated to glow and cooled down by applying and cut off the voltage
with fast switching time (~1ms).""”?! With proper sealing, they have fabricated a 16 x 16 pixels CNTs
film incandescence display with each pixel giving a brightness of 6400 cd m™ at 0.08 W (figure 12D).
Besides, the LCD can be doped with a small amount of CNTs (CNTs are aligned along the nematic
LC director) to modify the twist elastic constant and rotational viscosity and hence improving the
response time of the LCD.!"*3! Aside from displays, the aligned CNTs/PET composite film produced
by roll-to-roll technique can also be used as the top and bottom transparent conducting layers of a

touch panel (figure 12F).'” Needless to say, aligned CNTs is important in the field of

optoelectronics and have found many useful applications.
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Besides being able to be used as optoelectronics, VA-CNTs arrays can be used as a black body
absorber. The VA-CNTs array is found to be able to absorb light almost perfectly across a very wide
spectral range (0.2-200 um). This can be attributed to the VA-CNTs array structure which is the
sparseness and imperfect alignment of the VA-CNTs.!!!

5.2.5 Electromechanical devices

Electromechanical devices refer to devices that can convert an electrical signal into
mechanical motion or vice versa. Carbon nanotubes have been found suitable to be used as transparent
and flexible electromechanical devices. Some applications of CNTs-based electromechanical devices
are strain sensor, microphone, loudspeaker, and actuator.!'%

Xiao et al. developed a flexible, stretchable and transparent carbon nanotube thin film
loudspeaker based on the thermoacoustic effect (figure 12E).!"*”! The highly aligned CNTs thin film
(fabricated simply by drawing method) can generate loud sound once being fed by electrically current
with frequencies within the audible range. It has been shown that the CNTs-based loudspeaker has
wide frequency response (100 - 100 kHz) and very high sound pressure level (up to 100 dB with an
input power of 4.5 W) due to the ultra-small heat capacity of the CNTs thin film (6.4-8.9 x 103 J m’
2 K. The fabricated aligned CNTs thin film possesses many other advantages such as optically
transparent, stretchable, and magnet free. Besides, the nanometer-thick CNTs thin film is free
standing and can be easily made into different shape and sizes to cater for many other acoustic
applications.

Aliev et al. developed an actuator that is capable of producing large stroke using a CNTs-
aerogel sheet (figure 12E).[”®! The CNTs-aerogel sheet can be used as an electrically powered
artificial muscle that is controlled by voltage and is able to provide a large elongation of 220 % and
fast elongation rate (3.7 x 10* % per second). The density of the CNTs-aerogel sheet is reported to be

as low as 1.5 mg cm™ and the specific strength in the direction parallel to the CNTs is higher than

38


https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

This is an Authors’ Original Manuscript (AOM); that is, the manuscript in its original and
unrefereed form; a ‘preprint’ of an article published by Wiley in Advanced Materials Interfaces
31/12/2018, available online: https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201801318

that of steel. Comparing to conventional rubber, the CNTs-based actuator has a Poison’s ratio of 15
which is 30 times higher than the counterpart. The large Poison’s ratio of the aligned CNTs film gives
rise to its unique property like the negative linear compressibility and the ability to be densified when
stretched.

Foroughi et al. fabricated a torsional carbon nanotube artificial muscle with twisted CNTs
yarns.!"””! The CNTs-based torsional actuator is filled with electrolyte and operates like a simple 3
electrodes electrochemical system. The thinner-than-hair miniaturized torsional actuator is capable
of twisting 15000° and 590 revolutions/minute.

Zhou et al. produced a U-shape actuator using super-aligned CNTs which is capable of exhibiting
large deformations such as 700° of twisting, 49.2 % of elongation, and 26.4 % diameter
constriction.!'”®! The lightweight actuator, which uses electrothermal actuation, can produce a
gripping force of 26 times higher than its own weight making it suitable for biomimetic devices.

