ABSTRACT
AKSU, CEMILE. 3D Patterning of Ultralight Porous Metal Oxide/MWCNT Macro-Structures
and Their Applications. (Under the Direction of Philip D. Bradford and Jesse S. Jur).
Three-dimensional (3D) patterning of nanomaterials is a fundamental step towards
exploring their novel properties and developments for micro/nanosystem technologies in a
diverse set of applications. 3D patterning of ultralight porous nanomaterials would provide the
means of developing a new suite of devices that take advantage of features such as a high
internal surface area and distinct optical, electrical, and mechanical properties that can be
controlled over a broad range by changing porosity, pore size, and shape. Aligned carbon
nanotube (CNT) foams from spinnable CNT arrays provide one of the most appealing CNT bulk
materials with extremely low densities. In addition, hybridization of CNT with metal oxides
induces synergistic effect which is useful in technologically important application areas. Among
the various synthesis techniques for metal oxide/CNT hybrids, atomic layer deposition (ALD)
possesses unique advantages such as conformal deposition of materials with thickness control at
the atomic level onto high aspect ratio structures on very large substrates. Although there have
been numerous studies on 3D patterned vertically aligned CNTs, to the best of our knowledge,
there is only one report on the patterning of 3D aligned hybrid metal oxide/CNT structures. This
selective CNT growth from a photolithographically defined iron catalyst is an involved process
including steps like patterning of photoresist by photolithography, deposition of catalyst in
patterned holes and liftoff of the resist, which leave defined catalyst islands from which CNTs
grow. It is therefore, the progress toward the fabrication of patterned 3D metal oxide/CNT
architectures that requires more study.
This dissertation opens a new route for fabricating very low-density nanostructures
containing both CNTs and ceramic nanotubes and their applications in microfluidics. Using

ALD, a thin film of aluminum oxide was conformally deposited on aligned multiwall CNT
foams in which the CNTs make porous, three dimensional interconnected networks. A CO2 laser
was used to etch pure alumina (Al2O3) nanotube structures by oxidative removal of CNTs from
the core-shell structure in discrete locations via the printed laser pattern. Structural and
morphological transitions during the calcination process of alumina deposited CNTs were
investigated through in-situ transmission electron microscopy and high-resolution scanning
electron microscopy. Laser parameters were optimized to remove the CNTs from the core-shell
structure while keeping the alumina nanotubes intact.
The microfluidic behavior of alumina nanotube-based pathways within hydrophobic CNT
barriers was investigated. The effects of alumina nanotube channel properties such as channel
robustness and alignment of the nanotubes within the channel on capillary flow were
investigated. Device repeatability and robustness of microfluidic alumina nanotubes were
evaluated using various characterization techniques. The flow rates predicted from the Lucas
Washburn (LW) equation were compared with experimental data. It was found that the average
capillary rise in nanostructured media driven by capillary force followed the L(t) ∼ t0.7 law,
which is faster than that of the other materials ranging from nanofibrous electrospun membranes
to filter papers. Aligned nanotubes with a very high internal porosity provided increased
capillary action due to aligned pores. In addition, the role of water slippage might lead to the
deviation from the LW equation. The flow rate in horizontal direction was observed similar to
the flow rate in vertical direction, suggesting that gravity effect was not observed. Nanotube
orientation had an important effect on the flow rate. The channel aligned in nanotube direction
enabled increasing the capillary action approximately 6 times than that aligned in perpendicular
direction. Channel width had no significantly observed effect on the flow rate. Finally,

integration of electronic and microfluidic functions was presented. The hydrophilic/electrically
insulating (pure alumina part) and hydrophobic/electrically conductive (CNT part) properties of
the device were evaluated by real-time monitoring of the resistance response of the microfluidic
device to concentration changes in sodium chloride (NaCl) solutions at different analyte
concentrations. Detection of fluid samples of very low analyte concentrations was achievable
due to the very high electrical conductivity of CNTs.
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1 Introduction
Owing to their outstanding mechanical, electrical, thermal, and optical properties, carbon
nanotubes (CNTs) are the popular member of the nano-sized material family. Although great
success has been achieved in assembling of 1 dimensional (1D) CNTs into 2D CNT sheets/films
and 3D aligned arrays or aerogels/foams1, preserving the intrinsic properties of individual
building blocks still remains challenging.
Carbon nanotube aerogels or foams and metal micro- and nanolattices are in general 3D
ultralight materials (ρ ≤ 10 mg cm-3). They can be used in the areas of thermal insulation, battery
electrodes, catalyst supports, acoustic, vibration, or shock energy damping. Their low density is a
result of enhanced porous morphology that provides large surface area to volume ratio.
Compared to most bulk and thin film materials, such a conductive and flexible material form
offers distinct optical and electrical properties besides the mechanical advantages.2 Aerogels,
foams, or sponges made of CNT have an interconnected isotropic/anisotropic 3D structure.
While classic materials lose their mechanical properties when density is reduced, microarchitectured materials keep their mechanical values independent from their lowered density due
to the highly connected network of isotropic microscale unit cells.3
A new class of functional materials can be produced by hybridizing metal oxides with
CNTs. Like the other hybrid approaches, general properties of CNT hybrids depend on
homogeneity, morphology, composition and structure of the coating, and feature of the interface.
Atomic layer deposition (ALD) has demonstrated to be highly suitable for depositing thin films
on CNTs. Among other thin-film deposition techniques, ALD has unique advantages which are
low operation temperature and excellent control over the thickness of the resulting film, which
will be uniform, pinhole-free and also chemically bonded to the substrate.4
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Since 3D patterning of nanomaterials allows us to produce complex micro- and
nanostructures that cannot be achieved with conventional 2D patterning, it can be used in wide
variety of application areas from microfluidic devices to sensors. While major techniques for 3D
patterning of nanomaterials are holographic patterning5 and gray-scale lithography2,
to microstereolithography3 and direct laser writing two-photon lithography6,7, the most applied
techniques for 3D patterned vertically aligned carbon nanotube (VACNT) fabrication are
selective growth via chemical vapor deposition (CVD) including lithographic methods, breath
figure process, pattern transfer method, and laser beam micromachining.8–14 Among these
techniques laser patterning is faster, simpler and can be used for wide variety of patterns.
Microfluidics is the engineering or use of devices that deal with the behavior, precise
control and manipulation of very small (10-9 to 10-18 liters) volumes of fluids. 15 There has been
an increasing interest in the use of capillary flow-driven microfluidic devices for performing
biomedical diagnostic tests16, chemical synthesis17, drug screening/delivery18, where microscale
quantity of sample is needed. Applications for alumina (Al2O3)/CNT hybrid nanoporous
structures within microfluidic devices take advantage of their hydrophilic/electrically insulating
and hydrophobic/electrically conductive properties, anisotropic wetting behavior and
nanostructure within the channel.
In this context, this dissertation describes efforts to: 1) to create a simple and scalable
method to fabricate macro-sized structures of Al2O3 foams embedded in carbon nanotube foam
architectures via CO2 continuous wave laser etching and 2) to investigate the microfluidic
behavior of alumina nanotube-based pathways within hydrophobic CNT barriers. This
understanding helps to fabricate microfluidic devices in patterned Al2O3-carbon nanotube macrostructures using selective wetting and liquid transport within etched regions.
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In Chapter 3, a simple and scalable method was presented to fabricate 3D patterned
ultralight porous macro-sized structures of Al2O3 foams embedded in carbon nanotube foam
architectures via CO2 continuous wave laser etching. Infiltration of pyrolytic carbon (PyC) into
aligned stacks of CNT sheets created physical crosslinks at CNT junctions which resulted in a
foam-like structure. After that, a conformal and precisely controlled thin film of aluminum oxide
was deposited on CNTFs via atomic layer deposition. Finally, the CNTs were removed from
specified areas by thermal oxidation, leading to the complex hybrid Al2O3-CNT nanostructures
using laser beam. By optimizing process parameters (i.e. etching speed, power and focal length)
desired CNTs were successfully removed while alumina nanotubes were left intact,
demonstrating scale-up opportunities.
A delamination within aligned stacks of CNT sheets was observed for the samples with
high ALD cycles. In order to understand the nature of the delamination, Chapter 4 investigates
how the delamination changes as a function of foam thickness (controlled by varying the number
of sheets in the stack) and PyC coating (controlled by variation of deposition times).
Additionally, ALD parameters were controlled by varying the number of ALD cycles, running
temperatures, and finally orientations of the sample loading (vertical and horizontal to the gas
flow) in the ALD furnace. Effect of thermal treatment on the delamination after compressing
ALD coated foams between graphite plates in a high temperature furnace was also examined.
Results of the aforementioned parameters showed that the delamination was only dependent on
the thickness of Al2O3 film coating.
Development of robust and quantitative microfluidics is important. To our knowledge,
this is the first reported microfluidic approach of aluminum oxide nanotube channels confined
within CNTs with predictable properties and unique properties of these systems. In Chapter 5,
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the effects of alumina nanotube channel properties including channel robustness and alignment
of the nanotubes within the channel on capillary flow were experimentally examined, as well as
their fluid flow behavior. The flow rates predicted from the Lucas Washburn (LW) equation
have been compared with experimental results. The relationship between the flow time and the
distance followed L(t) ~t0.7 law, showing that the time exponent of the LW is higher than 0.5.
The role of water slippage might lead to the deviation from the LW equation. The reproducibility
of the microfluidic channel and the performance of alumina nanotubes during wetting
experiments were explored for the untreated channels and channels performed with deionized
(DI) water five times. After the tests, the alumina nanotubes were intact with no significant
change in the alignment of the tubular structure. The alumina nanotube channel aligned in the
direction of nanotube axis produced approximately 6 times higher flow rates than that aligned in
perpendicular direction. Chanel width did not significantly affect the flow rate. Finally,
integration of electronic and microfluidic functions was demonstrated. We took advantages of
the hydrophilic/electrically insulating (pure alumina part) and hydrophobic/electrically
conductive (CNT part) properties of the device. Detection of fluid samples of very low (1 µM)
sodium chloride (NaCl) analyte solutions was achieved due to the very high electrical
conductivity of CNT. Results showed that the resistance of the device decreased when the
concentration of the solution increased. As expected, once the deionized (DI) water was fed into
the alumina channel, no resistance change was observed. Given enough time, DI water treatment
after the solution treatments led the resistance to increase back to the level of alumina channel
without solution treatment, indicating that there was no ion entrapment in the alumina nanotubes.
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2 Literature Review
2.1 Three Dimensional Porous Nanomaterials
2.1.1 Carbon Nanotubes and Their Assemblies
Since the discovery of carbon nanotubes (CNTs) in 199119, CNTs have been regarded as
having the potential to revolutionize modern technology due to their superior and unique
mechanical, thermal and electrical properties. In the past decade, the assembly of CNT building
blocks for novel high-performance materials has been motivated by the desire to incorporate
CNTs into devices that take advantage of their excellent mechanical and physical properties.
Macroscopic CNT assemblies with various forms, such as one dimensional (1D) CNT fibers, 2D
CNT films/sheets, and 3D aligned CNT arrays or foams, can be fabricated by controlling the
CNT orientation and configuration1. For assembling CNTs, dry-processing methods are
preferred to solution-based processing methods because of the more robust process.
Additionally dry processing methods are less likely to cause structural damage to the CNTs 20.
There are two approaches for manufacturing CNT assemblies into macroscopic ordered
structures via dry processing. In both approaches, CNTs assemble into macro structures during
chemical vapor deposition (CVD)20. The first approach uses floating catalyst chemical vapor
deposition (FCCVD) to create entangled CNT networks. This method uses floating catalytic
nanoparticles in the flowing gas inside of the reactor zone21,22. The CNTs are further taken to the
collection zone through a carrier gas to give a ribbon or yarn form depending on the postprocessing technique22–25. In the second approach, vertically aligned CNT (VACNT) arrays or
forests can be grown by uniformly distributing catalytic nanoparticles on silicon or glass
substrates26–28. CNTs can be self-assembled into yarns29,30 and sheets31 simply by being drawn
out from VACNT arrays.
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2.1.1.1 Chemical Vapor Deposition of Carbon Nanotube Array
The three primary methods for fabrication of CNTs are arc discharge32, laser ablation33
and CVD. Of these, CVD has many potential advantages that it offers: (i) harnessing various
hydrocarbons in any state (solid, liquid or gas), (ii) allowing the use of various substrates, (iii)
enabling the various forms of CNT growth such as powder, thin or thick films, aligned or
entangled, straight or coiled nanotubes or a desired architecture of nanotubes on predefined sites
of a patterned substrate. Additionally CVD has large-scale production capabilities and is a simple
and economic technique34.
The widely accepted mechanism for the CNT growth can be summarized as follows.
Carbon precursor catalytically decomposes into carbon atoms and hydrogen molecules after it is
adsorbed onto the catalyst metal nanoparticles at temperature range of 600-1200 °C. While the
hydrogen diffuses to atmosphere, the carbon atoms diffuse into the metal catalyst particles. After
reaching the critical saturation point in the metal at that temperature, carbon precipitates out in
the form of carbon nanotubes. The decomposition of hydrocarbons is an exothermic process in
which it releases some heat to the metal. Crystallization of carbon is an endothermic process,
which absorbs some heat from the precipitation of metal. Thus, this precise thermal gradient
inside the metal enables the growth process to continue34.
There are two growth mechanisms for CNTs on catalytic particles, tip-growth and basegrowth models (Figure 2.1). The tip-growth mechanism involves the following steps: (i)
hydrocarbon decomposition on the top surface of the catalytic particle followed by carbon
diffusion down through the particle, and precipitation of the carbon out across the particle
bottom lifting the whole particle away from the substrate due to the weak interaction between the
catalyst and substrate, (ii) various CNT length depending on the free active surface for fresh
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hydrocarbon decomposition, (iii) growth termination due to the excess carbon on fully covered
particle. Alternatively, when the interaction between the catalyst and substrate is strong, initial
hydrocarbon deposition and carbon diffusion occur in a similar way to the tip-growth case.
However, the CNT precipitation is not strong enough to push the metal particle up; the
precipitation is forced to emerge from the metal’s apex34,35. In either case, formation of CNT is
governed by the particle size and inter-particle distance 35–37. If the inter-particle distance is
large, CNTs grown on these catalysts will start buckling and then collapse on the substrate
surface, for they cannot vertically support each other. However, if the inter-particle distance is
small, CNTs grown on these catalysts can support their nearest neighbors via van der Waals
forces. Thus, the vertical growth continues.
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Figure 2.1 Widely-accepted growth mechanisms for CNTs: (a) tip-growth model, (b) basegrowth model. 34Methane, ethylene, acetylene, carbon monoxide, benzene and xylene are the
most commonly used CNT precursors34. Iron, cobalt and nickel are typically used as active
catalysts due to the high solubility of carbon at high temperatures and the high carbon diffusion
rate in these metals 38,39. Commonly used substrates are graphite, quartz, silicon, silicon carbide,
silica, alumina, alumina-silicate, CaCO₃, magnesium oxide, etc34. Controlling CNT growth is
important in order to achieve the hydrocarbon decomposition on the metal surface alone and
prevent the hydrocarbon from breaking beyond the catalyst surface.

It has been a challenge to fully use the properties of CNT into macro-scale CNT
structures. CNT-reinforced nanocomposites and the first macroscale CNT structure, which was
in the form of a film (bucky paper), had limited properties due to unorganized CNT
architectures.40,41 The CNT growth can be tuned through appropriate growth parameters which
are a selection of hydrocarbon and catalyst materials, vapor pressure of the hydrocarbons,
catalyst concentration, and the temperature of CVD reaction34. Hence, vertically aligned, evenly
distributed and minimally aggregated CNT arrays or forests can be achieved. Vertically aligned
8

CNT arrays have been the subject of intensive research for obtaining scaled-up functional
materials and devices, such as conductive and high strength composites, field emitters, scanning
probes and sensors, energy storage and energy conversion devices.42–44 Although these arrays
can assemble into organized CNT architectures, with further tuning of the growth parameters,
spinnable arrays can be achieved.
The first report on the conversion of vertically aligned CNT arrays into a continuous
length of interconnected multi-walled (MW) CNT web was discovered by Jiang and coworkers.29 Multi-ply, torque stabilized MWCNT yarns were spun from CNT arrays by
introducing twist. The mechanism for drawing and spinning a particular array into sheets and
yarn has been investigated since last decade. The drawability refers to the formation of a
continuous CNT web whereas spinnability refers to the consolidation of the CNT web, especially
by means of twist insertion.45,30,31,46
There are several theories explaining the question of what makes a CNT array spinnable.
The first theory is that the disordered region, where a fraction of the nanotubes are entangled
together, at the top and bottom of the CNT array might help the formation of yarn.30,31 Moreover,
that taller CNT arrays are more easily drawn into sheets than shorter arrays having similar
topology, which can be attributed to the increase in interfibril mechanical coupling within the
web that results from the increase in nanotube length. The second theory is that the disordered
entanglement occurs only at the top part of the array and that the bottom part of the array was
highly ordered and without entanglement, which cannot be the key factor for yarn formation.46
It is generally agreed upon that super-aligned arrays29,46,47, which have much better
alignment than ordinary arrays due to the narrower diameter distribution and higher nucleation
density. These super-aligned arrays have very clean surfaces and thus form tight bundles due to
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strong van der Waals interactions with neighboring tubes. The strong van der Waals forces are
responsible for joining CNTs end to end, forming a continuous yarn, as illustrated in Figure
2.2.46 Other studies have reported that there is no simple reason, or key factor, that enables the
spinnability of CNTs. Additionally, there is no unique characteristic of CNTs, or morphology of
arrays, that determines an array to be spinnable or non-spinnable. Spinnability depends on the
interaction of CNTs with each other, which requires a number of different narrowly-defined
combinations of parameters, including characteristics of catalyst and substrates, growth
temperature, carrier and reactant gas flow rates and ratio, and reaction time.48,49 Further
improvements were obtained for densely nucleated CNTs of uniform diameter by depositing
ceramic buffer layers such as Al2O3 and SiO2 on catalyst particles or films. 48–51

Figure 2.2 Mechanism for drawing a continuous web from a CNT array.46

The chlorine mediated CVD (CM CVD) technique has been developed to eliminate time
consuming pre-deposition of catalyst and to buffer layers on substrate for spinnable CNT growth.
Iron chloride (FeCl2) powder is used as the precursor for catalyst particles and reacts directly
with the carbon precursor (acetylene) to nucleate Fe particles from which CNTs grow.52 Inoue et
10

al. found that FeCl2 also has high dehydrogenation activity on acetylene, resulting in a higher
growth rate of CNTs compared to conventional pre-deposited metal catalysts, due to forming
additional active carbon atoms for CNT growth 53. They reported that the length of the CNT
arrays was 2.1 mm after 20 minutes of growth. Moreover, Ghemes et al. demonstrated that
adding a certain amount of chlorine (Cl2) to the CVD reaction-chamber may extend the life of
active catalyst particles by either etching away the amorphous carbon from the catalyst surface or
by reacting with Fe to form more FeCl2 for the growth process without damaging crystalline
structure of CNTs.54 The amount of amorphous carbon decreased significantly for MWCNT
arrays grown with chlorine as compared to MWCNT arrays grown without chlorine. This was
evaluated by transmission electron microscopy (TEM) (as shown in Figure 2.3) and Raman
spectroscopy.

Figure 2.3 TEM images of MWCNTs grown by CM CVD method (a) without chlorine and (b)
with chlorine.53
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Water, O2 and CO2 have been reported as alternative oxidizing agents for etching of
amorphous carbon to increase the life time of the catalyst particles.51,55–57
The length of CNTs plays an important role in the mechanical properties of CNT assemblies and
composites.58 However, there is estimated to be an upper limit on the height of CNTs for the
spinnability of a CNT array in addition to a lower limit; though the reported upper limits are
slightly different depending on the growth method and CVD system used.51,59 For example, Lee
et al. reported that the arrays grown for 3 and 6 min without any wavy morphology exhibited
excellent spinnability, while the spinnability reduced sharply after 9 min. At the same time CNT
morphology became wavy at the bottom. This wavy morphology may stem from disturbances in
the growth conditions. For instance, gradual catalyst degradation in a prolonged growth time can
result in waviness of the lower region of CNT array. Slow termination processing enables the
carbon precursor to decompose on the catalyst under non-ideal conditions, because of the
deviation from the optimum required for the synthesis of CNT arrays, resulting in a wavy
morphology.60 The size distribution of catalyst particles also may be responsible for the waviness
because CNTs with smaller diameters grow faster than with larger diameters. In order to match
the height of CNTs with larger diameters, and the small diameter CNTs have to become wavy.

2.1.1.2 Thin Films and Ribbons
CNT thin films are not only conductive, but also transparent, flexible and stretchable. As
such, transparent conductive CNT films are considered a strong candidate to replace the
resource-limited and brittle indium tin oxide (ITO) transparent electrodes.61,62 Moreover, CNT
thin films have huge potential to act as conducting scaffolds for semiconductors in various
functional devices due to their high surface area.20 These films are fabricated through various
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processes, including wet and dry methods. In wet methods, CNTs are dispersed in a liquid and
then the films are fabricated from the liquid phase via vacuum infiltration,61,63 spin coating,64 rod
coating,65 and dip coating.66.
Alternatively, the dry method differs from the wet method in its solution-free process and
protecting the structural integrity of the CNTs. CNT films can be drawn from spinnable VACNT
arrays or collected directly downstream of a furnace by dry-spinning. In addition, dry-processing
allows the direct collection of CNTs in the form of free-standing films which are then transferred
to the desired substrate for further processing20, or collection on a rotating mandrel for thicker
films or ribbons. CNT ribbons consist of unidirectionally aligned millimeter-long CNTs forming
bundles with neighbor CNTs along their axial direction.67
CNT films fabricated using dry-process methods must be further improved to meet the
minimum requirement for transparency and conductivity industrial standards. For flat panel
displays, the required transmittance and sheet resistance are 80% (at 550 nm) and ~100 Ω
respectively.62 The conductivity of CNT films can be improved by doping68 and metal coating.62
The transparency can be improved by the optimization of trimming the CNT array or the asdrawn CNT film.62 Stretchable conductive films have been fabricated by embedding of CNT
ribbons in materials with higher elasticity, like poly(dimethylsiloxane) (PDMS).69,70 However,
their resistance increased substantially during stretching due to the reduced contact area between
nanotubes. Through pre-straining71 or physically patterning72 the PDMS prior to applying the
CNT sheet to PDMS substrate, the composite structure can accommodate large stretching with
little change in resistance.
Dry processable CNT films can provide an ideal scaffold for active materials of
supercapacitors and lithium ion batteries by means of interconnected nanotubes efficiently
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transporting charges.73–75 Thus, these electrodes eliminate the usage of traditional metal charge
collectors like aluminum or copper foils. Furthermore, the large surface area of the aligned CNT
structure promises uniform deposition of active materials and accommodates volume expansion
of active materials during electrochemical cycling. Lastly, the large surface area of the CNT
sheet structure avoids the need for binders in the nanotube composite electrodes due to the strong
adhesion of active materials on CNTs.
CNT thin films have been utilized as transparent or catalytic electrodes in various solar
energy harvesting devices including silicon hybrid solar cells,76–78 photo-electrochemical
cells,79,80 and organic photovoltaic cells.81 CNTs drawn from spinnable arrays have also been
used in actuators,82 thermoacoustic loudspeakers,83 light emitting diodes84, 3D copper
nanostructures for CO2 reduction,85 and as reinforcement in high-performance polymer matrix
composites86.

2.1.1.3 Foams, Aerogels and Sponges
Highly porous, three dimensional (3D) nanoscale networks with high surface area
provide potential applications in a variety of areas such as sensors, tissue engineering, filtration
and separation, energy storage, energy absorption and vibration damping.87 Despite advances in
aerogels and sponges fabricated from silica, metal oxides, polymers, and carbon-based materials,
fabricating structures with the combination of high porosity, elasticity and electrical conductivity
is still challenging. Among these various aerogel and sponge materials, CNT aerogels and
sponges exhibit distinct structures and properties.
Assembling CNTs into foams, aerogels and sponges with controlled orientations and
configurations creates a bulk material that integrates the excellent mechanical, thermal and
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electrical properties of CNTs with the unique porous, low-density, 3D macro-structures.88–92 The
hierarchical structure enables molecular transport through the entire 3D architecture. 93,94
Furthermore, through elemental doping, chemical functionalization, and hybridization of CNTs,
the material performance can be improved.95
In general, CNT aerogels, foams and sponges can be synthesized by two methods: 1) wet
processing techniques such as vacuum filtration, critical point drying and sol-gel method, and 2)
CVD techniques. Both techniques have been investigated extensively for fabrication of the
porous, low-density nanostructures and these studies are briefly reviewed in the following
sections.

2.1.1.3.1 Wet-Processed CNT Aerogels
The sol-gel technique is widely used for the fabrication of wet-processed CNT aerogels.
The synthetizing process typically includes the following steps (Figure 2.4a). 1) CNT powders
and solubility precursor compounds are dispersed in water or organic solvents to form colloidal
solution. 2) Dispersed CNT suspension (sol) is crosslinked into 3D network branches (gel) which
presents a solid network containing liquid components. 3) Air-drying or freeze-drying of the gel
to form a porous CNT aerogel.95,96
The concept of CNT aerogels was first presented by Windle and coworkers in 2004.22 A
few years later, Bryning and coworkers reported highly conductive CNT aerogels from a CNT
suspension (Figure 2.4b).90 They suspended received CNTs in water by adding sodium
dodecylbenzene sulfonate (SDBS) as surfactant under sonication. The CNT solution was left
overnight to set into an elastic gel. Then the gel was soaked at 90 °C in water solutions of
polyvinyl alcohol (PVA) for structural reinforcement. Thereafter, reinforced and unreinforced
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gels were subjected to either freeze drying or critical point drying (CPD) to obtain an aerogel
structure. Afterwards, PVA-reinforcement aerogels showed a significant increase in their
mechanical properties (e.g. they supported 8000 times their own weight) however, electrical
conductivity was reduced significantly compared to non-reinforced aerogels (e.g. conductivity
dropped by five orders of magnitude to ca. 10-5 Scm-1).
Islam and coworkers fabricated transparent (approximately, 93% of transmittance for a 3
µm-thick aerogel) and stretchable SWCNT aerogel-based conductors (i.e. conductivity remained
basically the same under high bending strain, 0.7-1.1 S cm-1) using a similar method, in which
they used PDMS instead of PVA97. Hexagonal boron nitride was also found to have a similar
effect on reinforcing of aerogels.98 However, adding polymers or binders may result in
impurities, such as an increase in density and a decrease in porosity, which may cause the
degradation of related properties. A lightweight (7.3 mg cm-3) aerogel with large specific surface
area (SSA) (1291 m2 g-1), approaching the theoretical limit (1315 m2 g-1)99 of SWCNTs, was
fabricated by Islam’s group. This method enabled aerogels with tunable shapes like cubes,
cylinders, and cones (Figure 2.4c).100
Jung and co-workers reported another methodology for assembling SWCNTs into a
crosslinking network (Figure 2.4a).96 The suspension of CNTs was homogenously dispersed with
surfactant (SDBS) in ethanol via sonication at dilute concentration. Thereafter, to form a gel
network, the dilute CNT dispersion was concentrated in a controlled way by evaporation of the
solvent under mild conditions (313 K). The resultant gel was molded in various shapes. To
remove the surfactant, the molded gel is washed in water at 353 K. After supercritically drying
the gels, the aerogels exhibited a low density (2.7 mg cm-3), a high surface area (1011 m2 g-1),
and a good electrical conductivity (0.91 S cm-1). The important part of this method is that the
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dilute CNT concentration (less than 0.1 wt%) and the slow evaporation of the solvent enables the
formation of an unbundled, or non-aggregated, nanotube network, which may help in
maintaining the outstanding characteristics of individual CNTs.
Recently, Luo et al. reported a binder and template free method for the fabrication of
ultralight (1-50 mg cm-3) and highly porous (97.5%-99.9%) 3D super aligned CNT sponges with
diverse shapes and sizes.101
Grafting functional groups onto CNTs and creating chemical bonds between CNTs are a
promising method to improve mechanical properties of the CNT aerogels, since chemically
bonded interconnection provides less impurity (binder free), higher specific surface area and
higher electrical conductivity. Zou et al.89 demonstrated a MWCNT aerogel with an ordered
macroporous honeycomb structure through crosslinks formation due to the chemical bonding
between the nanotubes (Figure 2.4d). The entangled MWCNTs led to mesoporous morphology
on the honeycomb walls, providing aerogels with a high surface area (580 m2 g-1) and ultra-low
density (4 mg cm-3). Despite the ultra-light density, the aerogels showed an excellent elastic
recovery from compression strain. Furthermore, they exhibited an electrical conductivity of 0.67
S cm-1. Due to the combined unique properties in these aerogels, they can be used for
applications in pressure and chemoresistant vapor sensors.
Recently, Ajayan’s group102 developed a covalently interconnected 3D porous CNT
aerogels by using Suzuki cross-coupling reaction (Figure 2.4e).
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Figure 2.4 Preparation of CNT aerogels by sol–gel technique (a) Schematic representation of the
process in which a dispersed CNT suspension (sol) is converted into a wet gel and then an
aerogel by gradual evaporation of the solvent.95 (b) CNT aerogels obtained from supercritical
drying of CNT hydrogels produced from SDBS-suspended CNTs in aqueous solution.90 (c) Asprepared CNT aerogels in different shapes and sizes.100 (d) MWCNT aerogel with a honeycomb
porous structure.89 (e) Synthesis of covalently interconnected CNT aerogels from powders,
where initial CNT powders were oxidized in HNO3 then converted to acid chloride, followed by
Suzuki coupling reaction to create covalent bonds between CNTs, and lastly forming 3D
aerogels by freeze drying.102

Graphene/CNT hybrid aerogels have also been synthesized for their unique mechanical
and electrical properties.103,104 Islam and co-workers reported superelastic graphene/CNT hybrid
aerogels formed by coating pre-formed SWCNT aerogels with a polyacrylonitrile polymer,
which was converted into one to five layers of graphene through a two-step pyrolysis process.103
The graphene-coated aerogels preserved the porous structure and the random orientation of
18

nanotubes within the aerogel. They were imaged using SEM and TEM to demonstrate uniformity
and microstructure of the graphene layers in Figure 2.5a,b. The graphene-coated aerogel showed
stable mechanical behavior after more than one million compressive cycles, and exhibited fast
shape recovery after compression release. Moreover, both Young’s modulus and the energy
storage modulus increased by a factor of approximately 6, and the loss modulus increased by a
factor of approximately 3 with the graphene coating.
Sun and co-workers104 reported synergistically assembled graphene/CNT aerogels
fabricated by freeze drying mixed giant graphene oxide (GGO) sheets and acid-treated
MWCNTs in aqueous solution, followed by chemical reduction of GGO into graphene with
hydrazine vapor (Figure 2.5c-h). SEM images of different interconnections for CNT network
tightly covering the graphene cell walls were shown as: overlapping (Figure 2.5c), twisting
(Figure 2.5d), and enwrapping (Figure 2.5e) (the corresponding schematics of CNT-coated
graphene sheet and its interconnections were exhibited in Figure 2.5f-h). Due to the synergistic
effect between elastic CNT ribs and giant graphene cell walls, the aerogels exhibited the
integrated properties of ultralow density (c.a. 0.16 mg cm-3), temperature-invariant extraordinary
reversible compressibility, and elasticity-responsive conductivity.
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Figure 2.5 Graphene/CNT hybrid aerogels . (a) SEM and TEM (inset) images showing higher
concentration graphene coating at the nodes (red circles) between nanotubes.103 (b) Low
resolution TEM image showing 25% to 40% surface area coated by graphene in the 3D CNT
network.103 (c-e) SEM images of interconnected CNT coated graphene walls: overlapping (c),
twisting (d), and wrapping (e).104 (f-h) corresponding schematics of the three interconnected
styles exhibited in (c-e), respectively.104 The gray lamellar represents the graphene sheet, and
orange and brown wires represent the CNTs coated on the top and the back of the graphene
sheet, respectively.104

2.1.1.3.2 CVD-Processed CNT Foams and Sponges
Super-compressible foamlike behavior of VACNTS was reported by Ajayan and
coworkers in 2005.88 VACNTs exhibited a foam system in which individual nanotubes acted as
support struts and the empty space between nanotubes acted as interconnected open-air cells.
Under compression, the MWCNTs cooperatively form zigzag buckles that can recover to their
near original lengths upon load release (Figure 2.6).
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Figure 2.6 SEM characterization of buckled CNTs under compression tests. (a) SEM of an
original freestanding film (left, top) (thickness 0.86 mm) and a compressed film (left, bottom)
(ɛ= 85%, 1000 cycles), with a reduced thickness of 0.72 mm, exhibiting horizontal lines
(wavelike buckles) uniformly distributed across the film section. Left scale bar is 0.2 mm. (left,
inset) Schematic image of compression along the axis of nanotubes. (b) Slight buckles in the
middle section, heavy buckles (almost completely folded) near the bottom of film, and the zigzag
edge of the compressed film. (c) SEM of a 1.2 mm-thick film before and after compression,
exhibiting the evolution of buckles with increasing compression cycles.88
21

The CNT arrays showed viscoelastic behavior under compression, and exhibited no
fatigue failure under compressive cyclic loading up to half a million cycles at relatively high
strain levels.105 By tuning the CVD process parameters, CNT arrays were converted from wellaligned, spinnable arrays to uniformly wavy, foam like films.67 The size distribution of catalyst
particles has been claimed to be responsible for the formation of uniform undulating CNT arrays.
Larger particles were obtained by increasing the pretreatment time. Coexisting on the substrate,
CNTs with smaller diameters grew faster than with larger diameters. Due to the base growth, the
top of CNTs maintained the same height from the substrate because of the van der Waals
interactions of nearby nanotubes. Therefore, the smaller diameter CNTs had to become wavy to
match the height of the larger diameter CNTs. High-strain rate response to a foam-like array of
coiled CNTs was studied using a simple drop-ball test at various impact velocities. The results
exhibited full recovery of the CNT array with no trace of plastic deformation after the impact.
The deformation of this open foam-like structure of vertically aligned coiled nanotube showed a
strong non-linear dependence on displacement.106,107 Likewise, graphene coatings on CNT
aerogels103,104, pyrolytic or amorphous carbon (AC) deposition onto CNT arrays108, sponges109
and foams110,111 have been studied to improve the strength and elasticity.
Bradford et al. used a post-growth CVD treatment to tune the compressive properties of
CNT arrays.108 After treatment, CNT arrays showed compressive strength up to 35x greater than
the as-grown arrays. The strength was tuned for different applications by varying the PyC
coating duration. Improvement in compressive strengths and recovery of the arrays after
compression were attributed to the radial growth of additional tube walls on CNTs aftercoating.
Gui and co-workers were the first to report CNT sponges directly fabricated by making a
small modification to the CVD process.91 The carbon source was changed from xylene to
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dichlorobenzene to disturb the aligned growth, hence a random stacking of CNTs resulted in a
CNT sponge. Compared with the aligned arrays, the CNT sponge provides an isotropic structure
eliminating directional differences of properties within the structure. Zhao et al. used the same
approach to improve mechanical properties (compressive strength, modulus) of CNT sponges by
AC deposition onto a CNT sponge while maintaining the porous network structure.109
Thickening of nanotube struts, welding of nanotube junctions, and inhibition of bundle
formation were among the structural changes which contributed to the elasticity due to the AC
deposition on CNTs and their junctions, albeit the compressive strength remained low (<1 MPa).
In their following study, AC coating was conducted simultaneously during CVD process by
introducing both dichlorobenzene and methane as carbon precursors at the same time, resulting
in the formation of AC-CNT core-shell structure with a tunable AC shell thickness covering the
nanotube core and welding at inter-CNT junctions (Figure 2.7). The structural reinforcement of
AC coating was proved by significantly narrowing stress-strain loops with very low energy loss
coefficients under cyclic compression tests. Due to the reinforcement by simultaneous thickening
and welding of the nanotube network, the CNT sponges exhibited compressive strengths up to 72
MPa, high flexural strengths (20-33 MPa) and fatigue resistance for 105 cycles at high frequency
(up to 10 Hz). 112
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Figure 2.7 CNT sponges with welded scaffold. (a) and (b) SEM images of the CNT sponge
showing a porous structure welded junctions (see arrows). (c) Schematic representation of the
core-shell structure of AC-CNT and welded CNT network in the sponges.112