5.2.6 Electrochemical devices

The electrochemical property of CNTs can be attributed to the distortion of electron clouds of
CNTs from a uniform distribution to asymmetric distribution around the nanotubes caused by rich n-
electron conjugation forms outside of CNTs.!%’! As such, CNTs are extremely sensitive to charge
transfer and doping effect by various molecules. Aligned CNTs arrays have been extensively used as
electrochemical devices due to the high surface-area-to-volume ratio of the CNTs. The use of aligned
CNTs arrays provides added benefit for a maximum access of CNTs electrode surface.>°”! Chemical
functionalization of CNTs can make CNTs sensitive to detect different analytes such as gas,!!*!
DNA, 2% protein,?°!! neurochemical,?*?! and biomolecules.!?**! The key challenge in the fabrication
of aligned CNTs arrays for electrochemical devices is to maintain the CNTs alignment structure in
the array.[?°!! One way to protect the alignment structure is by filling the gaps between the aligned

nanotubes with a spin-on-glass (SOG) prior to the oxidative reaction.”) Another way would be using
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self-assembly method to align the oxidized carbon nanotubes.”®!) In both cases, however, the
chemical attachment can only be done at the tip of the CNTs. He et. al. developed a method for
preparing aligned CNTs with chemical attachment at both tip and side walls for CNTs via acid-plasma
treatment, grafting and hybridization treatment.'”® As this paper is only intended to discuss the
fabrication process and the potential of aligned CNTs, the performance of the electrochemical devices
will not be discussed here. However, the readers are encouraged to refer to the review articles by Gao
et al., Jacobs et al., Wang et al., Gooding et al., and Vashist et al. for more information about the
performance of different electrochemical devices.2022%4
5.3 Filters for purification

Carbon nanotubes membrane is a suitable candidate for filters for purification of water and

gas due to its unique cylindrical nanostructure, high mechanical strength, high aspect ratio, and large

0.12%1 By the same token, CNTs membrane is also suitable for analytical

surface area-volume rati
separations such as selective separation of nanoparticles, biomolecules, or microorganism.?°! The
keys to achieving good purifications using carbon nanotube membranes are the controlled porosity
and pore size. Generally, 2 types of CNTs membranes are used as filters as purification, which is 1)
bucky papers and 2) isoporous membranes (figure 13).

Generally, the aligned Bucky papers membranes are can be fabricated through domino-
pushing of VA-CNTs or aligned magnetically. The CNTs in the Bucky papers are held together by
the strong van der Waal’s force to form a cohesive Bucky paper. It has been shown that longer carbon
nanotube with fewer walls tends to exhibit better tensile property due to the stronger van der Waal's
interaction. The Bucky papers of MWNT fabricated from domino pushing or lateral shear method
(Figure 6b) of VA-CNTs with average outer diameter and length of 9 nm and 300 pum 1s found to

have a pore size of ~25 nm and a standard deviation of ~14 nm. The porosity of Bucky paper is found

be to around 87-91 % with finer CNTs having a higher porosity. A specific surface area of 1587 m?
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g for Bucky-papers formed from SWNTs has been reported.'**”! Bucky paper with high porosity
(~90 %) has been reported to have water vapor permeability of up to 3.3 x 10> kg m"' s'Pa' on a
small scale rig.!>®! PVDF can be added to the Bucky paper to reduce the chance of cracking at the

2080 Besides, Bucky paper can be used as fine filters to

expense of reduced flux and permeability.
remove 100-500 nm fine particle to a level that surpasses the standard HEPA filters.?*”! Apart from
that, Bucky paper has been reported capable of effectively filtering off E.coli bacteria (2 pm) and
model virus MS2 bacteriophage (27 nm diameter).?!%