Bradford and co-workers have recently reported pyrolytic-carbon-coated nanotube foams
for developing lightweight, compressible, porous and highly conductive current collectors in
supercapacitors.111 CNTFs were fabricated by stacking aligned sheets of CNTs and infiltrating
the CNT assembly with pyrolytic carbon (PyC) via CVD. The resulting foam-like materials with
a density of 3.8 mg cm-3 showed complete recovery from 90% compressive strain. The foam-like
recovery of the structure was attributed to the decrease in the van der Waals interactions among
CNTs due the deposition of PyC which coated the junctions among CNTs and enhanced
roughness of individual CNT surfaces. By tuning the PyC coating thickness, thermal transport
and mechanical properties of the foam can be controlled. With longer PyC treatment times, the
samples showed super-low thermal conductivity (0.026 Wm-1 K-1) enabling these foams to be
used as thermal insulation materials for high temperature applications. Furthermore, the stable
electrical resistance of these foams makes them applicable for strain/pressure sensors. These
foams can also be useful in water treatment and oil spill cleanup.110
Doping heteroatoms (e.g. nitrogen and boron) into the CNT lattice during CVD process is
an effective way to create covalent junctions, which provides interesting properties like enhanced
electrical conductivity, selective sorption of species, and altered hydrophobicity. For example,
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Ajayan and co-workers fabricated covalently bonded 3D boron-doped MWCNT sponges. The
boron-doping strategy enabled the formation of “elbow-like” junctions and nanotube covalent
interconnections, which provided the sponge with excellent mechanical flexibility, superhydrophobicity and oil absorption functionality.113 Shan et al. synthesized 3D nitrogen-doped
MWCNT (N-MWCNT) sponges using both nitrogen and sulfur in a similar way. MWCNT
sponges were composed of entangled CNTs fixed by “elbow-like” and “welded” junctions. The
creation of these junctions was explained with the synergistic effect of the sulfur promoter and
nitrogen dopant. The mechanical and electrical properties of the resulting 3D N-MWCNT
sponges could be controlled through tuning the diameter of N-MWCNT.114
Dong et al. reported a 3D graphene-CNT hybrid foam by the two-step CVD
method.115,116 The 3D graphene was synthesized on nickel foam (as the substrate) using ethanol
(as the carbon source). Subsequently, CNTs were grown on the obtained graphene/Ni foam
following Ni particle loading. Finally, Ni foam was removed by HCl, leaving a3D grapheneCNT free-standing foam. A hierarchical system with synergistic effects from individual
components can be obtained by integration of CNTs with different forms. The physical and
chemical properties of these components can be tailored using many different patterning
techniques. 3D patterning of CNT structures will be discussed in greater detail in this review.
The CNT network can also be used as a template for inorganic or organic depositions,
which enables to design and fabricate various hierarchical or hybrid structures.117–119 This will
be reviewed in details in future sections.
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2.1.2 Micro- and Nanolattices
Hierarchically designed cellular structures are common in nature. For example,
honeycomb and foam-like structures, like bone, plant parenchyma, and sponge, which involve
low weight with unusual mechanical properties, are a result of nature. 3 Inspired by these
architectural features,120 scientists and engineers have attempted to emulate these natural
structures that span a broad range of length scales. Effective properties of periodically patterned
structures ―the so-called metamaterials― depend mainly on the volume fraction of the
constituent material and details of the design rather than their composition.121–123 Recent
advances in micro/nano fabrication techniques have provided micro-and nanoarchitected
lightweight materials with unique electrical, optical, or acoustic features,121,122 but also strength,
toughness, stiffness and energy absorption properties.3,124,125 However, manipulation of the
cellular properties for enhanced performance has remained to be challenging. 123 Precisely
designed (i.e., nonstochastic) ordered micro- and nanolattice geometries have been enabled via
modern fabrication breakthroughs such as direct laser writing,125,126 projection
microstereolithogarphy,3 and self-propagating photopolymer waveguide124. Direct laser writing
two-photon lithography holds several advantages compared to other 3D techniques, which
includes precise nanometer and submicron 3D spatial resolution, smooth beam surfaces, and
many geometrical shapes. 127–129
Cellular materials can weaken impulsive loads due to their capability of absorbing
energy. Thus, the intensity of an impulse can be lowered by its extended duration. These
materials are some of the few that exist in the ultralight regime (below 10 mg cm -3 ): silica
colloid aerogels (ρ ≥ 1 mg cm-3),130 carbon nanotube aerogels (ρ ≥ 0.16 mg cm-3),104 and
graphene monoliths (ρ ≥ 0.5 mg cm-3).131 All of these ultralow density materials consist of
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random cell structures. This random cellular architecture generally results in lower stiffness,
strength, energy absorption, and conductivity compared to those of the bulk material.124 When
compared to foams, which are the most commonly used energy absorption materials, microlattices exhibit superior performance due to their well-defined and ordered lattice structures. 132
The Eiffel Tower is a notable example for a lattice-based architecture in large-scale whose
relative density is similar to an aerogel but is still robust.123 The degree of hierarchy will be
determined by the size difference between the smallest and largest structural features.124
Schaedler et al. reported the synthesis of nickel microlattices consisting of a periodic array of
hollow tubes with a wall thickness of 100-500 nm, and unit cell dimensions of 1-4 mm. The
fabrication of nickel microlattices started with fabricating microlattice templates by using a selfpropagating photopolymer waveguide technique, followed by conformal nickel-phosphorous thin
film deposition on the polymer lattice by electroless plating (Figure 2.8). The polymer was
subsequently etched out resulting in a cellular structure with a density of 0.9 mg cm-3. The
fabricated metallic microlattices showed complete recovery after compression exceeding 50%
strain, and displayed energy absorption similar to elastomers. Due to the absence of struts in the
basal plane and the ultrathin-walled hollow nodes, localized bending deformation was observed.
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Figure 2.8 Design, fabrication, and cellular architecture of microlattices. (a) Fabrication of
microlattice templates from a 3D array of self-propagating photopolymer wave guides. (b) A
conformal Ni-P thin film deposition on the templates by electroless plating followed by etch
removal of the polymer template. (c) Image of the Ni-P microlattice. (d) Images of two asfabricated microlattices along with a breakdown of the relevant architectural elements.124

Greer and co-workers have published a series of papers studying nanomaterials with light
weight, high strength/stiffness, and recoverability. These properties stem from their meticulously
designed architectures and their fine length scale using two-photon lithography direct laser
writing. To show nanolattices made from different materials (e.g. metals, semiconductors,
oxides, metallic glasses, piezoelectric materials, other polymers) and with different nanolattice
geometries, (hollow-tube cubic-shaped octet, hollow octahedral) (Figure 2.9) Greer’s group used
both sputtering of Au, Cu60Zr40 (up to ~300 nm)133,134 and atomic layer deposition of alumina
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(~5-60 nm) and titanium nitride onto polymer scaffolds.135 The process flow with sputtering
technique is shown in Figure 2.10.

Figure 2.9 Computer-aided design (CAD) and SEM images of different hierarchical nanolattices
with various geometries. (A) CAD images showing the process of fabricating a third-order
hierarchical nanolattice. (B, Upper, C, Upper, D, Upper, and E, Upper) CAD and (B, Lower, C,
Lower, D, Lower, and E, Lower) SEM images of the second-order samples. (Scale bars: 20
µm).136 (F-I) Architecture, design, and microstructure of alumina nanolattices. (F) CAD image of
the octet-truss design. The blue section shows a single unit cell. (G) Cutaway of hollow octettruss unit cell. (H) SEM image of alumina octet-truss nanolattice. (I) Zoomed-in section of the
alumina octet-truss nanolattice. The inset presents an isolated hollow tube. 125
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Figure 2.10 Hollow nanolattice fabrication. (a) Nanolattice design using CAD software. (b)
Replication of a polymer pattern using two-photon lithography. (c) Polymer nanolattice. (d)
Conformal coating of a metal onto polymer skeleton via sputtering. (e)Removal of edges to
uncap polymer within each strut via focused ion beam. (f) Removal of the entire polymer
scaffold using oxygen plasma etching and developing metal hollow nanolattice. 6

They reported the mechanical behavior of octet hollow-tube alumina nanolattices
fabricated using two-photon lithography, atomic layer deposition, and oxygen plasma etching
techniques.125 Structures were made with wall thicknesses of 5-60 nm and densities of 6.3-258
mg cm-3. This metamaterial recovered up to 98% of its original shape from compression in
excess of 50% strain. Their ductile-like deformation and recoverability were attributed to the
optimization of the wall thickness-to-radius of the tubes. When the ratio between the wall
thickness and the radius of the tubes is less than the critical value the brittle fracture in the
constituent solid was restrained in favor of elastic shell buckling.125,135–137 Hollow rigid
nanolattices exhibited GPa-level stiffness at ~10 percent of the density of the parent solid.125,135–
137
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Bauer and co-workers have recently demonstrated the fabrication of glassy carbon
nanolattices by direct laser writing and pyrolysis.126 It is remarkable that the authors presented
the smallest lattice structures with single struts shorter than 1 µm and with diameters of 200 nm
by applying pyrolysis of initial polymeric template. 80% shrinkage of the polymer was achieved
during pyrolysis. The polymeric template converts into a glassy carbon lattice after pyrolysis.
The specific strength (0.312-0.886 MPa m3 kg-1) of the glassy carbon nanolattice was six times
higher than those of metamaterials with alumina nanolattice (0.012-0.136 MPa m3 kg-1).125 This
work offers a significant step forward to increase the resolution of 3D direct-laser-written
structures. However, the field is still lacking of a truly predictive design and the fundamental
understanding of the relationships between structures, which needs to be studied more.

2.2

Carbon Nanotube – Inorganic Hybrids
Carbon nanotube (CNT)-inorganic hybrid materials are a new class of functional

materials which have gained tremendous interest in recent years, owing to their combination of
the multiphase characteristics of nanocomposites with the multifunctional properties of hybrid
frameworks.4 A notable synergistic effect stems from the interfacial charge transfer processes
and size domain effects through the CNT-inorganic interface. Owing to their outstanding
mechanical, thermal, and electrical properties and also being low density and of high surface
area, CNTs enables an exceptional template for these hybrids. Consequently, CNT-inorganic
hybrid materials have offered significant performance in various applications, for example
superior performance in gas sensors (SnO2)138, improved photovoltaic performance of solar cells
(MoOx and ZnO)139, increased capacities in supercapacitors (RuO2)140, and superior activities in
photocatalysts (TiO2)141. Moreover, due to their high thermal conductivity, CNTs can be used as
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sacrificial templates through calcination. Thus, inorganic materials with large specific surface
area can be achievable, allowing the catalyst’s activity and selectivity. Regardless of the type of
application, the pristine CNTs without pre-treatment are rarely used. Inherent chemical inertness
of CNTs results in a considerable difficulty in achieving smooth, conformal depositions on
CNTs. Furthermore, CNTs have tendency to bundle and agglomerate due to van der Waals
forces exerted between individual tubes along the length axis. Solubility of CNTs is dramatically
decreased in most organic or aqueous solvents owing to the bundle formation, which curbs
homogeneous dispersion of CNTs within host materials.142 As a consequence, functionalization
of CNTs is a key role in improving solubility and processability.

2.2.1 Functionalization of CNTs
Over the years, functionalization of CNTs has been studied in depth to make them
processable and to tune their properties. 143 Functionalization of CNTs can be created by physical
or chemical modifications. The physical approach uses mechanical means such as ultrasonic,
milling, crushing and friction to stimulate the CNT surface to alter the surface physical and
chemical structure. The chemical approach, in general, includes two methods: covalent
modification, where covalent attachment of chemical groups to the π-conjugated walls, and noncovalent modification, where the adsorption of functional molecules to the surface occurs
through van der Waals forces, π- π stacking interactions, hydrogen bonds, and electrostatic
forces. Non-covalent bonding preserves the original structure and properties of CNTs by not
destructing the sp2 hybridization of carbon atoms owing to weaker bonding than covalent
modifications.
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Covalent modification is usually conducted in strong oxidative conditions typically
consisting of high concentration acids, such as HNO3 or H2SO4, together with heating or
sonication. It follows by introducing structural defects along with the investing functional groups
such as carboxyl, carbonyl and hydroxyl groups. Due to the aggressive conditions, the tubes are
shortened and opened, leading the oxygen functionalities mainly anchored to the tips of the
tubes.142 In this method, the conversion of sp2 carbon-carbon bonds to sp3 bonds leads to the
disruption of the delocalized electron system in the CNT side walls.144 Consequently, the
mechanical and electrical properties of CNT are changed, which can result in reduced
performance in hybrid materials.4
Alternatively, creation of carbonyl and carboxyl groups can also be achieved by plasma
etching, which is a particularly useful treatment because when performed in the vapor phase, the
phase preserves the alignment, porosity, and low-density of CNT assemblies. After the oxygen
plasma treatment, improved wetting and chemical reactivity of CNT arrays were obtained. 145,146
Another notable difference between these two functionalization techniques is that a
preferential functionalization will occur in the covalent technique due to the unequal chemical
reactivity of a CNT, particularly at CNT tips, where a high reactivity is seen because of the πorbital mismatch caused by CNT curvature, and areas with structural defects. In the non-covalent
functionalization technique, however, the distribution of secondary interactions is uniform at the
sidewalls and tips of the CNT. This could be an advantage for uniform coatings. 4

2.2.2 Fabrication of Carbon Nanotube Inorganic Hybrids
Many approaches have been developed to synthesize CNT-inorganic hybrids and they
can be categorized as ex situ and in situ methods. In the ex situ approach, inorganic nanoparticles
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are first produced in the desired structure and morphology, and are then modified and attached to
CNT surface via covalent bonding, van der Waals forces, π-π stacking, hydrophobic interaction,
hydrogen bonds and electrostatic interactions.147 148,149 Though controlled decoration of the
nanoparticles is easy due to the numerous techniques developed for the preparation of
nanoparticles with controlled size and morphology, the ex situ technique is not satisfactory for
thin and continuous film fabrication.
In contrast, in situ approach is a one-step process where the inorganic material can be
directly synthesized on the pristine or modified CNT surface. The main benefit of this technique
is that the deposition of inorganic material onto CNT surface is carried out as a continuous
amorphous or single-crystalline film with good control of uniformity and thickness, or as
separate units in the form of particles, nanowires. In addition, CNTs act as a substrate that
promotes or retards certain crystal growths during the crystallization and phase-transformation
processes.
Finally, the deposition can be carried out using either wet chemical methods, such as solgel processes, chemical reduction, electro- or electroless deposition, and hydrothermal treatment,
using gas phase methods including chemical deposition (CVD or ALD) or using physical
deposition methods (laser ablation, electron beam deposition, thermal evaporation, or sputtering).
Among these methods, the gas phase approaches are the most common techniques as they
provide excellent control of film composition, structure and size by limiting the reaction rates.
Furthermore, hybridization takes place without changing the 3D integrity of vertically aligned
CNTs. The following section will provide a detailed discussion of ALD.
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2.2.3 Atomic Layer Deposition
Atomic layer deposition (ALD) is a chemical vapor deposition technique based on
sequential, self-limiting surface half-reactions, which is capable of depositing conformal
inorganic thin films with a precise thickness control at the angstrom-scale. 150,151 A desired
thickness can be obtainable simply by selecting the appropriate number of reaction cycles. 151
ALD enables the coating of extremely complex shapes and micro and nano-sized architectures.
Dose times refer to the time a surface is being exposed to a precursor while purge times refer to
the time left in between doses for removing the remaining precursor from the chamber.
A typical ALD cycle consists of 4 characteristic steps. A schematic illustration of these
steps is shown in Figure 2.11.
1. On a functionalized substrate surface (Figure 2.11a) first reactant (Precursor A) is pulsed
and reacts with surface (Figure 2.11b).
2. An inert carrier gas (typically N2 or Ar) purge to remove excess Precursor A and the
gaseous reaction by-products (Figure 2.11c).
3. Second reactant (Precursor B) is pulsed and reacts with surface (Figure 2.11d).
4. An inert gas purge to remove excess precursor B and the gaseous reaction by-products
(Figure 2.11e).150,152

35

Figure 2.11 Schematic representation of (a-e) one ALD reaction cycle and (f) steps 1–4 are
repeated until the desired thickness is achieved.152

Steps 1-4 complete a reaction cycle. Steps 1 and 3 can be called the half reaction of an
ALD reaction cycle. 150 During each half cycle, the precursor is pulsed into the chamber under
vacuum (<1 Torr) for a certain time to allow the precursor to react with all available active sites
on the surface through a self-limiting process which restricts the reaction to monolayer at the
surface. As a result, ALD films remain very uniform, conformal, and pinhole-free. Each half
cycle adds up a given amount of material onto the surface, referred to as the growth per cycle
(GPC). The reaction cycle is then repeated until the growth material layer reaches the desired
thickness (Figure 2.11f). 4,150. Repeated cycles enables the uniform growth on high ratio
structures, whereas CVD or other film deposition techniques may suffer from non-uniformity
because increasing precursor dose can lead to additional material deposition. ALD processes are
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performed at modest temperatures (<350 oC). When a certain pressure and temperature lead to
constant GPC via self-limiting reactions, it is referred to as the ‘ALD window temperature’. In
the self-saturating ALD-type growth, GPC is independent from precursor dose or pulse time as
shown in Figure 2.12a. 153 When the ALD process takes place at the temperatures outside of the
window, poor growth rates and non-ALD type deposition occurs due to slow reaction kinetics or
precursor condensation (at below window temperature) and thermal decomposition or rapid
desorption of the precursor (at above window temperature) (Figure 2.12b).

Figure 2.12 Variation of GPC as a function of (a) pulse time and (b) temperature for ALD
processing.153

ALD has unique advantages over other thin-film deposition techniques, which are all
derived from the sequential, self-limiting and gas-surface reaction control of the deposition
process. 152 However, due to the sequential exposure of the precursors, ALD suffers from slow
deposition rates compared to CVD and PLD. Cycle times involving pulsing and purging
precursors are dependent on the reactor design and the aspect ratio of the substrate. More time is
required for the pulsing and purging in larger reactor sizes. Moreover, longer pulse and purge
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times are needed for high aspect ratio substrates to allow the precursor gas to fully disperse into
trenches and other three-dimensional structures.
Although a large range of materials (most common types: oxides, nitrides, sulfides, and
pure elements) have been grown by ALD, it is not yet possible to grow every material by ALD
because of the lack of suitable precursors and/or effective reaction pathways. Furthermore, the
preferential interactions between the precursor and coating surface determine the quality of the
thin film. The initial layer is the most important. The surface reaction needs to be quick and
irreversible to lead to fast growth saturation. After reacting with the surface, both the remaining
reactant and its by-products should be evacuated without dissolving, etching or in other ways
damage the substrate, the growing layer or the ALD reactor itself. The effect of reactive groups
and their amount on the substrate surface is critical for nucleation to occur at the beginning of
ALD growth.154 Additionally, reactants with small size are preferable to avoid decreased surface
coverage because of the steric hindrance.152
The crystallinity of the grown film dictates the quality of ALD films in actual
applications. Therefore, it is important to understand the effects of different parameters. This
may not be completely possible since each precursor system is unique and several parameters are
interrelated. Temperature dependence of crystallinity of a grown film can be easily controlled
because transitions from amorphous to crystalline or a crystalline phase to another are known to
occur at characteristic temperatures. Impurity contents in the film often decrease with increasing
deposition temperatures; however, sometimes they increase with temperature during
decomposition of the reactants. Moreover, the process temperature determines the choice of
suitable ALD reactants due to the limitations of reactant combinations working at the same
temperature, and the reactants mainly affect the impurities.
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Impurities have also been one of the main factors affecting the crystallinity.154 In the TiN
case study, although high chlorine and hydrogen impurities (up to 7.7 at. % Cl and 16 at. %H)
were found in the structure, impurities were tolerated and the films resulted in crystalline
structure. However, carbon impurities prevented the crystallization and left the films weakly
crystalline or completely amorphous.155,156 In some cases, the substrate also dictates whether a
film is amorphous or crystalline. For example, deposition of TiO2 on two different substrates,
Al2O3 and cleaned Si, resulted in different structures under the same process conditions. The
layer grown on the Si was partly crystalline while the layers grown on the alumina were
amorphous.157 Most commonly, columnar grains are observed in crystalline ALD films, where
the width of the columns is shorter than the film thickness. Dense nucleation results in a large
amount of smaller grains, whereas sparse nucleation results in small amounts of larger grains.154
ALD has emerged as an excellent technique for depositing conformal, uniform thin films
for a numerous applications. This review focuses on ALD of Al2O3 on CNTS and highlights
some current applications. For a more comprehensive study of ALD and its various applications,
the reader is referred to existing reviews.151,152,154

2.2.4 Atomic Layer Deposition of Aluminum Oxide
Alumina ALD growth has been studied extensively over the last decade due to its
excellent dielectric properties, wide band gap (9 eV) and high permittivity (Κ=9), good adhesion
to many surfaces, and thermal and chemical stability. Owing to these properties, alumina finds
various applications in microelectronics and thin film device industry as an insulator, an ion
barrier, and as a protective coating. It has been considered as a dielectric material to replace
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Silicon Monoxide (SiO) in microelectronics.158–160 Furthermore, ALD- Al2O3 coated electrodes
for battery applications were investigated over the past years.161–163
The ALD of Al2O3 has considered a model system for ALD because it shows almost ideal
deposition characteristics at large temperature (30-300 °C) and pressure ranges. Al2O3 ALD is
usually carried out using trimethylaluminum (TMA) and water. TMA is highly reactive and
variety of compounds (oxides, nitrides, arsenides, and pure aluminum) can be grown from it,
while the gaseous by-product of reaction, methane, is inert to wide many types of substrate
materials. 150
The surface chemistry during Al2O3 coating can be described by separating a binary
reaction into two half reactions where the asterisks designate the surface species.164,165

AlOH* + Al(CH3)3 (g) → AlOAl(CH3)2* + CH4(g)

(1)

AlCH3 * + H2O (g) → AlOH* + CH4(g)

(2)

Though the TMA-H2O process is most commonly used, other precursors for Al2O3 ALD
have been investigated. In addition to water, ozone and oxygen plasma have also been used with
TMA. Chloride, bromide, different alkoxides, alkylamides, amidinates and mixed ligand
compounds have been studied as aluminum sources. 150 Regardless of the substrate, all alumina
films deposited below 600°C are amorphous. Post-deposition annealing has been reported as an
effective means to increase the dielectric constant of alumina films by crystallization (Figure
2.13).166 The crystallization behavior of Al2O3 films with a thickness of 3.5, 5.0 and 8 nm were
compared and reported that thinner films generated smaller grains than thicker ones owing to the
limited grain size by film thickness. Thicker films crystallized at lower temperature than thinner
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layers which was attributed to the higher possibility of nucleation seeds in thicker films. The
dielectric constant increased with increasing annealing temperature. This result was attributed to
densification and composition change in amorphous films and enhanced polarizability in
crystallized films.