Unlike Bucky paper which uses the pores formed among the nanostructure to selectively allow
particle (gas or water) to pass through, Isoporous membrane uses the cylindrical pore of CNTs to
selectively allow molecules to pass through the hollow CNTs interior.[*'!! Generally, the isoporous
membrane is fabricated in 2 steps, which are 1) growth of VA-CNTs and 2) infiltration of
impermeable materials. Normally, the forest of VA-CNTs is first grown by CVD process with proper
parameters, catalysts and substrates to avoid structural blockage which could prevent flow through
the CNTs interior.!>'?! The VA-CNTs is then infiltrated with impermeable matrix material with low
viscosity to ensure a void-free matrix and maintain the CNTs alignment.?®! Typically, the porosity
for the isoporous membrane of 10'! cm? VA-CNTs forest and diameter of 5nm is roughly 2 %.
Densification of VA-CNTSs array is required to improve the permeation.!3! It has been shown that
isoporous membrane of VA-CNTs of CNTs diameter (2 nm) can provide better gas permeance than
the commercial polycarbonate membrane with 10 nm cylindrical pores.2!2!

5.4 Super-hydrophobic surface

Hydrophobicity refers to the ability of a surface to repel water molecules. CNTs are slightly

hydrophilic with a contact angle of approximately 86° by nature. However, with VA-CNTs, the

wettability changes from hydrophilic to hydrophobic, or even super-hydrophobic surface depending

on the surface texture (figure 14).'* Generally, the factors affecting the wettability of a surface are
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the surface energy and surface texture/roughness. For the case of aligned CNTs, a stable hydrophobic
surface can be achieved by using chemically modified VA-CNTs and micropatterned VA-CNTs.
Chemically modified VA-CNTs are normally coated with a layer of fluorinated and silane (both are
low surface energy compounds) to give the VA-CNTs the ability to have better water repelling
property (contact angle: 171°). VA-CNTs with tunable wettability can be achieved by using
thermoresponsive coating such as Poly(N-isopropylacrylamide) (PNIPAAm).?!! Besides, the super-
hydrophobic surface can be achieved by ensuring the intertubular spacing is less than 50 um."?!®! For
micropatterned VA-CNTs with anisotropic morphology, the water can be made to flow in a
preferential direction.!?!”! The super-hydrophobicity of VA-CNTs is useful for applications such as
loss-less transportation for microfluid and biological application such as cell seeding.!?!*!
6. CNTs meet 3D printing

6.1 Incorporation with various 3D printing techniques

In this section, the use of CNTs and its composite in 3D printing and the application of the 3D
printed CNTs-based devices and structures are discussed. 3D Printing, also known as additive
manufacturing, is a class of manufacturing techniques whereby the products are fabricated layer-by-
layer in an additive manner.*'8! It gives designers the flexibility to decide where and what materials
to use when designing products because of the capability of 3D printing techniques to deposit/process
the raw materials on demand. This allows added functionality to the products such as the selective
strengthening of a structure or making certain parts of the structure conductive for specific
applications. Currently, there are 4 types of 3D printing technique have been reported to have
successfully fabricated CNTs-based devices or structures, namely material-extrusion technique, vat-
polymerization technique, powder-bed fusion technique, and material-jetting technique.

6.1.1 Material-extrusion technique
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Material-extrusion technique is a printing technique that lays/ deposits the materials in the
form of filaments by forcing the feedstock materials through a nozzle (figure 7a). Generally, the
feedstock materials used in the extrusion-based process are CNTs-composite either in solid
filament®'! or in viscous liquid form'*?!. During the extrusion process, the solid filaments are first
melted to allow the materials to flow through the nozzle easily. On the contrary, heating is not
required for feedstock materials in viscous liquid form. The extruded filament turns solid, either by
solidification process for solid filament!?!®-22!! or UV-curing process and solvent casting process for
viscous liquid feedstock,!??% 222! after exiting the nozzle. For solid filaments, Aliheidari et al. have
demonstrated printing polyurethane/MWNT composite filament with an MWNTSs of 1-3 w%.??* For
liquid feedstock materials, the materials must possess shear-thinning property to allow extrusion!??*!
and the particle size or CNTs length must be lower than 1/100 of the radius of the nozzle to prevent