Figure 2.13 First appearance of long-range order in Al2O3 films, as detected by XRD. The inset
demonstrates XRD spectra for 5 nm Al2O3 layers annealed for 60 s at different temperatures. 166

2.2.5 Atomic Layer Deposition on Carbon Nanotubes
In 2002, Javey and co-workers reported the first ALD coating of CNTs.167 In this study, 8
nm of ZrO2 was deposited as a gate insulator on SWCNTs supported on a SiO2 substrate for the
purpose of making CNT-based transistors. CNTs have been coated with diverse metal oxides
including Al2O3,153,168 TiO2,169,170 ZrO2,167,171 SiO2,169 ZnO,172,173 HfO2,174 V2O5,175 for a large
range of applications such as sensors,176 Li- ion batteries,175,177 super capacitors,178 photovoltaic
cells,179 catalysis180 and many others. In this review, we provide a brief summary of ALD of
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Al2O3 on CNTs and highlight applications including sensors and batteries.

2.2.5.1 Al2O3 Atomic Layer Deposition on Carbon Nanotubes and Their Applications
Homogenous coating of Al2O3 ALD on MWCNTs was reported in 2003. A uniform
coating of amorphous Al2O3 was demonstrated on the inner and outer walls of the MWCNTS
and Al2O3 nanotubes and nanorods were successfully fabricated by removing the CNTs.181 The
group claimed that the bonding mechanism of Al2O3 on MWCNTs should be different from that
for semiconductor nanowires where MWCNTS should be covered in sp2 carbon orbitals. Not
being certain, however, they first proposed that the hydrogen atoms of water rather than the
oxygen atoms may have bonded to the carbon atoms. They also hypothesized that the Al atoms
of TMA may have been bonded to the carbon atoms due to the partially rehybridized orbitals
from sp2 to sp3. However, they did not characterize the defect density or oxygen content in asgrown MWCTS, which may have also provided the bonding.
Herrman et al. reported multilayer coatings on MWCNT by successive ALD of Al2O3
and W (Figure 2. 14a-c). The Al2O3 ALD layer provided hyrdoxyl functional groups and was
also used as a seed layer to functionalize CNTS for further attachment of perfluorinated
molecules.182 The obtained “coaxial cable” consisted of a CNT center, an inner insulating Al2O3
ALD layer, a middle conductive W ALD, and an outer insulating Al2O3 ALD layer. Kim et al.172
used a similar method to coat CNTs with conformal ZnO layer, by using an intermediate Al2O3
ALD layer on the nanotubes (Figure 2.14d). Interestingly, direct coating of ZnO on nanotubes
resulted in non-uniform ZnO shells, but Al2O3 coating on the nanotubes allowed a conformal
layer of ZnO.
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Figure 2.14 Schematic drawings of coaxial cables. (a) Al2O3 ALD film, (b) multilayered
Al2O3/W/ Al2O3 ALD film, (c) functionalized layer on an Al2O3 ALD seed layer,182 (d)
fabrication process of CNTs covered by a thin Al2O3 layer and subsequently by a layer of
ZnO.172

MWCNTs have higher amount of defects and impurities compared to SWCNTs and the
coatings on as-grown MWCNTs could be achievable in a controlled manner. The same,
however, cannot be said about SWCNTs due to their inert graphitic surfaces, which either
completely prevents the nucleation of the film growth or results in an incomplete and poorly
defined coating. Therefore, functionalization of SWCNT is required prior to ALD processes.
Covalent functionalization was first established for ALD of Al2O3 on SWCNTs in 2005.183
Suspended SWCNTs were functionalized using two different aniline derivatives, aniline and
nitroaniline. Reactive diazonium species were allowed to covalently bond to the SWCNT
side walls by sitting in the solution for at least 15 hours. From TEM images, it was shown
that nitroaniline treated SWCNTs had uniform and conformal coating, while SWCNTs
functionalized with aniline species showed purely localized oxide nucleation. Though
chemical functionalization was demonstrated to be an effective means for conformal ALD
coating on SWCNTS, it had the opposite effect on the optoelectronic properties of SWCNTS.
This was attributed to the change in the hybridization state of the nanotubes (sp2 → sp3) due
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to the ligand attachment. Furthermore, this liquid-based processing is experimentally tedious
with low potential for scale-up. The same authors published an alternative technique for
functionalizing suspended SWCNTs using alternating pulses of nitrogen dioxide (NO2) gas
and TMA vapor in the same reactor that provided non-covalent physical interaction.168 By
monitoring the SWCNT conductivity, NO2 molecules were shown to reversibly physisorb on
the SWCNT surfaces. First, the nitrogen end of NO2 adsorbed to the SWCNT surface,
leaving the oxygen ends exposed to incoming TMA precursor. Then, the aluminum centers
of TMA were attracted to the oxygen ends of NO2, thus a room a NO2 – TMA complex was
formed. To further stabilize the functionalization layer, after 50 NO2 – TMA cycles, 5 cycles
of Al2O3 ALD were applied at room temperature before increasing the temperature to 225 oC.
As a result, a uniform, conformal and continuous coating was obtained. Other non-covalent
functionalization of SWCNTs was carried out using surfactant-assisted ALD techniques,
where surfactant molecules were adsorbed to the surface of nanotubes to promote Al2O3
nucleation without changing their intrinsic physical properties. The resulting coatings were
continuous and conformal.184

2.2.5.1.1 Sensors
The room-temperature CNT based sensors with less power consumption and ability to
safely detect flammable gases have gained great interest. Their high surface area enables CNTs
to provide abundant sites for gas adsorption. Furthermore, their highly sensitive conductivity to
gas molecule adsorption, can be utilized to sense resistance changes even at low temperatures185.
The use of SWCNT transistors encapsulated by ALD of Al2O3 was studied for sensor
applications. 186–189 A 100 nm thick Al2O3 encapsulation stabilized device operation over a
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period of 260 days and reduced its on-state degradation and fluctuating signals, which stem from
the high electronic sensitivity of the CNT, to the changes in various environmental conditions.186
Encapsulation of the electrical contacts to suspended SWCNTs using selective nucleation of
Al2O3 ALD coating was demonstrated. Selective nucleation depended on the defect-free and
clean SWNTs. Thus, ALD of Al2O3 nucleated on contacts, while clean and defect-free suspended
SWCNTs remained non-encapsulated which, is required for chemical- and strain sensors and
resonator applications. Furthermore, surface selective nucleation of the passivation film ensured
a clean encapsulation process with a good controllability compared to wet-chemistry-based
lithography.188 The same group architecture yielded a suspended SWCNT gas sensor, having 42
nm Al2O3 coating on the contact region, used for NO2 detection at room temperature. The Al2O3
acted as an adsorption barrier against NO2, which improved the sensor response. Nanotubes
recovered from gas exposure at an extremely low power of 2.9 µW by the self-heating effect due
to the accelerated gas desorption from the surface of the suspended nanotube. Sensor recovery
completed after 10 minutes of heating, almost two orders of magnitude faster than non-heated
recovery at ambient temperature.37

2.2.5.1.2 Batteries
The electrode/electrolyte interface properties dictate the electrochemistry behavior and
battery performance. A major problem with current anode materials with high theoretical
specific capacity is the significant volume change during charging/discharging, which can, in
turn, damage the anodes and cause capacity fading.161
Such an interface can be tuned by the formation of a coating with a desired
microstructure, morphology and chemistry. ALD coatings seem to be ideal for meeting these
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needs because it enables deposition control on the atomic scale with pinhole free conformal
morphology. 151 Al2O3 coatings on electrodes have been increasingly used to improve battery
performance. Recent studies show that ALD of Al2O3 coating as a protective coating layer
significantly increases the cycling performance of anode materials, comparing with those made
of without coating.161
Lahiri et al. reported the use of Al2O3-coated CNTs for Li-ion batteries for the first time
in 2011. After growing CNTs on a cupper current collector by CVD, a very thin (~10 nm) layer
of Al2O3 was coated on CNTs using ALD. As a result, a high capacity (~1100 mAh/g, for 50
cycles, with a capacity fading rate of 0.1% per cycle) and binder-free electrode for the Li-ion
battery was obtained. Randomly oriented porous CNT networks provided a very high surface
area, through which Li+ ions can easily migrate, and excellent conductivity. The Al2O3 coating
provided additional stability by preventing unwanted reactions between the electrolyte and
CNTs. The coating also offered additional Li intercalation sites, leading to further enhancement
of capacity. However, they did not characterize the charge transfer mechanism in the bare CNTbased and Al2O3-coated CNT anodes. Further studies are required in ALD of Al2O3-coated CNTs
for batteries.

2.3

Three Dimensional Patterning of CNTs
Three dimensional (3D) patterning of nanostructures enables investigation of their novel

properties and the developments of nanomaterials and nanodevices. Among the various 1D
nanomaterials, CNTs are one of the most attractive building blocks for next-generation
nanodevices owing to their distinct optical, electrical, and mechanical properties .11 3D patterned
CNT architectures are especially attractive materials that would offer a variety of applications
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including microfluidic devices, integrated circuits, information storage devices and sensors, yet
needs to be explored more.
Various alternative techniques have been developed to enable 3D CNT structures to be
more effective. Lithography, nonacontact printing and writing, and self-assembly have been used
for the fabrication of patterned micro/nano structures.11 For example, shadow masking,190 block
copolymer micellar thin films,191 photolithography,192 and soft-lithography193 techniques were
used to pre-pattern catalysts for patterning aligned/nonaligned CNTs on substrates. Post-transfer
techniques including mechanical scraping,194, micro-contact printing,195 and micro-molding
were demonstrated using micro-patterns of CNTs navigated along a surface normal to the
substrate surface. Laser beam patterning has recently gained widespread attention because it is
simple, rapid and adaptable to a broad range of patterns.10,12,196–199 Some of these techniques and
product applications will be briefly discussed in the following section.

2.3.1 Techniques for Three Dimensional Patterning of CNTs and Their Applications
One of the most conventional and common methods for 3D patterning of CNTs is
through site-selective growth from a pre-patterned catalyst layer on silicon substrates. Yang et
al.200 for the first time, developed patterned CNTs by pyrolyzing iron(II) phthalocyanine (FePc)
onto a quartz substrate pre-patterned photolithographically (Figure 2.15a) The micro-patterned
CNT can be used as electron emitters in panel displays.
Xiang et al.194 demonstrated a surface-energy-difference driven localized deposition of
catalyst by dip coating for patterning of SWCNT. The authors claimed that an all-liquid-based
approach simplified the fabrication with a better resolution and scalability compared to state of
the art techniques. Bennett et al.191 used the soft contact imprint method to pattern iron-loaded
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poly- (styrene-block-acrylic acid) micellar thin film as catalyst templates for CNT growth. The
patterned iron oxide nanocluster catalyzed vertical growth of CNTs selectively on the prepatterned substrate (Figure 2.15b). These methods can be used for controlling the architecture at
micron scale. To incorporate CNTs into micro-electromechanical system/nano-electromechanical
system fabrication processes, controllable growth of CNTs directly on certain substrates,
particularly silicon, is very important. Wei et al.42 modulated the substrate into a patterned
structure to control the growth of CNT through the relation between the catalyst and substrate.
They demonstrated a site-selective multidirectional growth of CNTs by pyrolysis of
xylene/ferrocene on a patterned SiO2/Si substrate (Figure 2.15c).

Figure 2.15 SEM images of 3D patterned CNT arrays.(a) by photolithography,200 (b) by
polymeric micellar thin film,191 (c) pre-patterning of Si substrate,42 (d) 3D CNT-graphene for
flexible Li-ion battery.201

Kang et al.201 demonstrated a porous-3D electrode architecture consisting of patterned
MWCNTs-graphene hybrids fabricated on flexible films (Figure 2.15d). 3D patterned MWCNTs
were grown on 3D-Cu mesh (thickness of 50 µm and hole size of 65 µm) using CVD and
transferred onto graphene-PET film for lamination. After lamination, Cu mesh was completely
removed by FeCl3 etching. The anode exhibited high reversible specific capacity of ~250
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mAhg-1 and good cycling stability. However, the effect of the 3D patterning of CNTs on
improved results was not explained. Improved efficiency was attributed to the higher surface
area, shorter diffusion path, and higher volumetric capacity.
Gui and co-workers reported 3D CNT heterostructures by both combining an aligned
CNT array and a CNT sponge, and patterning the substrate for selective growth of arrays or
sponges through CVD methods.202 In combining method (Figure 2.16a) series (cm-wide, mmthick rectangular blocks connected by 2 sponge layers), parallel (sponge filled into vertical
arrays), package (a vertical array covered with sponge), and sandwich (sponge filled among
array blocks with various orientations) structures were demonstrated. Among those, the parallel
configurations exhibit high plateau stress and large strain owing to the array and the sponge,
respectively. Thus, a high degree of broadened stress plateau and large stress loops were
obtained for enhanced energy dissipation. For the selective growth of arrays, Au films were
patterned on quartz substrate before CVD. Due to the decatalytic properties of Au nanoparticles,
CNT arrays could only grow on the uncovered areas of the substrate. After that, in the same
continuous CVD process, the metal film areas were deposited with sponge by changing the
carbon precursor. Thus, the sponge blocks were embedded in an array pattern in parallel
configuration (Figure 2.16 b,c).
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Figure 2.16 Fabrication of 3D CNT sponge-array architectures and patterned parallel structures.
(a) Illustration and SEM images of a series, parallel, package, and sandwich configurations. (b)
Illustration of the patterning of Au film on substrate, growth of CNT arrays on uncoated areas,
and CNT sponges on the Au film. (c) SEM images of the parallel structure.

Among those strategies mentioned above, laser beam patterning techniques are noncontact, simple and rapidly adaptable to wide range of patterns. Laser micromachining has
recently been employed for cutting and modifying CNTs for potential microelectronic
applications. 12 Lim et al.196 used a collimated pulsed Excimer laser with a 248 nm wavelength
for patterning large CNTs. Yaglioglu et al.198 used a focused pulsed excimer laser with a 248 nm
wavelength for cutting patterned CNT architecture in columns. Sahurakiya et al.199 used a
focused femptosecond laser with a 790 nm wavelength to modify the morphologies and tip
structures of as-grown patterned CNTs. Cheong et al.203 used pulsed Excimer to trim nanotubes
in a fast and controlled way. After laser trimming, generated large arrays of patterned CNT
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structures can be used for fabricating field emission display devices with various patterns. Elmer
et al.12 evaluated various laser machining methods to machine vertically aligned CNTs using four
different types of commercially available lasers including CO2, Q-switched diode-pumped solidstate (DPSS) laser with pulses in the nanosecond and picosecond ranges, and an Excimer gas
laser, operating at wavelengths between 248 nm and 9300 nm. CNT columns were obtained with
widths from 10 µm to 350 µm, pitches from 20 µm to 500 µm, and aspect ratios higher than
20:1. The columns with different geometries were obtained such as round top columns with large
sidewall tapers or square top columns with smaller sidewall tapers (Figure 2.17).