e.1??* Postiglione et al have shown that increasing CNT's concentration to about

clogging of the nozzl
35 % in the feedstock material increases the shear rate and thereby reducing the process window of
the extrusion process.!???! To date, nanocomposite materials with matrix material of alginate >3], Poly
(e-caprolactone) (PCL),??®! acrylonitrile-butadiene-styrene (ABS).21°% poly(lactic acid) (PLA),??*
and polyurethane!??°! have been successfully fabricated using extrusion technique. As the extrusion
process involves viscous materials flowing through a nozzle, extrusion-induced shear flow is
developed in the extruding composite materials which allows the CNTs to redistribute and reorient
themselves. As a result, preferential alignment of CNTs along the extrusion direction can be
expected!?!% 223. 2262271 Tq date, extrusion-based technique has been used to fabricate structural
parts,14 liquid sensor,?!°" free standing circuit,***! and tissue scaffold.*?®!

6.1.2 Vat-polymerization technique

Vat-polymerization technique is a printing technique that selectively cures the liquid resin in

the vat onto the build part. This method is more commonly known as stereolithography (SLA). A UV
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laser source is used to cure the photocurable liquid resin. The use of CNTs in the liquid resin feedstock
material is to overcome the shortcomings of the pure UV-curable polymer such as brittle, lack of

[229

strength and conductivity.?*) CNTs with average length between 1-20 pm have been shown suitable

s.12% Wagner has shown that the toughness of the printed nanocomposite is

for SLA printing proces
11.4 w% higher than the pure counterpart by adding 0.25 w% of MWNT, 2% whereas Sandoval et al.
have shown that the fracture stress of the printed nanocomposite is increased by 33 % by adding 0.1
w% of MWNT.[?!! Yang et al. have demonstrated printing polymer/MWNT composite with
controllable direction of CNTs (figure 15).1232! They added a pair of parallel-plate electrodes in the
liquid resin tank to align the CNTs along the electric field direction. Besides, a rotatable build
platform is used to turn the part into the desired orientation relative to the electric field in order to
control the CNTs direction. They have shown that different mechanical property such as tensile
modulus within a printed part is possible by controlling the orientation of the CNT's using this system.
6.1.3 Powder-bed fusion technique

Powder-bed fusion technique is a printing technique that uses laser to selectively fuse/sinter
the powder feedstock material on the build platform (figure 16). Polymer nanocomposite parts such
as polyamide (PA)/CNTs are normally fabricated from PA powder coated with CNTs of length range
between 10-30 um.!***! Yuan et al. have demonstrated printing the nanocomposite powder with 0.5
w% of CNTs using a selective laser sintering (SLS) printer. They have shown that the printed
nanocomposite parts have improved the tensile strength and toughness of about 31.8 % and 84.9 %
respectively as compared to the pure PA parts. However, current printing technique does not allow
or promote alignment of CNTs, therefore it produces parts with random CNT's network.
6.1.4 Material-jetting technique

Material-jetting technique is a printing technique that deposit the ink in the form of droplet

through a fine capillary (figure 8b). Among the material-jetting techniques, droplet-jetting technique
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such as inkjet printing!'**2** and aerosol jet**! printing are a more popular options for printing high-
resolution features of CNTs thin film for printed electronics. Unlike inkjet printing, aerosol jet
printing is a 5-axis printer which allows features to be printed on any arbitrary surface topology. Both
inkjet printing and aerosol jet techniques have similar requirement for the CNTs ink property. For
droplet-jetting technique, the surface tension (30 mN m™ and the viscosity (2 cP) of the CNTs ink

(2361 Similar to extrusion technique, the particle size or CNTs

have to be low in for good printability.
length depends on the diameter of the nozzle size. Typically, the dispersion of CNTs used for droplet-
jetting technique normally have a concentration of around 0.5 w% with CNTs length as long as 2.6
um.!22! Once the CNTs ink is patterned on the substrate, the patterned CNTs ink is left dried by either
at room temperature or elevated temperature. With proper choice of CNTs concentration and
evaporation rate, alignment of CNTs on the printed film can be achieved.!'?*! Alternatively, the CNTs
can be aligned by utilizing the “coffee ring effect” of the printed film in which the CNTs is aligned

along the printed film’s boundary. To date, many electronic devices such as flexible circuits,>*”!

(2491 have been fabricated using droplet-jetting

sensors,?*®! transistors,**! and flexible display
techniques.
Table 2 summarizes the relationship of the respective 3D printing techniques and the

possibility of fabricating aligned CNTs devices.

Table 2. 3D Printing and the alignment of CNTs via 3D printing

3D Printing
techniques

Alignment References

mechanisms

Advantages Disadvantages

[219a, 223, 226-227]

Material-extrusion

Shear flow-assisted

Suitable for solid and
liquid materials

3D object

CNT alignment is
possible

Suitable for
nanocomposite

e In-plane
alignment only

e Not suitable for
printing pure
CNTs structures

Vat-polymerization

Electric field-assisted

3D object

CNT alignment is
possible
Controllable
alignment direction

e In-plane
alignment only

e Not suitable for
printing pure
CNTs structure.

[232]
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Suitable for
nanocomposite
materials

Powder-bed fusion - 3D object Random CNT (233]

orientation
Material-jetting Self-assembly Simple 2D thin film [123]
High resolution In-plane
CNT alignment is alignment only
possible
e  Suitable for printing

pure CNTs

6.2 Potential of 3D printed CNTs structures and devices
6.2.1 Various applications of 3D printed CNTs and its composite
3D printed CNT-based devices or structures can be used in many fields such as mechanical
structure, robotics, electronics, optoelectronics and bioengineering fields. For instance, Yang et al.
demonstrated the unconventional design flexibility of 3D printing by fabricating a CNTs-reinforced
medial meniscus with controlled tensile modulus at different region of the meniscus.?*?! Besides,
Zarek et al. have demonstrated a 3D printed shape memory polymer with CNTs showing the
possibility for these devices to be applied as actuators for soft robotics.?*!! In addition, the
biocompatibility of CNTs-alginate composite have been shown useful for application such as tissue
scaffolds.??8! Nonetheless, CNTs, being an electrically conductive materials, have been applied
widely to fabricate many kinds of electronics devices. For examples, Postiglione et al. have
demonstrated fabrication of free-standing electrical circuit utilizing a freeform prototyping tool.[???!
Passive and active electrical components such as micro-supercapacitor and transistors have been
fabricated via 3D printing.!**?! Many types of CNTs-based sensor such as strain sensor,’>*’! pH
sensor, 228 liquid sensor,>!°®! chemical sensor'>**! and etc. have been printed and tested. Besides,
optoelectronics devices such as electroluminescent®®¥ and flexible display®*®! have been shown

possible to be fabricated using 3D printing. Here, it is easy to see that the usefulness of 3D printing
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and the flexibility of these tools to be adapted with various fields to fabricate different devices with
added functionality.
6.2.2 Miniaturization of electronic devices