Figure 2.17 SEM images of CNT column arrays produced with (a) CO2, (b) ns DPSS, (c) ps
DPSS, (d) Excimer lasers.12

2.4 Microfluidics
Microfluidics is the science and technology of systems that handle and manipulate small
volume of fluids in channels with dimensions on the order of tens or hundreds of microns. Since
the 1990s, microfluidic technologies have found increasing applications in chemistry, biology
and medicine for controlling or sensing purposes. They have also become integral components of
devices like Lab-on-a-Chip (LOC).15,204–208 Microfluidic network-based devices can be
established via systematic networking of microchannels. In order to develop microfluidic
devices, understanding fluid dynamics in microsystems is essential. Biomolecules, particles and
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chemicals are transferred from one section to another through driving forces. These forces have
been typically achieved using conventional pumping mechanisms. Although these pumping
mechanisms render tunable volumetric flow rates ranging multiple orders of magnitude, there are
several difficulties in operating the device such as complicated sample-interface connections and
a minimum requirement of ~1 mL sized sample volumes. In addition, the requirements for
external means significantly increase the size of the device, which restricts the device portability.
Therefore, researchers have been investigating other driving methods to overcome such
difficulties.209,210 These methods mainly rely on creating additional surface forces on the liquid,
which provides a non-pressure driven transport in the channels.
In this section, best-known characteristics of flow through microchannels and pumping
principles are summarized. Other detailed reviews on the characteristics of flows in microfluidic
systems can be found in literature.205,211

2.4.1 Flow Characteristics in Microchannels
In general, due to the small length scale of the system gravity is less important than
surface forces such as surface tension, van der Waals, electrical, and surface roughness which
dominate the interactions. Typical microfluidic devices are in the micro- or nanoscale domains,
and the relative importance of force is ordered as follows: interfacial force >> viscous forces >
gravitation ≈ inertial force > buoyancy. In the steady-state of fluid flow in the circular channel
can be described by Poiseuille’s law:212,213

𝑄 = ∫ 𝜈𝑖 𝑑𝐴 ≈

∆𝑃
𝑅ℎ𝑦

(3)
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where 𝑄 (m3s-1) is the total volumetric flow rate, 𝜈𝑖 (m s-1) is the flow velocity at the position 𝑖,
A (m2) cross-section area, ∆𝑃 (Pa) the pressure difference between two ends of the channel, and
𝑅ℎ𝑦 (kg s-1m-4) is the hydrodynamic resistance can be generalized as:

𝑅ℎ𝑦 = 𝜂𝐿𝐶 2 A-3

(4)

where η (Pa s) is the fluid viscosity, L (m) is the channel length, and C (m) is the perimeter of the
cross-section.
To characterize the flow in microchannels, such as laminar or turbulent flow, the most
common dimensionless number, the Reynolds number (Re), is defined as the ratio of inertial to
viscous forces, and is written as:

R𝑒 =

𝜈l
𝜇

(5)

where 𝑣 is the average flow velocity (m s-1), 𝑙 is the characteristic length scale of the channel
(m), and 𝜇 is the kinematic viscosity (m2 s). The laminar flow occurs at very small Reynolds
numbers (Re is less than 2000 for the straight and smooth channels), where viscous forces
dominate. As Re increases to more than 2000, the inertial forces overwhelm the viscous forces,
and the resulting flow is turbulent.211 For microfluidic systems, the flow typically occurs in the
laminar regime, allowing for highly predictable fluid dynamics.206,208 In the laminar regime,
liquids flow as layers of uniform thickness. These layers have fixed boundaries allowing the
liquid to move between them without mixing. The only mixing of the streams takes place across
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the liquid-liquid interface through the diffusion. 208 A laminar flow of six different streams of
solution of dye converging in the outlet channel is shown in Figure 2.18.
Although there is no turbulent mixing, there is a transverse concentration difference
across laminar streams with different concentration of solutes or other properties, such as
temperature. Due to the transverse diffusion, the laminar interface is widened, the concentration
difference across the streams is flattened, and the liquid becomes homogenized. Comparison
between the typical time scale for diffusive transport and convective transport can be done by the
Péclet number, and is defined as:

𝑃𝑒 ≡

𝜈𝜔
𝐷

(6)

where ω is the channel width, ν is the velocity of fluid, and D is the diffusivity. The time before
complete mixing can be increased by a faster flow having a Reynolds number small enough for
maintaining the laminar flow. Additionally, liquids with higher viscosities can be used for
decreasing the diffusivity. Pure diffusive mixing can occur slowly with larger species having
lower diffusivities. When the long mixing times are undesired for some specific biomedical
applications, various channel designs can be used to enhance the mixing according to the
required time scales. The extents of diffusive mixing change from top to the bottom of the
channel cross-section. The cross-sectional profile of the laminar interface is not entirely
perpendicular to the top/bottom of the channel. At steady state, the extent of transverse diffusive
mixing across the liquid-liquid interface near the top and bottom walls of the channel is bigger
than that in the middle of the channel. Consequently, a curved cross-sectional profile of the
laminar interface occurs.208
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Figure 2.18 Optical micrograph of laminar flows of six different aqua solutions of dye in a
microchannel. The dimensions of the channels: 100 µm tall and 100 µm diameter.208

In chemistry and biotechnology, studied liquids are rarely simple single-phase liquids.
Multiphase flows include two or more partially immiscible fluids in contact. The flows in
multiphases can form as suspended droplets, channel spanning slugs, and wall wetting films
depending on the actuation forces such as interfacial forces, gravity, inertia and viscous forces.
Multiphase flows are commonly characterized by the capillary number (𝐶𝑎). 𝐶𝑎 is the ratio of
viscous and interfacial forces and can be defined as:

𝐶𝑎 =

𝜂𝜈
𝑔𝑐 𝜎

(7)

Where 𝜂 is the viscosity of the continuous phase (Pa s), 𝜈 is the average flow velocity (m s-1), 𝑔𝑐
is a dimensional constant, and 𝜎 is the interfacial tension (N m-1). In multiphase flows, the
viscous forces and interfacial forces act to the interface tangentially and normally, respectively.
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While viscous forces draw the fluid along the channel, interfacial forces induce the droplet
formation by minimizing the interfacial area.214
The flow patterns in channels can be generated by interfacial forces, viscous forces, flow
velocity and channel geometry. Interfacial forces can be manipulated by adding surfactants,
growing self-assembled monolayers on the channel surface or patterning the surface chemically
using microcontact printing, UV-photolithography, E-beam lithography, AFM lithography, and
plasma etching. Viscous forces can be altered using fluids with various viscosities, changing the
temperature, or adding components such as polymers. The flow velocity can be controlled by the
actuation forces and geometrical design. By increasing the velocity difference between two
phases, the segmented flow can transfer to the stratified flow due to the increased ratio of shear
forces to normal forces. The aspect ratio of a microchannel is important for the stable two-phase
flow. The addition of microtextures in the microchannels can manipulate the flow. 213

2.4.2 Pumping Methods
Pumping principles can be classified as passive-pumping, non-mechanical pumping and
mechanical pumping.

2.4.2.1 Passive-Pumping
In passive pumping, actuation forces are generated by adjusting the volume of the
pumping drop, channel geometries, surface chemistry, and physical properties of the liquid. This
method provides several advantages such as operational simplicity, portability, and eliminated
power costs.215 There are a number of studies of passive pumping in LOC devices including
immunoassay,216 stable concentration gradient generation,217 enzyme sensing,218 cell culture,219
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etc. Passive pumping, however, has a certain drawback which is associated with generating a
stable continuous flow.209 There are efforts to overcome this difficulty by using analytical
modelling of surface tension,220 high speed droplet dispensers210 and coupled
capillary/evaporation.209
When a liquid droplet contacts both a solid and a gas it develops a curved shape
depending on the differences among interfacial tensions. The force balance is shown using
Young’s equation:

𝜎𝑠𝑔 = 𝜎𝑠𝑙 + 𝜎𝑙𝑔 𝑐𝑜𝑠𝜃

(8)

where 𝜎 (N m-1) is the interfacial tension between two phases with the subscripts 𝑔, 𝑙, 𝑠 indicating
gas, liquid and solid, respectively, and 𝜃 (degree) represents the contact angle. In a fluidic
channel, concave and convex interfaces (menisci) occur when the fluids are hydrophilic and
hydrophobic, respectively. The curvature of the meniscus leads to a pressure difference between
the two phases called capillary action that is described by Young-Laplace’s equation.

𝑃𝑐 =

𝐺𝜎𝑙𝑔 𝑐𝑜𝑠𝜃
𝑑

(9)

where 𝑃𝑐 is the capillary pressure, 𝑑 (m) is the channel diameter (height), and G is a constant
specific to the channel geometry, whose values are 4 for a circle, 2 for a slit-like and
2(1+(height/width)) for a square or rectangular cross-section. 221 Fluids can be spontaneously
pulled by the pressure difference resulting from asymmetry between the two ends of the fluid
column. The pressure gradient (ΔP) is described by Young-Laplace’s equation:213,222
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𝛥𝑃 = 𝑃𝑐1 − 𝑃𝑐2 = 𝐺𝜎𝑙𝑔 (

𝑐𝑜𝑠𝜃1 𝑐𝑜𝑠𝜃2
−
)
𝑑1
𝑑2

(10)

The fluid flow, therefore, can be manipulated by changing the channel diameter (d), the
interfacial tension (𝜎), contact angle (𝜃), channel materials or fluids with different interfacial
energy (Figure 2.19). 222

Figure 2.19 Self-propelling flow : (a) different geometry, (b) surface modification, (c) surface
modification, (d) fluid juxtaposition.213

2.4.2.2 Non-Mechanical Pumping
In contrast to passive-pumping, in which the forces are created by the system
components, non-mechanical pumping is considered with externally applied forces of non58

mechanical origins. These include electrokinetic pump (EK), electrohydrodynamic pump (EHD),
the magnetohydrodynamic pump (MHD), the interfacial tension gradient-driven pump, the
evaporation driven pump, and the osmatic pump.213 The forces are electrostatic, ion drag,
molecular drag, Lorenz, vapor pressure gradient, chemical potential gradient for EK, EHD,
MHD, evaporation driven pump, and osmatic pump, respectively. Among these pumping
principles, EK pumping renders the best scaling feature where the flow velocity is not affected
by downscaling. Owing to the fact that the flow velocity is dominated by the square of the
channel diameter, the scaling feature of EHD, MHD, evaporation-driven pumping, and osmotic
pumping is unfavorable. However, since EK is strongly dependent on the conductivity of the
solution, it is not applicable for a continuously conducting fluid medium as the electrical
conductance of the fluid medium is interrupted by entrapment of gas bubbles or dielectric
droplets. EHD and MHD exhibit the same disadvantage. Therefore, these actuation mechanisms
are not well suited for multiphase micro-and nanochannel flows. Pumping by an interfacial
gradient is preferable for these cases owing to additional actuation forces on the sequence of
plugs and scaling law. 213
Electrocapillary (electrowetting) pumping is more versatile than other interfacial force
based methods (Figure 2.20a). Thermocapillary (thermowetting) pumping is limited by the fluid
freezing- and boiling-points (Figure 2.20b). Optocapillary pumping is restricted by the range of
photosensitive materials (Figure 2.20c). Solutocapillary pumping relies on the surface-activeagents (Figure 2.20d). Electrocapillary pumping can be adjusted by optimizing the dielectriclayer capacitance and the operating voltage.223 Electrocapillary pumping also exhibits better
scaling behavior compared to other interfacial tension gradient-driven principles. The flow
velocity is not only proportional to the channel diameter, but also the function of the square of
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the applied voltage. Moreover, the wettability can be tuned by reducing the contact angle using
integrated electrode arrays, which enables a versatile microfabrication strategy.224

Figure 2.20 Flows driven by different interfacial tension gradients (a) electrocapillary, (b)
thermocapillary, (c) optocapillary, and (d) solutocapillary (X and Y are solutes with
different wetting capability).213

2.4.2.3 Mechanical Pumping
Mechanical pumping methods include syringe pumping, diaphragm pumping, centrifugal
pumping, shear pumping, oscillation pumping, and bubble pumping. 213 Among these pumping
principles, syringe pumping is the most versatile owing to its flexibility, availability, and
controllability. Even though piezoelectric actuation has a high actuation force and a fast
mechanical response, a high actuation voltage and involved mounting procedures limit its usage.
Magnetoelectric and electrostatic actuators are restricted to low pressures. The pneumatic
actuator provides high pressures but with slow response. Smart materials, which swell or
contract regarding to the stimulations (electric field, light, temperature, solvent, and pH) can also
be used. Centrifugal pumping is a good alternative for separating, merging and mixing fluids, but
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it is not appropriate for driving different fluids at the same velocity. Shear pumping is a
straightforward method. The shear effect between fluids and the channel walls ease the fluid
movement. Oscillation pumping is conducted using the drag forces induced by a mechanical
valve. The contamination is minimized due to the fact that there is no contact between the fluids
and actuator. However, the outlet pressure is very low. Bubble pumping drives the fluid in a
channel though a volume change of gas bubbles. Its performance is limited by the heating of the
medium and electrochemical reactions.213

2.4.3 Materials and Fabrication Techniques for Microfluidics
The fundamental techniques for microfluidic device fabrication originate from the
conventional two-dimensional integrated circuit (IC) and 3D microelectromechanical systems
(MEMS) technology and primarily used silicon or glass materials. Due to the disadvantages of
silicon and glass materials, such as being opaque at interested wavelengths (for silicon),
micromachining difficulties, and higher expenses, polymer-based materials later took the place
of these substrates. 15
Poly(dimethylsiloxane) (PDMS) has been the most widely used for the fabrication and
prototyping of microfluidic devices owing to being optically transparent, easy to work with
(elastomeric properties, ease of molding, ease of bonding to glass), biocompatible, and
economical.208,225 For example, owing to the elastomeric properties, the PDMS valve is created
to control the fluid flow in microchannels. High gas permeability, high optical transmissivity and
biocompatibility properties allow PDMS usage for cell-based microfluidic devices.226
Furthermore, in 2006 microfluidics-based stretchable electronics were developed by
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Whitesides’s group using molten solder filled microstructured channels in PDMS.227,228
Although PDMS renders numerous favorable properties, it also has several limitations in
microfluidic applications. PDMS is hydrophobic and requires surface modification for the
application in microfluidic devices. In order to increase its wettability, inhibit or reduce
adsorption of undesired hydrophobic species onto the active surfaces, and add desired functional
groups, various PDMS surface modification techniques are used including improved plasma and
graft polymer coating, dynamic surfactant treatment, and hydrosilylation-based surface
modification. Nanomaterials such as CNT and metal nanoparticles are also used for the PDMS
surface modification. 225
PDMS has a tendency to swell upon contact with many organic solvents. Moreover, due
to its low elastic modulus, channel deformation occurs under high pressure operations. Because
of these drawbacks of PDMS, alternative polymers are studied depending on the application for
the fabrication of the microfluidic devices.204,229,230 For microfluidic-based stretchable
electronics, poly(vinylmethylsiloxane) (PVMS) is used as an alternative to PDMS for exhibiting
resistance to swelling in the presence of organic solvents.231 Another example: channel
deformation is an important problem for an accurate prediction of flow rates in complex
microfluidic networks or an accurate prediction of particle alignment. Thermoset polyester (TPE)
is a good alternative to PDMS for applications require such properties. Finally, polyurethane
methacrylate and Norland Adhesive 81 are used as a complementary material to PDMS for
microdevices in clinical situations. 230
The initial fabrications of the microfluidic systems were monolithic microfabricated
components including microvalves, micropumps, and micromixers by multilayer soft lithography
and planar lithography.232,233 Current fabrication methods for polymer microfluidics are hot
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embossing, injection molding, photolithography/optical lithography, x-ray lithography, soft
lithography, laser photo ablation, direct laser plotting, 3d-printing, etc. 230,234,235 Polymer
microfluidics fabrication process and selection strategies for PDMS-based microfluidics (blue
line) and thermoplastics (red line) are shown in Figure 2.21.

Figure 2.21 Polymer microfluidics fabrication process chart. The blue line and red line represent
for the PDMS and the thermoplastic microfluidics fabrication procedure, respectively.236

CNTs have gained considerable attention in microfluidic application owing to their
attractive properties including tubular structure, excellent electrical conductivity for sensing and
signaling, biocompatibility, and prepared chemical modification. 237Tubular carbon structure
with the hollow inner core at one to several hundred nm scale allows the separation and specific
targeting of small molecular size biomolecules (from 40 nm to 10 µm) with a seven times
enhanced capture efficiency.238 Liquid flows in minimal contact with superhydrophobic surface
(contact angle > 150 °, sliding angle < 5°) of CNT channel walls. This property provides
preserving of small droplets during transportation in the microchannel. Moreover, these
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microdrops are preferred to obtain continuous microflows in digital devices. Owing to its brushlike nanoscale roughness, vertically aligned CNTs allow water droplet stay almost spherical at
the tips of the nanotubes and prevent the water droplet from flowing. In order to achieve selfcleaning feature, CNT arrays are coated with polytetrafluoroethylene.239 The study of effect of
fluid pressure on the contact angle of water drop on superhydrophobic CNT arrays coated with
gold-thiol affinity showed that the water droplet withstands high excess pressures (> 10 kPa) at
the top of the rough CNT array. 240 Superhydrophobic surfaces with two-tier (micro and nano)
roughness and fluorocarbon coating allowed the water droplet rolls across the surface and can
only come to rest by a barrier. Thus, water droplet moved in microchannels without an external
actuator. 226
Switchable hydrophobicity in CNTs receives great interest because of controlling the
interactions between liquids and superhydrophobic CNTs using external stimuli. Sun et al
studied temperature responsive polymer, poly(N-isopropylacrylamide) (PNIPAAm), grafted
CNT film to manipulate the liquid in microchannels. Water droplet showed different wettability
on the film surface depending on the degree of the temperature. 241 This type of manipulation can
lead to smart microfluidic devices. 242 Wang et al used electrical method to efficiently wet
superhydrophobic CNT arrays by application of a small positive dc bias. 243 CNTs are also used
as electrical transducers in flow sensors and biosensors.242
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3.1 Abstract
This paper describes a way to fabricate novel hybrid low density nanostructures
containing both CNTs and ceramic nanotubes. Using atomic layer deposition (ALD), a thin film
of aluminum oxide was conformally deposited on aligned multiwall carbon nanotube (MWCNT)
foams in which the CNTs make porous, three dimensional interconnected networks. A CO2 laser
was used to etch pure alumina nanotube structures by burning out the underlying CNT substrate
in discrete locations via the printed laser pattern. Structural and morphological transitions during
the calcination process of aluminum oxide coated CNTs were investigated through in-situ
transmission electron microscopy and high-resolution scanning electron microscopy. Laser
parameters were optimized to etch the CNT away (i.e. etching speed, power and focal length)
while minimizing damage to the alumina nanotubes due to overheating. This study opens a new
route for fabricating very low density three dimensionally (3D) patterned materials with areas of
dissimilar materials and properties. To demonstrate the attributes of these structures, the etched
areas were used toward anisotropic microfluidic liquid flow. The demonstration used the full
thickness of the material to make complex pathways for the liquid flow in the structure. Through
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tuning of processing conditions, the alumina nanotube (etched) regions became hydrophilic
while the bulk material remained hydrophobic and electrically conductive.

3.2 Introduction
Three-dimensional (3D) patterning of nanomaterials is critical for micro/nanosystem
technologies, including microfluidic devices, integrated circuits, information storage devices
and sensors.1
Prior innovation in processing techniques that have been developed to provide 3D
patterning of nanomaterials range from holographic patterning5 and gray-scale lithography245, to
microstereolithography3 and direct laser writing two-photon lithography.6,6 Ultralight materials
provide a unique challenge to patterning due in part to their low mass density (ρ ≤ 10 mg cm-3).
Current applications of ultralight materials include thermal insulation, battery electrodes, catalyst
supports, and acoustic, vibration, or shock energy damping have been reported in different forms
such as silica colloid aerogels,7 carbon nanotube aerogels,95 graphene monoliths131 and metal
micro-3,124 and nanolattices.125 Patterning 3D porous nanomaterials, as presented in this
manuscript, would provide the means of developing a new suite of devices that take advantage of
features such as a high internal surface area and distinct optical, electrical, and mechanical
properties that can be controlled over a broad range by changing porosity, pore size, and shape.2
For example, a 3D porous structure and high electroactive surface area enable high-performance
current collectors with fast electron/ion transport rates.246
Seamless 3D integration of electronics with biomaterials and tissues entails that the
electronic structure must be macroporous, not planar, to allow 3D interpenetration with
biomaterials.247 Assembling hierarchical structures of CNTs into macroscopic bulk form with
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ultralow density, tunable porosity and high surface area has received great interest in
energy,248,249 catalysis250 and environmental applications.251,252 Various routes for the fabrication
of CNT-based macrostructures have been demonstrated, such as long fibers or sheets spun from
vertically aligned CNT forest,253–255 direct growth of CNT sponges by chemical vapor deposition
(CVD),256 solution-processed CNT aerogels257,258 and 3D wafer films.259,260 Aligned CNT
foams (CNTF) from spinnable CNT arrays render one of the most appealing CNT bulk materials
with extremely low densities.261,262
Various porous nanomaterials can be fabricated through ALD onto different sacrificial
templates such as polymers,3,124,125 mesoporous block copolymers,263,264 multi-walled carbon
nanotubes (MWCNTs),265 and nanofibrillar aerogels.266 Recently, hybridization of 3D CNT
structures with metal oxides has attracted great attention due to the induced synergistic effect
which is useful in a wide variety of applications including photocatalysis, electrocatalysis,
environmental catalysis, gas sensors, supercapacitors, and field emission devices.267
Recently, there have been various techniques for fabrication of 3D vertically aligned
CNTs (VACNTs) decorated with metal oxides using ALD,268–271 electrochemical deposition,272
microwave-assisted273 and nebulized ethanol-assisted techniques.274 Among the various
synthesis techniques for CNT-metal oxide hybrids, ALD possesses unique advantages. ALD
enables conformal deposition of materials with thickness control at the atomic level onto high
aspect ratio structures on very large substrates.275 Nonreactive and chemically inert CNTs require
nucleation sites for conformal deposition of metal oxides through ALD.276 The surface of the
CNT foams has been treated with atmospheric pressure oxygen plasma to provide both functional
groups and defects for nucleating the ALD film.
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In our research team’s previous study of ALD on CNT networks, an Al2O3 nanotube
structure was demonstrated to have an average density of 1.2 mg cm-3 after burning off the CNT
network, the lowest reported density for alumina. Our next directive was to create metal oxide
patterned architectures using the same hybrid structure.
The most common methods for fabricating 3D patterned VACNTs are CVD, breath
figure process, pattern transfer method, and laser beam micromachining.9,13,14,277–281 CVD
methods require high growth temperatures13 and patterned silicon substrates by lithographic
process.277 Among these techniques, laser patterning is simple, rapid and adaptable to a broad
range of patterns. Furthermore, laser technique has recently gained widespread attention to
pattern different materials for their wetting properties in microfluidic applications.282,283 To the
best of our knowledge, there is only one report on the patterning of 3D aligned hybrid
CNT/metal oxide structures.273 However, this selective CNT growth from a
photolithographically defined Fe catalyst is an involved process including steps like patterning of
photoresist by photolithography, deposition of catalyst in patterned holes and liftoff of the resist,
which leave defined catalyst islands from which CNTs grow. Moreover, column to column
alignment can be a problem for fine pitch arrays with high aspect ratios. For these reasons, the
progress toward the fabrication of patterned 3D metal oxide/CNT architectures needs more
study.
In this paper, a simple and scalable method is presented to fabricate 3D patterned
ultralight porous macro-sized structures of Al2O3 foams embedded in carbon nanotube foam
architectures via CO2 continuous wave laser etching. Aluminum oxide/CNTF (AOCNTF) hybrid
structures are promising as alumina has advanced thermal and chemical stability.284 Specifically,
this work demonstrates the ability to:
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1) conformally coat the CNT in large macro-structures (>1 cm2)
2) remove the CNTs from specified areas by thermal oxidation, leading to the complex
hybrid Al2O3-CNT nanostructures.
By optimizing process parameters (i.e. etching speed, power and focal length) desired
CNTs were successfully removed while alumina nanotubes were left intact, demonstrating scaleup opportunities. Through pyrolytic carbon (PyC) deposition on AOCNTF, alumina nanotube
(etched) regions became very hydrophilic while the bulk material remained hydrophobic. This
property provides a potential for the microfluidic devices through the selective wetting and liquid
transport through the etched regions. At the end of this work we provide an initial demonstration
of the anisotropic microfluidic properties of our unique structures. The low density and highly
aligned alumina nanotubes show very fast capillary action.

3.3 Experimental Section
3.3.1 Growth of Aligned Spinnable MWCNT
Vertically aligned spinnable CNT arrays were grown on quartz substrates via chlorineassisted low- pressure CVD process using acetylene gas (600 sccm, 99.5%) as the carbon source
and iron(II) chloride (anhydrous 99.5 VWR) as the catalyst 285. Argon (398 sccm, 99.999%) and
chlorine (1.5 sccm, 99.99%) gases were also included into the growth process. The arrays were
grown in a tube furnace at 760 °C and 3 Torr. After 20 minutes of growth, acetylene flow was
turned off while the argon and chlorine gasses were allowed to flow for an extra 10 minutes. The
system was then cooled to room temperature while purging with argon. The resulting arrays were
~1.5 mm tall with an average diameter of 40 nm.
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3.3.2 Fabrication of Aligned CNT Foam
Aligned CNT sheets were drawn from spinnable MWCNT arrays and continuously
wrapped around two rotating parallel aluminum roads (Figure 3.1a), which provided a uniform
stack of the CNT sheets. Once the desired number of sheets was obtained, a quartz substrate
(10.16 x 7.62 cm), with super glue at the top and bottom edges, was inserted in between the two
stacks of sheets and carefully adhered to the top stack (Figure 3.1b). The stacked sheets of CNTs
adhered onto the substrate and were then placed inside a tube furnace, where they were coated
with PyC to gain foam like structure using chemical vapor infiltration. This method is detailed in
previous group works.286,287 In short, samples were heated in vacuum and once the temperature
reached 800 °C, acetylene gas was flowed at 600 sccm for 60 minutes while the pressure was
regulated at 30 Torr.

Figure 3.1 (a) Stacking of aligned CNT sheets on rotating aluminum rods with a stretch to keep
layers as close as to each other. Two separate stacks are achieved. (b) One of the stacks is
adhered onto the quartz substrate using a super glue on both edges of the substrate.
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3.3.3 ALD of Al2O3 on CNT Foam
Nonreactive and chemically inert CNTs require the presence of functional groups and
some degree of defects that function as anchoring and nucleation sites for conformal deposition
of metal oxides through ALD276. In our study, atmospheric pressure oxygen plasma treatment
was conducted onto CNT foam to provide the surface functional groups for nucleating the ALD
film. A custom-built capacitively-coupled dielectric barrier discharge atmospheric pressure
plasma system, consisting of two parallel Cu plate electrodes (60x60 cm2) with a spacing of 3
cm, was used. CNT foam was treated for 5 minutes in 1.5% oxygen + 1.5% CF4 + 97% helium
gas mixture (by mass) under a 4.8 kW audio frequency power supply at 1.67 kHz145.
ALD of Al2O3 on CNT foam was carried out in a custom hot wall, viscous flow reactor at
a temperature of 120 °C and 1 Torr. Trimethylaluminum (TMA, 98% Strem Chemicals, Inc.) and
high purity water (Sigma-Aldrich) were used as a metalorganic precursor and an oxidizing agent,
respectively. Ultra-high purity N2 was used as the carrier gas with a flow rate of 240 sccm. The
ALD process started with an N2 purge of 600 seconds followed by a dosing and purging time
sequence of TMA/N2/H2O/ N2=0.4/60/0.4/120 second. The sequence was repeated for 50, 100
and 200 cycles, after which an N2 purge of 120 seconds was carried out.
In order to level the thickness of CNT foam across the whole sample, the structure was
placed between two compressing graphite plates (Figure 3.2a) and was put into a Red Devil
Webb 124 high temperature graphite furnace (R. D. Webb Company, Natick MA, USA). The
sample was cut into small pieces to fit in the compressing graphite plates. The furnace was
evacuated with a vacuum pump. The samples were heated from 25 °C to 1000°C at a rate of
25 °C per minute under vacuum. Then the samples were held at 1000 °C for 60 minutes.
Following the dwell stage, the program terminated and the furnace was left to cool.
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Figure 3.2 (a) Levelling of CNT foam: CNT foam was placed between two compressing
graphite plates and was put into high temperature graphite furnace at 1000 °C for one hour.(b)
CNTs burn out while aluminum oxide coating remains intact during laser etching. (c) Schematic
illustration of laser machining setup with the seven different focal lengths. (d) AOCNTF was
exposed to the laser beam from a perpendicular direction and at seven different distances. (e) A
schematic of an alumina coated CNT before and after laser beam exposure.
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3.3.4 Laser Etching of Aluminum Oxide/CNT Foam
Laser etching of AOCNT foam was carried out using a commercially available laser. The
laser consisted of a continuous CO2 gas laser and operated at a wavelength of 10.6 m (Epilog
Laser Mini 18X12) printing in vector mode (Figure 3.2b). The travel speed, power, and beam
diameter, were manipulated to fabricate the desired architecture. The number of laser pulses that
the laser fires per inch of travel was adjusted to 2500 pulses per inch. The laser used for these
experiments had a reported average power of 40 W, a beam diameter of 0.18 cm, and an
emerging beam divergence of 7.5 mRad. The laser cutter was operated at machining speed of
0.85 mm/s and machining powers of 1.2, 1.6 and 2.4 W.

3.3.5 Characterization
Scanning electron microscopy (SEM) was conducted on a FEI XHR-Verios 460L field
emission SEM with beam voltages of 1-2 kV and 13 pA beam current. Samples were not sputtercoated but used as-prepared for imaging. Transmission electron microscopy (TEM) images were
obtained using a FEI Titan microscope with a beam voltage of 200 kV. The hybrid
nanostructures were dispersed in 10 mL of ethanol with a probe sonicator following a 1 s/0.3 s
on/off cycle in an ice bath for 1 h. First, the mixture of sample was dispersed on a larger chip
with SiN membrane allowing the electron transparency inside TEM, and then a smaller chip with
SiN membrane was put on top and the two SiN windows, which were both in tens of micrometer
size, were aligned. After aligning, the chips were sealed with two O-rings and a leakage check
and contact check were performed. The chips were loaded into the TEM and gases were injected
for the experiments. XRD measurements were conducted on a Rigaku SmartLab Bragg-Brentano
XRD using a CuKα radiation source with a wavelength, λ = 1.5418 Å. Step scans were
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conducted for 2θ = 10-80° with a step size of 0.05°and scan speed of 3 seconds. Physical
dimensions, i.e., volume, area, width and depth, of the Al₂O₃ nanotube regions after laser etching
were obtained using a calibrated scale bar in a stereo microscope and then analyzed using ImageJ
software.

3.4 Results and Discussion
Fabrication of AOCNTFs has been detailed in previous works.261,262 After PyC
deposition, the average CNT diameter and the specific surface area increased from 31 to 78 nm
and from 40 to 59 m²g-, respectively. Surface roughness of CNTs increases while the van der
Waals interactions among nanotubes decreases, thus CNTFs gain a foam-like recovery to
compression. The changes in the structure and defect density of CNTs were characterized with
Raman spectroscopy after pyrolytic carbon deposition, high temperature thermal annealing, and
O2 plasma functionalization. The ratio of intensities of the G-band peak (~1580 cm-1), which is
associated with the graphite structure (sp2) in CNT, and the D-band peak (~1350 cm-1), which is
related to defects and disorder in CNT (sp3C), is the most common metric for comparison. IG/ID
values were compared after the treatments. O2 plasma functionalization had the lowest IG/ID
value, exhibiting that the plasma treatment was effective at incurring defects in the form of
broken and dangling bonds and introducing oxygen atoms on the outer shell of the CNT.145
Right after O₂ plasma functionalization of CNTFs, Al2O3 deposition was performed onto
CNTFs via ALD. The thicknesses of Al2O3 was measured as 6.25, 12.5 and 25 nm for 50, 100
and 200 cycles, respectively, that was verified as 1.25 Å/cycle on a control silicon wafer with
ellipsometry. Al2O3 coated CNTFs still showed recoverable elastic properties after compression.
In order to level the thickness of CNT foam across the whole sample, the structure was placed
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between two compressing graphite plates (Figure 3.2a) and was put into a high temperature
graphite furnace under vacuum. The samples were heated from 25 °C to 1000°C at a rate of 25
°C per minute. Then the samples were held at 1000 °C for 60 minutes. Following the dwell
stage, the program terminated and the furnace was left to cool.
Laser etching was conducted after levelling (Figure 3.2b). The laser cutter was operated
at machining speed of 0.85 mm/s and machining powers of 1.2, 1.6 and 2.4 W. The samples
were exposed to the laser beam from a perpendicular direction at seven different distances from
the focal point (Figure 3.2c-d). The laser beam spot size was calculated for each distance
according to the specified triangular beam geometry. Figure 3.2e shows burnout characteristics
of an alumina coated CNT before and after laser beam exposure. The spot sizes and the power
densities (power/area) of the laser at each distance are shown in Table 1. All laser processing
was carried out in air because the presence of oxygen enhanced the burnout rate of the CNTF.
The crystal structures of the Al2O3, at every stage of processing, were identified by XRD with the
results are shown in Figure 3.3. As-deposited alumina was determined to be amorphous because
of the absence of a diffraction pattern. Other levelled and unlevelled samples had different
crystal structures as evidenced by the different diffraction patterns.
XRD data shows that the metastable polymorph, η/γ/α-Al2O3, was observed after leveling
the CNTF at 1000 °C for 1 hour in high-temperature furnace without laser etching and
unlevelled CNTF with laser etching under 1.93 Watt/mm². Transition from η/γ/α-Al2O3 to αAl2O3 occurred for levelled CNTF with laser etching under 2.89 Watt/mm². This result is
attributed to the higher local temperature due to the increase in power density and overlapping
laser passes.
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Table 1. Spot sizes and power densities of the laser at each distance.
Power density
Distance

Power density

Power density

Spot size
2

(mm)

(mm )

3.6

for 2.4 W

for 1.6 W

for 1.2 W

(W mm-2)

(W mm-2)

(W mm-2)

0.11

21.82

14.55

10.91

6.3

0.27

8.89

5.93

4.44

9.0

0.51

4.71

3.14

2.35

11.7

0.83

2.89

1.93

1.45

14.4

1.22

1.97

1.31

0.98

17.1

1.69

1.42

0.95

0.71

19.8

2.23

1.08

0.72

0.54
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Figure 3.3 X-ray diffraction patterns from as-deposited alumina coated CNTF, levelled CNTF
without laser etching, unlevelled CNTF with laser etching, and both levelled and laser etched
CNTF are shown on the left. SEM micrographs of each sample were presented on the right.

In situ heating TEM was combined with elemental mapping to investigate structural and
morphological transitions during the calcination process of aluminum oxide coated CNTs. The
results provided us with fundamental information of temperature effects on the samples.
Encapsulated MWCNTs by aluminum oxide is seen in Figure 3.4a. The red line shows the
approximate diameter of MWCNTs while the brown lines show the approximate thickness of
alumina layer which are ~40-50 nm and ~25 nm, respectively. The starting oxidation temperature
was noted as ~480 °C (Figure 3.4b). Moreover, the high-angle annular dark-field scanning TEM
(HAADS-STEM) and energy-dispersive X-ray spectroscopy (EDS) mapping results showed
there was no carbon left at 480 °C (Figure 3.4c-h). The etching of the CNTs resulted in hollow
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metal oxide nanotubes. After removal of the CNTs, hollow alumina nanotubes sustained their
tubular morphology to the highest TEM working temperature of 1000 °C without deformation
(Figure 3.4i).

Figure 3.4 The TEM images demonstrate the etching of CNTs in oxygen atmosphere in situheating TEM. (a) Encapsulated MWCNT by aluminum oxide. (b) CNTs were burned out
completely at 480 °C. (c) HAADF STEM image. (d-g) EDS mapping results of the alumina
coated CNTs. (h) EDS pattern for the stoichiometry of the alumina coated CNTs. (i) After CNTs
removal, hollow alumina nanotubes sustained to the highest TEM working temperature of 1000
°C.

SEM images of CNTs coated with alumina are seen in Figure 3.5. In Figure 3.5a-b, the
conformal coating of Al2O3 on the fiber can be observed. Before burnout, low adhesion between
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the CNT and its ALD coating was seen in the fragile structure. In Figure 3.5c, after the burnout
the CNTs were removed completely without damaging alumina shell.

Figure 3.5 SEM images of alumina/CNT foam. (a) and (b) show the conformal coating of
alumina on CNTs. (c) Intact alumina nanotubes after removal of CNTs.

The hybrid structure obtained after CO2 laser etching of CNTs is shown in Figure 3.6.
When the sample was exposed to the laser beam, the irradiated zone absorbed the beam energy
and the energy was quickly converted into local heat. The temperature of the irradiated zone was
increased above the oxidation temperature of the CNTs. As a result, localized oxidative burning
of CNTs was observed depending on laser beam power density. Patterns with tunable width and
length were obtained by moving the computer-controlled laser beam source.
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Figure 3.6 shows the SEM and stereo microscope images of etched regions of 25 nm
Al2O3 coated CNTF being laser etched under a beam with power set at 2.4 W. Each pattern (line)
was made using one pass with a beam moving at 0.85 mm/s. The power density of the beam was
varied by changing the focal length to seven different distances away from the sample. Beam
diameter increases from 0.369 mm to 1.687 mm with increasing focal length step by step from
left to right on the sample. In this case, the thinnest diameter beam on the far left, resulted in the
highest area of burnout.
In Figure 3.6, the stereo microscope cross sectional image of the sample shows that CNT
burns provide typical Gaussian beam profiles of CO2 lasers. The depth of the CNT burns after 1
pass gives a good visual interpretation of the laser beam profile. All of the samples were
exposed at the same angle which was perpendicular to the sample surface and the beam formed a
round spot. The interaction between laser beam and the sample varied with the intensity of the
laser beam and how this intensity varied across the beam. The intensity of the spot was highest in
the center that resulted in the highest degree of burnout, and the intensity of the spot tapered off
near the edge that resulted in partial burnouts.
The SEM images in Figure 3.6 were taken from the areas indicated in order to show
zones exposed to the beam at different intensities. Each zone in Figure 3.6a shows that CNTs
were etched completely and the remaining alumina nanotubular structure was destroyed at 4.68
Wmm-2. Some crack formation also took place at this power density. Figure 3.6b–e show that
alumina nanotubes maintained their tubular structure while the CNTs were completely burned
out at 1.96 and 1.42 Wmm-2 power densities. Figure 3.6f shows that CNTs were partially burnt
out at low power density, 1.07 Wmm-2.

80

Figure 3.6 SEM and stereo microscope images of etched regions of 25 nm Al2O3 coated CNTF
being laser etched under a beam with power set at 2.4 W. White lines refer to the intact alumina
nanotubes after removal of CNTs.

In Figure 3.7, photographs of three example designs are illustrated to show the patterning ability
of this process.

Figure 3.7 This figure shows the patterning ability of the process by (a) writing. (b) producing
pure alumina bulk material from AOCNTF and (c) developing complex 3D patterned structures.
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Figure 3.8 schematically illustrates the mechanism of laser etching. The laser etching
emerges from the oxidative burning of the CNTs within the hybrid structure in air. T=0 refers to
the time before the laser treatment, when the sample was intact. T>0 refers to the total time spent
on a unit area during a single etching pass with a speed of 0.85 mm/s. T>>0 refers to the total
time spent on a unit area after one hundred etching passes with a speed of 0.85 mm/s. Uncoated
samples were charred to the edges with little control of the etched area dimensions. The
insulation behavior of the Al2O3 coating dissipates the energy transport from the laser, resulting
in a defined pattern. When burned the lowest thickness alumina coated samples exhibited a high
insulation barrier at the surface which prevented heat migration deep into the foam, resulting in a
narrower cross-sectional area. Higher alumina mass resulted in heat propagation into depth of
foam at higher ALD thickness. Therefore, the heat transfered more evenly through the depth of
the sample. With increasing number of etching passes on coated samples the etched area
increased in both horizontal and vertical directions and then remained almost constant after fifty
etching passes.
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Figure 3.8 Schematic representation of the burnout mechanism. Top, middle and bottom rows
show the uncoated, 6.25 nm of alumina coated and 25 nm of alumina coated CNTFs under laser
treatment. T=0 refers to the time before the laser treatment starts, when the sample was intact.
T>0 refers to the total time spent on a unit area during a single etching pass with a speed of 0.85
mm/s. T>>0 refers to the total time spent on a unit area after one hundred etching passes with a
speed of 0.85 mm/s.