Currently, most of the 3D printing techniques for electronics fabrication can achieve high print
resolution which advantageous for the fabrication of high-performance electronics. For instance,
inkjet printing process has a reported print resolution of around 30 um, whereas aerosol jet printing
has been reported to achieve a resolution as low as 10 um.[**>) With high print resolution,
miniaturization of electronic devices is made possible by reducing the size of each electronic
component. For example, Goh et al. have fabricated a CNTs-based pH sensor with a serpentine
sensing element and a line width as low as 20 pm using aerosol jet printing.!?*%3 The chemiresistive
pH sensor exhibits high sensitivity (up to 59 kQ/pH) and repeatability (coefficient of variance
<1.15 %) with a response time of 20 s. Besides, Li et al. have fabricated a high sensitivity strain
gauge with a gauge factor as high as 40 by using aligned CNT's film with printed microelectrodes of
gap resolution of 30 um using aerosol jet printing technique.!””! In addition, miniaturization is one of
the key factor to improving the performance of transistor in terms of speed.[>*S! Ha et al. fabricated
an aerosol jet printed CNTs-based transistor with a channel length of 10 um, channel width of 100
um and a thickness of 1.2 um.!**”! The transistor showed superior high electron and hole mobilities
(~20 cm® (V s)™") and ON/OFF current ratios (up to 10%). Hence, it is clear that the miniaturization
of electronic devices is essential for high-performance electronics with improved sensitivity and
speed.

6.2.3 Hybrid construct for wearables

Wearable electronic devices are electronic systems that can be worn by human either to

monitor or to aid in daily activities.**! As such, these wearables are normally made to match the

skin’s property such as flexibility and stretchability for additional comfort. CNTs, being a conductive
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material that is flexible and can be made stretchable in some condition, is a good candidate to be used

5.2 However, the commonly used substrates that are flexible

as functional ink for wearable device
such as polyimide or stretchable such as PDMS are unsuitable to be processed using the conventional
PCB manufacturing technique.?*®! On the contrary, 3D printing techniques such as inkjet printing
and aerosol jet printing techniques, which are more adaptable in terms of the choice of the substrate
materials, can be used to process these kinds of materials.**”! In particular, aerosol jet printing
technique can be used print the antenna and electronic circuit directly onto the device enclosure such
as hearing aid and molded interconnect device (MID).?>”! These hybrid constructs do not only reduce
the device dimension and weight by eliminating the use of printed circuit board (PCB), but it also
adds functionality to the devices structure and improves the product’s overall user experience. For
example, textile can have added functionality by printing the CNTs ink directly on to the textile
surface without the need of PCB.>! Till now, CNTs-based wearable sensors have seen many
applications in healthcare, motion detection and environmental probing.!>?! Among those CNTs-
based wearables, 3D printed wearable devices that have been demonstrated are supercapacitor,®*!
strain sensor,** motion sensor,?>>! chemical vapor sensing system,?>32%% and transistor.>”! In

addition, bioactive CNTs ink can be used to fabricate biocompatible 2D or 3D hybrid tissue construct

with good electrical property for monitoring application.?%8]

7. Conclusion & Outlook
This review highlights the fact that there are many possible mechanisms for aligning carbon
nanotubes. Here, the focus is on the working principle and the underlying mechanism of fabricating
aligned CNTs devices, either from in-situ method or ex-situ method.
This review has categorized the existing developed techniques into 9 different groups: (1)

electrostatic and van der Waals forces- induced alignment, (2) magnetic-field induced alignment, (3)
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electric-field induced alignment, (4) strain-induced alignment, (5) shear-induced alignment, (6)
extrusion-induced alignment, (7) fluid flow-induced alignment, (8) self-assembly and liquid crystal-
induced method, and (9) surface acoustic wave-induced alignment. Undeniably, some techniques can
fall into multiple categories and to create a clear boundary between categories is almost impossible.
However, the classifications are still helpful in understanding the key drivers of CNTs alignment.

Apart from that, this review has discussed the potential applications and properties of aligned
CNTs devices. The reviewed applications include composite materials, electronic devices,
purification, and super-hydrophobic surface. In particular, the material properties such as the
mechanical, electrical and thermal property of the composite has been discussed. Also, various
electronic devices such as electrodes for energy storage devices, field emission devices, field-effect
transistor, optoelectronics, electromechanical devices, and electrochemical devices have been
discussed.