Figure 3.9 and Figure 3.10 show that the burnout area is proportional to the power
density and thickness of alumina. The important thermal properties of metal oxide materials are
heat capacity, coefficient of thermal expansion and thermal conductivity. Heat capacity (J/K) of
a material is its ability to absorb heat from the surrounding, and is a non-constant value that can
change as a function of the temperature. In this experiment as the power increased, the
temperature did as well, thus causing the heat capacity to increase and grow the burn out area.288
The conduction of heat through the metal oxide materials is primarily due to the movement of
phonons, which are lattice vibrations. At the high temperature used in this experiment (>400 ̊ C)
radiant energy from photons may also become important and thermal conductivity increases with
increasing temperature. Figure9 shows that the deeper burnouts were achieved under higher
power densities. This is likely due to the increase in thermal conductivity with increasing
temperature.
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Figure 3.9 Stereo microscope images of the cross section of the CNTFs with 6.25 nm, 12.5 nm
and 25 nm thicknesses of Al2O3 under power sets at 1.2 W, 1.6 W and 2.4 W. Burnout area
decreased from left to right on each sample due to the increase in distance between sample and
laser beam. The highest thickness of alumina and the highest power density resulted in largest
burnout area.

Finally, it is important to consider the role of porosity in the burnout area of the samples.
Since the thermal conductivity of air is significantly less than most metal oxide materials, the
metal oxides with low porosity will have a higher thermal conductivity. CNTFs with a thicker
alumina coating had lower volume fraction of porosity than CNTFs with a thinner alumina
coating. Figure 3.10a–d show that thicker alumina coated CNTFs had higher burnout areas in all
cases. This can be attributed to the lower porosity and the higher thermal conductivity.
Figure 3.10c-d show the burnout areas with different focal lengths. Laser beam spot size
increases with increasing focal length and the power density decreases with increasing spot size.
In addition, the burnout area decreases with increasing focal length.

84

Figure 3.10 (a,b) Graphs showing the increase in burnout area with increasing ALD thickness
and power density under power set at 2.4 W and 1.6 W. (c,d) Graph showing the decrease in
burnout area with increasing focal length, under power set at 2.4 W and 1.6 W.

Microfluidic devices. Over the years several materials including silicon, glass, polymers
and lately also paper have been used to produce microfluidic devices. Integration of
nanomaterials and patterning methods into microfluidic devices has recently received significant
attention for the enhanced separation and sensitive detection of analytes, including device
structures defined with CNTs.289 Furthermore, microfluidics integrated with electronics has
brought new functions and devices to the research field.290,291 In this study, our interest is in the
utility of alumina nanotubes within CNT foam structure as a microfluidic device. We take
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advantages of this hybrid structure including anisotropic wetting behavior, nanostructure within
the channel, and routing liquid in horizontal and through thickness directions within a single
layer device. CNTFs are highly hydrophobic with a contact angle of ~150°.261 In contrast, Al2O3
coated CNTFs are hydrophilic, and fully wet the surface. Alumina coated CNT foam was
modified by 1 hour PyC coating from hydrophilic to hydrophobic before the etching process
using previously described CVD technique. After the PyC coating, the hydrophobicity of CNTF
increased, with the structure regaining a contact angle of >120° and exhibiting the stable
hydrophobic character shown in Figure 3.11a-b. The analysis demonstrates that there is no
significant change in contact angle after 20 min. Alumina nanotube (etched) regions became
hydrophilic while the bulk material remained hydrophobic. As an initial step toward fabrication
of microfluidic devices, a basic microfluidic system (Figure 3.11c-e) is demonstrated.
Hydrophilic alumina channels with 250 µm wide, 400 µm deep and 12 mm long (Figure 3.11c),
which allow fluid to flow, were etched on CNT foam at parallel and perpendicular angles with
respect to the CNT axis. Following the patterning of channels, these channels were connected to
silicone tubing using flangeless ferrules.292
To eliminate leakage occurring at fluidic connections, the ferrule and the device were
sealed using vertically adjustable stage. The fluid, colored with red food dye, was driven by a
syringe pump at a flow rate of 20 µL min-1. As expected, the speed of the fluid on the parallel
path was higher (0.83 mm/s) than on the perpendicular path (0.54 mm/s). This difference
between the parallel and perpendicular flow rate can be explained by the capillary flow through
the CNTs. In a parallel direction, capillary flow dominates and the liquid flows along the tubular
structure, while in the perpendicular direction wetting is the dominant mechanism. Moreover,
routing liquid between layers has been demonstrated in Figure 3.11h-j. Schematic drawing of the
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device is illustrated in Figure 3.11f,g. In Figure 3.11h, labels identify control lines parallel to the
microfluidic liquid flow pathway that demonstrates that the liquid does not flow outside of the
pathway. Routing liquid through the thickness is demonstrated between two points on the upper
layer that are connected by a channel located on the bottom layer. Hence, it shows the liquid
flows from two points on the surface, then underneath along the channel before returning to the
surface and continuing to flow.
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Figure 3.11 The static contact angle of water drop on the alumina coated CNTF, after PyC
coating of the foam, was ~120°-150°. The drop was held for 20 mins and image was taken at (a)
0 min and after (b) 20 mins. (c) Schematic drawings of the microfluidic device for the directional
flow. (d) Silicon tubing was inserted into the syringe and the flangeless ferrules to provide the
continuous flow of liquid. (e) Selective wetting and liquid transport through the etched regions.
(f,g) Schematic drawings of the top and the bottom sides of the microfluidic device, respectively,
for the routing between the layers. (h) Control (1,2) and routing (3,4) channels. (i) Liquid flows
from point a to b then underneath along the connection channel before returning to the surface at
point c and flowing to d. (j) Connection channel viewed from the bottom of the device.
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3.5 Conclusions
A simple and scalable method is presented to fabricate Al2O3 nanotube structures
embedded in carbon nanotube foam architectures via CO2 laser etching. Specifically, Al2O3 is
conformally coated on large CNT macro-structures and the CNT foam matrix is sacrificially
removed from laser etched areas, leading to complex hybrid Al2O3-CNT structures. Patterning of
the alumina structure was dictated by the laser power density and thickness of the coating. The
hybrids created were demonstrated as microfluidic devices. Preliminary tests of the devices
showed that selective wetting and liquid transport within complex pathways in the structure were
achievable. An in depth study of the microfluidic behavior and integration of sensing will be
presented in a follow-on paper. It is possible that this unique technique and resulting materials
will open the possibility to manufacture other metal oxide/CNT hybrid structures and devices to
explore opportunities in other applications such as supercapacitors, sensors and 3D
microbatteries.
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4 Optimization of the Alumina ALD Coated CNTF Fabrication Process
4.1 Introduction
Fabrication of three dimensional (3D) and large-scale metal oxide/CNT hybrid
assemblies with interconnected continuous network has drawn widespread and increasing
interest in catalysis, energy storage and sensors due to the importance of synthesis of
multifunctional nanostructured architecture. 140,293 There are few methods to fabricate these
hybrid structures in a controlled way. In our study, 3D CNT interconnected networks were
produced from pyrolytic carbon (PyC) deposition on aligned stacks of CNT sheets. Infiltration of
PyC into aligned stacks of CNT sheets created physical crosslinks at CNT junctions which
resulted in a foam-like structure. After that, a conformal and precisely controlled thin film of
aluminum oxide (Al2O3) was coated on CNTFs via atomic layer deposition (ALD).
We observed that a delamination within aligned stacks of CNT sheets occurred when
over 200 cycles of ALD were performed. In order to understand the nature of the delamination,
we studied different parameters of the fabrication of foam and ALD processing. The investigated
foam fabrication parameters were foam thickness, with four different numbers of sheets (6, 20,
40, 80) in the stack, and PyC coating, with three different deposition times (60, 120 and 240
mins). ALD parameters were studied as 4 different numbers of cycles (50, 200, 350 and 500),
three different running temperatures (40, 60, and 120 °C), and finally two different orientations
of the sample loading (vertical and horizontal to the gas flow) in the ALD furnace. Furthermore,
to decrease the degree of delamination, we compressed ALD coated foams between graphite
plates in a high temperature furnace as explained in Section 3.2.3. Results of the aforementioned
parameters showed that the delamination was only dependent on the thickness of Al2O3 film
coating. In general, all vacuum-deposited films can be considered in a state of stress, which can
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be either tensile or compressive depending on the deposition methods (ALD, CVD, sputtering,
etc.) and process parameters (temperature, pressure, etc.). This residual stress can originate from
an intrinsic stress and a thermal stress. The thermal stress is due to the thermal expansion
mismatch between the film and the substrate materials. The intrinsic stress in polycrystalline
films is due to the flaws during phase transformations and composition changes.294,295 In
amorphous films, the origin of the intrinsic stress was not generally understood.296 Amorphous
ALD Al2O3 films grown at 110 to 225 °C had tensile stress.296–302 Recently Pokroy et. al reported
that amorphous ALD Al2O3 films with higher thickness exhibited higher film density, which can
lead to increased tensile stress.303 Therefore, we hypothesize that when the Al2O3 film thickness
increases, the tensile stress increases and causes crack formation on the PyC coating. ALD
reactants diffuse through the cracks and grow on the crack surfaces, which leads to physical
crosslinking breakages and then delamination between neighboring CNT sheets.

4.2 Experimental
4.3 Fabrication of Aligned CNT Foams
Spinnable CNT arrays were synthesized using a modified version of the chlorinemediated low pressure chemical vapor deposition route.53 The modified procedure is detailed in
Section 3.2.1. Aligned CNT sheets were drawn from spinnable arrays and continuously wrapped
around two rotating parallel aluminum roads (Figure 4.1a), which provided a uniform stack of
the CNT sheets. Once the desired number of sheets (6, 20, 40 and 80) was obtained, a quartz
substrate (10.16 x 7.62 cm), with super glue at the top and bottom edges, was inserted in between
the two stacks of sheets and carefully adhered to the top stack (Figure 4.1b). The stacked sheets
of CNTs adhered onto the substrate and were then placed inside a tube furnace, where they were
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coated with PyC to gain foam like structure using chemical vapor infiltration. This method is
detailed in previous group works. 261,286 In short, samples were heated in vacuum and once the
temperature reached 800 °C, acetylene gas was flowed at 600 sccm for the desired deposition
time (60, 120 and 240 minutes) while the pressure was regulated at 30 Torr.

Figure 4.1 (a) Stacking of aligned CNT sheets on rotating aluminum rods with a stretch to keep
layers as close as to each other. Two separate stacks are achieved. (b) One of the stacks is
adhered onto the quartz substrate using a super glue on both edges of the substrate.304

4.3.1 ALD of Aluminum Oxide on CNTF
Deposition of Al2O3 on CNTFs was performed in a custom built, hot-wall, viscous flow
ALD reactor at temperatures of 40, 60 and 120 °C, and at operating pressure of 1.5 Torr.
Trimethylaluminum (TMA) (98% Strem Chemicals, Inc.) and high purity water (Sigma Aldrich)
were used as metallorganic precursor and oxidizing agent, respectively. Ultra-high purity N2 was
used as the carrier gas. The initial and final purges of N2 were 300 and 120 seconds, respectively.
During the ALD process, the dose and purge periods were TMA/N2/H2O/N2 = 0.2/45/0.2/60
seconds. This sequence was repeated for 50, 200, 350 and 500 cycles. All ALD cycles were
performed on the samples with a parallel orientation to the gas flow in the ALD chamber (Figure
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4.2b). To investigate whether or not the orientation of the sample in the chamber had an effect on
deposition homogeneity through the thickness of the sample, an additional 500 ALD cycles were
carried out on two samples (20 and 40 layers of foams) with a vertical orientation to the gas flow
(Figure 4.2a).

Figure 4.2 Orientations of the samples in the ALD furnace. (a) Vertical mounting to the gas
flow, (b) top view of horizontal mounting to the gas flow, (c) bottom view of the horizontal
mounting to the gas flow.

4.3.2 Characterization
Cross-sectional analysis of the Al₂O₃ coated CNTs was conducted using scanning
transmission electron microscopy (STEM) and a high angle annular dark field (HAADF)
detector with a beam voltage of 200kV and a current of 100pA. The FEI Quanta 3D FEG
(Focused Ion Beam & Scanning Electron Microscope) was used for TEM cross section specimen
preparation. This instrument provides live SEM imaging during focused ion beam (FIB) milling
which enabled us to easily create the cross sections.

94

4.4 Results and Discussion
4.4.1 Effects of Foam Fabrication Parameters on Delamination
A significant degree of delamination was observed at the top of the thicker foams while
the lowest delamination was seen in the middle of these foams. This can be attributed to the
bump formation of the top layers resulting from bigger tension differences of the continuous
CNT sheet at and between the rods. Because of the bump formation, the top layers were not as
stretched as the rest of the sheets in the stack, which resulted in higher interlayer distances
between the top layers and the rest of the stack. CNTs in pristine stack of sheets were mostly
aligned in the drawing direction with some connecting points between nanotubes and CNT-CNT
junctions in the same or adjacent layers. As shown in SEM and TEM images, Figure 4.3a and
Figure 4.3b, PyC coating encapsulated these connecting points and junctions resulting in a three
dimensional interconnected network. As the distance between two sheets increased, connecting
points between adjacent layers decreased resulting in more delamination. Increased carbon
deposition time from 60 to 120 min resulted in thickening of CNT struts and encapsulation of the
CNT-CNT junctions with higher compressive strengths and similar recoveries after compression.
However, 240 min long carbon treatment resulted in a larger permanent deformation while
having the highest strength.108 Therefore we used 120 min treatment for preparation of the
samples for the next step.
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Figure 4.3 SEM (a) and TEM (b) images of the samples are shown after 120 min PyC coating on
CNT sheets.

4.4.2 Effects of ALD Processing Parameters on Delamination
50, 200, 350 and 500 numbers of Al₂O₃ ALD cycles were deposited on CNT foams and
the film thicknesses were measured as 7.5, 30, 52.5 and 75 nm, respectively. Figure 4.4 a,b show
SEM images of physically crosslinked 52.5 nm thick Al₂O₃ ALD coated CNTs.

Figure 4.4 Physically crosslinked 52.5 nm thick Al₂O₃ ALD coated CNTs.
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52.5 and 75 nm alumina coated CNT foams exhibited delamination while the ones with
7.5 and 30 nm coating did not show a significant delamination (Figure 4.5).

Figure 4.5 Pictures of Al₂O₃ ALD coated CNT foams (a) There was no significant delamination
after 30 nm alumina coating. (b) and (c) Delamination was observed after 52.5 and 75 nm
alumina coatings, respectively.

The homogeneity of ALD coatings through the thickness of the foams was investigated
by measuring hundreds of diameters of nanotubes using numerous SEM images taken from top,
middle and bottom layers of the samples. The plot in Figure 4.6 shows that the change of
diameter of nanotubes increases with the increase in the thicknesses of foam and film. Therefore
the homogeneity of the alumina deposition through the thickness of the foam decreased with
increase in number of ALD cycles and foam thickness. This can be attributed to the difficulty of
the infiltration into the porous structure due to the decreased void volume with increasing film
thickness and insufficient precursor supply for the thicker foams. However, delamination could
not be solely attributed to the homogeneity of the ALD coating due to the fact that the
homogeneously coated samples still exhibited delamination. Furthermore, we did not observe
any difference in delamination when we changed sample mounting orientation from horizontal to
vertical to the gas flow direction.
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Temperature is an important factor in ALD chemical reaction process. Therefore three
different levels of temperatures such as 40, 60 and 120 °C were studied to explore the
temperature effect on delamination for the samples with 500 ALD cycle. No differences were
seen in the delamination for lower temperatures.
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Figure 4.6 The plot shows the change of diameters of nanotubes thorough the thickness of the
foam was measured using numerous SEM images taken from top, middle and bottom layers of
the samples.

Cross-sectional STEM images of alumina coated CNT bundles are presented in Figure
4.7. Sample cross sections were successfully prepared by FIB. The Al₂O₃ films are in the
expected range of thicknesses, which are 30 and 75 nm, and are conformal at the surface of the
PyC coating. However, STEM images demonstrated in (a-c) and (d-g), 200 and 500 cycle ALD,
respectively; show a significantly different interface structure. As the number of ALD cycles
increased from 200 to 500, the Al₂O₃ film continued to grow through the junctions between
adjacent CNTs in the bundle. These regions are indicated with red circles in Figure 4.6 c, e and
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g. Jur et. al and Brozeno et. al reported that aluminum oxide ALD reactants diffused into the
near-surface or bulk of the polymers due to the exponential increase in bulk diffusivity and
thermal expansion of polymer at higher temperatures.305,306 These subsurface diffusions occurred
all over the surface of the polymers. However, in our study, the STEM images EDS analysis
show that the continued ALD growth interestingly happened at some certain points of the PyC
coating. To understand the reason behind this we reviewed mechanical properties of the
amorphous Al₂O₃ thin films fabricated using ALD.
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Figure 4.7 Cross sectional STEM and HAADF images of Al₂O₃ ALD coated CNT bundles. (a-c)
200 cycle (30 nm) ALD coated CNTs and (d-g) 500 cycle (75 nm) ALD coated CNTs. (a,b)
STEM micrographs show that there is no visible nuclei formation within the carbon structure
which is in darker color. (c) The HAADF micrograph indicates that the region in the red circle
might have an initiation of nuclei formation. (d-g) Both the STEM and HAADF micrographs
show that there is significant amount of growth within the regions indicated with red circles.