Despite the advancement in the CNT's alignment techniques, there are still several challenges
that remain to be addressed. For instance, the fabrication of aligned CNT's with controlled diameter
and chirality using CVD techniques remains a big challenge as an additional step of CNT's separation

(2591 Current metallic removal method such as plasma etching

is required to remove metallic CNTs.
and light irradiation would bring defects to the remaining semiconducting CNTs. Besides, most
techniques do not work well with a high packing density of CNTs due to the strong randomizing
inter-nanotube interactions resulting in CNTs misalignment.!?8! For the post-fabrication CNTs, the 2
main challenges are (1) the tendency of the CNTs to form aggregates and (2) the insolubility in
common organic solvent.!!1%¢]

In short, many CNTs alignment techniques have been developed and aligned CNTs devices

have been widely used in various fields. Future work on CNTs alignment should be focusing on

developing techniques that are scalable and can be integrated into existing fabricating processes such
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as 3D printing, as well as to address the current challenges mentioned above. As this research area
continues to mature, undiscovered CNTs aligning mechanisms will be revealed and newer approaches
will be developed leading towards the ultimate manipulation and alignment of CNTs.
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Figure 1. Schematic showing different types of CNT alignment torque (a) van der waals* torque, (b)
torque induced by external force on a pinned end of CNT, (c) magnetic-induced torque, and (d)

dielectropherosis-induced torque.
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Figure 2. Vertically aligned CNT fabricated by (a) chemical vapor deposition,*"! and (b) self-

assembled monolayer as a result of strong van der waal’s interaction between the nanotubes and the

substrate respectively.**!
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Figure 3. Magnetic field-induced alignment for (a) growth of aligned CNT“" and (b) solution-

processed/composite CNT.!""#*!
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Figure 5. Aligning CNT by (a) stretching method® and (b) fiber drawing method."””!
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Figure 6. Shear-induced CNT alignment via (a) cutting method,"™ (b) lateral shear method,® and

(c) peel-off method.**!
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Figure 7. Shear-induced alignment via (a) extrusion process'® and (b) fluid flow.!!%4
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Figure 8. Self-assembly method by (a) dip coating method"'"! and (b) inkjet printing method.!"'®
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Figure 9. Surface acoustic wave-induced alignment using (a) piezoelectric substrate!*" and (b)non-

piezoelectric substrate.*!
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Figure 10. Flowchart showing in-situ and ex-situ CNT alignment techniques and their respective

final CNT architectures.
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Figure 11. Graphs showing the difference in properties of CNT-composite structure with aligned
CNT and random orientation. The 5 properties are (a) Young’s Modulus, (b) storage modulus, (c)
fracture toughness, (d) thermal conductivity, and (e) electrical conductivity. Reproduced with

permission, 71, 18 Copyright 2018, Elsevier.
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Figure 12. Different electrical and electronic devices, (A) electrodes for energy storage devices,
Reproduced with permission, °°, !511 Copyright 2018, American Chemical Society and "%
Copyright 2018, John Wiley and Sons., (B) field emission devices, Reproduced with permission, 71
Copyright 2018, American Chemical Society, (C) field effect transistor, Reproduced with permission,
[1241 Copyright 2018, American Chemical Society, (D) Optoelectronics devices, (i) a CNT based
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display and (ii) a touch panel, Reproduced with permission, %%/ 1194 Copyright 2018, John Wiley
and Sons, (E) Electromechanical devices, (i) a flexible CNT speaker and (ii) CNT-based actuator,
Reproduced with permission, [1°°! Copyright 2018, John Wiley and Sons, 1°°¢! Copyright 2018, The
American Association for the Advancement of Science, (F) electrochemical devices, Reproduced with

permission, 2! Copyright 2018, Elsevier.

(b) Isoporous membrane
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Figure 13. Different types of CNT-based filter, (a) bucky paper filter and (b) isoporous membrane.

Images retrieved from original article by Sears et al. 1?*!,
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Figure 14. Images showing different types of CNT-based superhydrophobic surfaces. Reproduced

from P14 with permission from the Royal Society of Chemistry.
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Figure 15. Schematic showing the electrical-assisted stereolithography 3D printing system.

Reproduced with permission, >*?/ Copyright 2018, John Wiley and Sons.

Laser Scanning
system system
Roller

Pﬂwder\ ‘Q— | Uns:lnteredpﬂwder

A ing

Powder delivery Fabricating piston
system

Figure 16. Schematic showing the printing mechanism of powder bed fusion 3D printing technique.
Figure captions

Figure 1. Schematic showing different types of CNT alignment torque (a) van der waals‘ torque, (b)
torque induced by external force on a pinned end of CNT, (c) magnetic-induced torque, and (d)
dielectropherosis-induced torque.

Figure 2. Vertically aligned CNT fabricated by (a) chemical vapor deposition,”" and (b) self-
assembled monolayer as a result of strong van der waal’s interaction between the nanotubes and the

substrate respectively.*!

Figure 3. Magnetic field-induced alignment for (a) growth of aligned CNT"" and (b) solution-

processed/composite CNT.!"" 4!
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Figure 4. Electric field-induced CNT alignment for (a) growth of VACNT via Plasma-enhanced
chemical vapor deposition™ and (b) solution-processed CNT by applying voltage across 2

terminals.?* %!

Figure 5. Aligning CNT by (a) stretching method'®” and (b) fiber drawing method."”!

Figure 6. Shear-induced CNT alignment via (a) cutting method,"™ (b) lateral shear method,® and

(¢) peel-off method.™

Figure 7. Shear-induced alignment via (a) extrusion process”® and (b) fluid flow.!%

Figure 8. Self-assembly method by (a) dip coating method"'"! and (b) inkjet printing method.!"'®

Figure 9. Surface acoustic wave-induced alignment using (a) piezoelectric substrate!"*" and (b)non-

piezoelectric substrate.?"

Figure 10. Flowchart showing in-situ and ex-situ CNT alignment techniques and their respective

final CNT architectures.

Figure 11. Graphs showing the difference in properties of CNT-composite structure with aligned
CNT and random orientation. The 5 properties are (a) Young’s Modulus, (b) storage modulus, (c)
fracture toughness, (d) thermal conductivity, and (e) electrical conductivity. Reproduced with

permission, 971, 1*8 Copyright 2018, Elsevier.

Figure 12. Different electrical and electronic devices, (A) electrodes for energy storage devices,
Reproduced with permission, % 11911 Copyright 2018, American Chemical Society and 1%
Copyright 2018, John Wiley and Sons., (B) field emission devices, Reproduced with permission, !!7>1
Copyright 2018, American Chemical Society, (C) field effect transistor, Reproduced with permission,

[1241 Copyright 2018, American Chemical Society, (D) Optoelectronics devices, (i) a CNT based

display and (ii) a touch panel, Reproduced with permission, %%/, 1194 Copyright 2018, John Wiley
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and Sons, (E) Electromechanical devices, (i) a flexible CNT speaker and (ii) CNT-based actuator,
Reproduced with permission, 1°°! Copyright 2018, John Wiley and Sons, 1°°¢! Copyright 2018, The
American Association for the Advancement of Science, (F) electrochemical devices, Reproduced with
permission, 22/ Copyright 2018, Elsevier.

Figure 13. Different types of CNT-based filter, (a) bucky paper filter and (b) isoporous membrane.
Images retrieved from original article by Sears et al. %],

Figure 14. Images showing different types of CNT-based superhydrophobic surfaces. Reproduced

from [214]

with permission from the Royal Society of Chemistry.
Figure 15. Schematic showing the electrical-assisted stereolithography 3D printing system.

Reproduced with permission, >*?! Copyright 2018, John Wiley and Sons.

Figure 16. Schematic showing the printing mechanism of powder bed fusion 3D printing technique.
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