Pokroy et al. found that amorphous thin films of aluminum oxide deposited by ALD
varied structurally as a function of size. 303,307 While 4-coordinated and 6-coordinated Al sites
exist in the ALD Al₂O₃, 4-coordinated Al sites are dominant near-surface layer of the film.308
Thus, the thinner the amorphous film, the more its structure is similar to that near the surface.
Therefore, the thinner films are richer in 4-coordinated Al sites which are characterized as a
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short-range order, while the thicker amorphous films exhibit a structure richer in 6-coordinated
Al sites which are characterized as a long-range order. Expecting these atomistic alterations to
change the amorphous thin film’s average density, Pokroy et al.studied the size dependence of
density in amorphous Al₂O₃ nanofilms at working temperatures of 200 and 350 °C. They
reported that the density of the film increased from ~2.95 to ~3.22 gr/cm³ for 20 nm-thick film
and 42.5 nm-thick film, respectively. They also used the HAADF-STEM technique to confirm
that the correlation of film thickness and density was not influenced by structural imperfections
such as nanovoids or nanopores. However, formation of a metastable, low-density, amorphous
Al₂O₃ structure was attributed to combination of thermodynamically driven near-surface-layer
reconstruction and kinetics of the growth during ALD process.
Amorphous thin films deposited by ALD have residual stress, which can be either tensile
or compressive. Tensile residual stress increases the bending stiffness while compressive stress
decreases the bending stress and the beam can bend out of the plane spontenously.309 Ylivaara et
al. characterized the stress of ALD Al₂O₃ films grown at 110-300 °C from trimethylaluminum
(TMA) and water.296 The residual stress was determined by wafer curvature measurements as a
function of film thickness and growth temperature. The ALD Al₂O₃ films were measured to be
under tensile stress in the range of hundreds of MPa, which is in agreement with other
studies.298,299,301,302 Magnitude of the stress reduced from ~ 520 to ~180 MPa as the deposition
temperature increased from 110 to 300 °C for 100 nm thick film. For films thicker than 100 nm,
the stress remained constant around 240 MPa regardless of the film thickness. The stress
remained stable during storage in air. Another detailed study on the residual stress in the 25 nm
thick ALD Al₂O₃ diaphragms was reported by Süss et al.297 They found that the diaphragm
fabricated at 150 °C deflected downward due to the tensile stress, while the ones with higher
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TALD (225 and 300 °C) deflected upward due to the compressive stress. There was a transition
from tensile to compressive stress as the ALD process temperature increased from 150 to 225
°C.
All of our samples were fabricated under the same conditions, such as at temperature
(120 °C), pressure (1.5 torr), etc. except their film thicknesses ranges from 7.5 to 75 nm.
Therefore, the increase can be the reason of continued Al₂O₃ ALD within the PyC coated
interface. From STEM images it is seen that both 30 nm and 75 nm thick Al₂O₃ ALD are
uniform, conformal and pinhole free. However for 75 nm Al₂O₃ ALD films, while the whole film
thickness remains the same over all the perimeter of the CNT bundle, Al₂O₃ growth proceeded
inside the junctions, which can be interpreted as there is no reactant diffusion as reported for the
polymers.305 Considering aforementioned thin film mechanical behaviors, we hypothesize that
the increase in Al₂O₃ thickness increased the tensile stresses due to the increased film density
and caused cracking at certain points of the PyC coating. The expected mechanism at these
points is shown in Figure 4.8. Al₂O₃ growth continued through the cracks. The cracks and the
proceeding Al₂O₃ growth can negatively affect the interconnected network through the PyC
coatings at the junctions of CNTs.
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Figure 4.8 Mechanism of simultaneous Al₂O₃ ALD growth at crack surfaces.

4.5 Conclusions
In this work, the delamination faced after the Al₂O₃ ALD (above 30 nm) on CNTs foams
was characterized by parameters of foam fabrication and ALD processing. CNT foams with
different number of sheets were prepared using chemical vapor infiltration of PyC for different
coating times. CNT foams with shorter PyC coating times (up to 60 min) exhibited more
delamination than samples treated with 120 min PyC coating. Further increasing carbon
infiltration time (to 240 min) resulted in a brittle structure. The delamination increased at the
near surface sheets with thicker foams (40 and 80 sheets). This is attributed to the increased
distance between the neighboring CNT sheets due to the tension decrease arising from bump
formation. Al₂O₃ thin film thickness varied through the thickness of the CNT foam as the number
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of ALD cycles and foam thickness increased. This result can be explained with the difficulty of
infiltration of the ALD reactants. However, the samples (above 30 nm thick Al₂O₃ coated) with
little or any variation of the Al₂O₃ thin film thickness still presented delamination. We did not
observe an improvement in the delamination after working with different ALD processing
temperatures (40, 60, 120 °C), different orientation of the CNT foams in ALD furnace and
levelling treatment. We hypothesized that as the thickness of amorphous Al₂O₃ thin film
increased, some cracks formed due to the increased tensile stress and ALD growth continued at
these crack surfaces negatively affecting of the interconnected network. We observed a
significant Al₂O₃ growth within the PyC film using the STEM cross section sample analysis.
This can be explained with that the higher thickness the Al₂O₃ film has the more tensile stress
occur within the Al₂O₃ film due to the increased film density. These results address the
delamination in physically crosslinked metal oxide/CNT foam and will be useful to solve this
problem. Future work should include various PyC deposition methods to obtain stronger physical
cross linking for the 3D network. Furthermore, future work should include variable ALD
reactants to determine whether TMA or water is causing the delamination.
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5.1 Abstract
An understanding of fluid transport within porous micro-and nanostructured materials is
important for their use in microfluidic devices. In this paper we investigate the microfluidic
behavior of alumina nanotube-based pathways within hydrophobic CNT barriers. These hybrid
systems provide unique benefits toward the potential liquid transport control in porous structures
with real-time sensing of those fluids. Specifically, we examine how the alignment of the
alumina nanostructures with high internal porosity enables increasing the capillary action and the
sensitivity of the detection. Based on the Lucas and Wasburn model (LW) and modified LW
models, the microfluidic behavior of these systems is discussed. The predictions from the models
for the time exponent for capillary transport in porous media are ≤ 0.5. The experimental results
show that the average capillary rise in nanostructured media driven by capillary force followed
the L(t) ∼ t0.7 law. Furthermore, integration of electronic and microfluidic functions is presented.
We take advantages of the hydrophilic/electrically insulating (pure alumina part) and
hydrophobic/electrically conductive (CNT part) properties of the device. Integration of electronic
and microfluidic components generates new functions such as detection of fluid samples of very
low analyte concentrations (1µM) can be achievable due to the very high surface area of the
hybrid structure and very high electrical conductivity of CNT.
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5.2 Introduction
Microfluidics has been used in applications with very small (10-9 to 10-18 liters) volumes
of fluids.15 There has been a growing interest in the use of capillary flow-driven devices for
performing biomedical diagnostic tests16, chemical synthesis17, drug screening/delivery18, where
microscale quantity of sample is needed. A microfluidic alumina/CNT –based device presents a
promising alternative to microfluidics-based flexible electronics for their hydrophilic/electrically
insulating and hydrophobic/electrically conductive properties, anisotropic wetting behavior and
nanostructure within the channel. Aluminum oxide nanotube channels formed by a laser etching
method are detailed in our previous study.304 Furthermore, routing liquid in planar surface and
vertical direction within a single layer device is achievable. By creating alumina nanotube
channels within hydrophobic CNT foam, the liquid flow is confined within the hydrophilic
alumina channel. The alumina nanotube channels transport liquids through capillary forces
without the assistance of external forces. It is important to understand the fluid flow in these
alumina nanotube channels to achieve precise control and consistent operation of the devices.
Fluid flow in capillary systems is considered laminar due to the micro scale pore sizes
resulting in low Reynolds numbers. Micro and nano scale pores result in high capillary pressure
which plays a dominant role on the imbibition of the wetting liquid into these pores.310
Capillary pressure is the pressure difference created at the liquid-air interface due to surface
tension of the liquid and the curvature generated by the fixed contact angles on the surface of the
tube.311,312 Spontaneous imbibition in porous network has been modeled based on HagenPoiseuille (H-P) flow in cylindrical capillaries in many traditional and presently presented
capillary-driven fluid flow models. 310,313–316 On the basis of the H-P law, some assumptions are
made about the flow including the quasi-steady state and the fully developed laminar flow of an
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incompressible Newtonian liquid subjected to gravity, viscous, and interfacial forces. The flow
rate, q, in a circular capillary is usually described by the classical H-P equation.

𝑞=

𝜋𝑟 4 𝛥𝑃
8𝜇𝐿(𝑡)

(11)

Where 𝜇 is the fluid viscosity, 𝐿(𝑡) is the distance between meniscus and tube intake, Δ𝑃 is the
difference in capillary pressure across the tube, 𝑟 is the capillary radius.310
According to the Young-Laplace (Y-L) equation, the capillary pressure 𝑃𝑐 is as follows:

𝑃𝑐 =

2𝜎𝑐𝑜𝑠𝜃
𝑟

(12)

Where 𝜎 is the interfacial tension between the liquid and gas, 𝜃 is the contact angle.
In early studies, combining the Laplace relation with Poiseuille’s equation of laminar
flow, Lucas (1918)317 and Washburn (1921)313 proposed the widely-employed cylindrical model
in which the porous medium is represented by constant cross-section parallel tubes as follows.

𝜎𝑟𝑐𝑜𝑠𝜃
ℎ(𝑡) = √
𝑡
2𝜇

(13)

Where, ℎ(𝑡) is the capillary rise for a given time.
Neglecting gravitational and inertial effects, Lucas-Washburn’s equation (LW) was based
on Poiseuille flow with no-slip boundary assumptions, in which the fluid flow was determined
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by the balance of capillary forces and viscous drag. Most present studies have started to look
beyond the Washburn regime and proposed various scaling regimes of capillary rise. At early
stages of capillary rise, pure acceleration (z~t2) regime and linear regime (z~t) take place where
the viscous effects are negligible and the capillary rise occurs by a balance of the surface tension
and the fluid inertia (z is the height of the meniscus). When inertial effects become negligible,
viscous regime (Washburn law) takes place with a timescale of z~t0.5. Once the effect of gravity
overwhelms the viscous effect, z oscillates about the Jurin height (Jurin height is the maximum
height the liquid raises by a balance between the capillary and gravitational forces).312,318–322
While providing insight into imbibition, LW is not always observed in spontaneous
imbibition experiments due to the factors such as the decrease in the system size from macro
levels to microns and submicrons, different geometrical shape of capillaries, the change in the
property of the porous media and the apparent effect of gravity due to the special cases.323–329
Fatt330 modified bundle of tubes as the network of tubes, which more closely represents real
porous media than does the bundle of tubes. Lundblad and Bergman331 modified LW equation by
introducing an effective radius for the effect of tortuosity on the capillary imbibition in porous
media.
To calculate laminar flow in tortuous and noncircular channels, H-P equation has been
modified by many researchers. Pickard315, for example, presented a slightly different form of the
H-P equation including hydraulic diameter and a geometry correction factor. Fries and Dreyer314
introduced the Lambert W function to conduct an analytical solution to the momentum balance
of a liquid in an inclined capillary tube in terms of the height ℎ as a function of time 𝑡. They
claimed that LW equation can be used up to about 10% of the maximum reachable height. At
this point an error of 3.7% is made. Cai310,323,324,332 analyzed the spontaneous imbibition of a
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wetting fluid in porous media by modifying the LW law in a single tortuous capillary tube based
on fractal geometry. In the proposed model, the time exponent is predicted as lying in 0.17 and
0.5.
There have also been studies of flow in small capillaries. Das et a321 studied inviscid flow
(in which viscosity is unimportant and flow occurs as a result of the balance between the
capillary and the inertial effects) that invariably precedes the LW law during capillary filling.
Shou et al.333 reported that hydrophilic polyamide electrospun nanofibrous membranes had a
very slow flow compared to microfibrous filter papers which followed LW equation when the
flow distance was less than 35 mm and followed a time exponent of ~0.3 for a longer duration.
This was attributed to the extremely large flow resistance of the membrane due to the tortuosity
of the structure. To sum up, time exponents from different capillary imbibition studies lie in the
range of 0.17-0.50 for different materials from nonofibrous membranes to papers. 333–337
Researchers explained the deviation from the LW predictions of the nanoscale capillaries
with the assumption of slip at the hydrodynamic boundries.325,338–342 Supple and Quirke326
studied molecular dynamics (MD) simulation of nanotubes imbibing decane at an oil/vapor
interface and found that the penetration length was a linear function of time. Some
researchers325,338,343 showed that in the case of slip flow, LW equation worked almost
quantitatively with a simple modification which took into account the slip length. Vo et al.325
employed MD simulations to investigate the effects of surfaces forces on the viscosity of liquid
water with modified LW equation that considered only a nanoscale slip length. They found that
the near surface-viscosity was considerably higher than the viscosity in the mid-flow because of
the surface properties of the solid. The higher viscosity led to a slower uptake of liquid into the
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nanoscale capillaries. They concluded that the effects of both the near-surface viscosity and slip
length should be taken into account for an accurate nanocapillary liquid rise calculation.
Sometimes hydrophilic surfaces also have slip effect, though smaller than for
hydrophobic surfaces such as carbon nanotubes, proved by experimental and MD
simulations.327,344–349 For example, Lee et al.344 studied fluid flow enhancement and water
slippage on hydrophilic nanochannels of anodized alumina membrane with diameters ranging
from 20 nm to 100 nm. They reported that the flow enhancement was dependent on diameter and
length of the nanochannel. Enhancement decreased with increasing pore diameter while had a
positive correlation with the length of nanotubes.
In summary, the relation between the liquid flow rate and the micro- and nano-structure
of the porous medium is challenging due to the great variations in the porous structure. One of
the biggest difficulties is the estimation of the capillary radius due to the tortuous and
interconnected fluid paths. The most accurate method to estimate the equivalent capillary radius
is balancing the capillary pressure by the gravity force.311 Another way of estimating the
equivalent capillary radius is the analysis of micrographs of the porous medium. 350 In our study,
the capillary rise was observed both inside the nanotubes and between the nanotubes (Figure
5.1). Alumina nanotubes had almost a constant inner diameter which was approximately 220
nm. In addition, distances between two alumina nanotubes were estimated using numerous SEM
micrographs of the alumina nanotubes, volume-weight measurements of the individual
nanotubes and a calculated distance between CNTs.351 Each capillary rise test was limited to
length of sample and the equilibrium state was not achieved.
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Figure 5.1 Conceptual drawing of capillary rise inside of the nanotubes and between the
nanotubes.

Integration of fluidic and electronic components opens up new functions and devices,
especially in micro total analysis systems (µTAS). Widely used approach to create µTAS is
multilayer stacking of electronic structures that requires multiple steps of fabrication, assembly,
mounting, and connection.352 To minimize the design of complexity of systems, Whitesides et al.
and other researchers, demonstrated various techniques for the full integration of electronic and
microfluidic structures by printing electrodes on paper.290,353–355 The unique characteristics of
the alumina nanotube/CNT hybrid system make them ideal for integrated sensors designed to
allow for sensitive detection of clinical, environmental, and food safety analytes. Particularly, the
extremely large surface area provided by alumina nanotubes and controlled fluid flow within the
structure allowed for the detection of very low concentrations of analytes. Furthermore, the use
of nanotubes leads to faster mass transfer rates, resulting in lower limits of detection.356
In this study, we experimentally investigate the influences of alumina nanotube channel
properties during capillary flow in the channel including channel robustness and alignment of the
nanotubes within the channel. The flow rates predicted from the LW equation have been

112

compared with experimental results. Thanks to the alignment of nanotubes within the device, the
relationship between the flow time and the distance was found ~0.7. To our knowledge, this is
the first reported microfluidic approach of aluminum oxide nanotube channels confined within
CNTs with predictable properties and unique properties of these systems. Alumina nanotubes
confined within electrically conductive CNT barriers were used for sensitive detection of
concentration changes in different sodium chloride (NaCl) solutions. Real-time monitoring of
fluid samples of very low analyte concentrations ranging from 1µM to 100 mM was achieved.

5.3 Experimental
5.3.1 Materials and Methods
5.3.1.1 Robustness of Alumina Channels
Fabrication of aluminum oxide ALD coated CNT foams and patterning of aluminum
oxide nanotube channels within the CNT foams using laser etching method were detailed in our
previous study.304 CNT foams had 20 layers of sheets. To examine the robustness of the
aluminum oxide nanotube channels after repeated wetting experiments, channels were made
from alumina nanotubes having three different ALD coating thicknesses, which were ~30, ~52
and ~75 nm. ~30, ~52 and ~75 nm ALD coating thicknesses resulted in alumina nanotubes with
the diameters of ~285, ~ 320 and ~370 nm, respectively. The alumina channels with lengths of
30 mm and widths of ~250-350 µm were aligned lengthwise in the nanotube axis. Wetting
experiments were conducted with DI water at ~25 °C. Each experiment was repeated after drying
(over-night) for 5 times on each sample. Each channel was scanned before and after the
experiments under the Verios SEM. Furthermore, wet samples were scanned under CryoSEM.
CryoSEM analyses were conducted using a JEOL JSM-7600 FE SEM (JEOL USA, Peabody,
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MA) outfitted with Alto-2500 (Gatan, Warrendale, PA). The sample was frozen in liquid
nitrogen slush at -210 °C, and then transferred under vacuum to the Alto-2500 preparation
chamber. Cryo-fracturation was processed in the preparation chamber to prevent sublimation of
water contained in the sample. The fractured sample was etched for 5 min at - 95°C under 4 x
10-6 mbar vacuum to reveal the microstructure. Sample was allowed to cool down to -120°C. An
in-situ cold magnetron coater was used to make a 5 nm thickness Au/Pd coating on etched
samples. The SEM observations were performed using 5 keV energy at 5 mm working distance
under cryo-temperature.

5.3.1.2 Capillary Rise in Al₂O₃ Channel
To measure the capillary rise within alumina nanotube channel, channels were made from
two different alumina thicknesses, which were ~30 and ~52 nm. 80 mm long and ~250-300 µm
wide straight channels were dipped to a depth of approximately 0.3 mm into water, and the
height that the water rose against gravity was measured. Each experiment was repeated three
times with untreated channels. The advancing liquid (DI water) position in the channels was
recorded with a digital camera (iPhone 6S) at a rate of 30 frames per second. ImageJ software
package was used for the analyses of the positions of the liquid.

5.3.1.3 Horizontal and Perpendicular Flows in Al₂O₃ Channel
To investigate the effect of nanotube orientation on flow rates, channels with lengths of
30 mm and two different widths of ~300 and ~900 µm were aligned lengthwise in both
perpendicular and horizontal directions to the nanotube axis. Channels were made from alumina
nanotubes having ~30 nm thickness. The devices were mounted horizontally on to a flat surface
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and 20 µl/min volume of liquid was fed into the inlet using a syringe. Each experiment was
repeated five times with untreated channels. The advancing liquid position in the channels was
recorded from the top view with a digital camera (iPhone 6S) at a rate of 30 frames per second.
ImageJ software package was used for the analyses of the positions of the liquid.

5.3.1.4 Real-time Sensing of NaCl Solution in Different Concentrations
Dimensions of the microfluidic device were 11 mm x 20 mm x 0.4 mm. It consisted of 6
layers of CNT sheets coated with ~52 nm alumina ALD. A straight alumina channel with ~900
µm wide and 20 mm long was patterned in parallel direction with nanotube axis. The channel
was etched both across and all through the thickness of the device resulting in two CNT blocks
in equal size. NaCl was dissolved in DI water at 1 µM, 10 µM, 1 mM and 100 mM
concentrations and produced clear solutions. The device was mounted horizontally on to a flat
platform. CNT parts (black) of the microfluidic device were adhered onto a double-sided
conductive copper foil tape (3M 1182) attaching a copper foil connecting to an Agilent 34410A
multimeter. During the microfluidic experiments, the CNT parts of the device acted as electrodes
and the alumina channel was fed with 20 µl/min volume of solutions using a pump syringe
(Figure 5.2).The resistance change during microfluidic experiments was measured by real-time
data acquisition with a frequency of 10 samples per second. For each case, experiments were
repeated for three times.
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Figure 5.2 A schematic drawing (a) and a picture of the microfluidic device.

5.3.2 Characterization of the Channel Structure
Scanning electron microscopy (SEM) was conducted on a FEI XHR-Verios 460L field
emission SEM with beam voltages of 1-2 kV and 13 pA beam current. Samples were not sputtercoated but used as-prepared for imaging. Physical dimensions, i.e., volume, area and perimeter
of the Al₂O₃ nanotube channels after laser etching were obtained using a calibrated scale bar in a
stereo microscope and then analyzed using ImageJ software. Aluminum oxide bulk density (ρ)
was calculated by ρ = M/V, where M and V are bulk mass and bulk volume of the specimens.
Bulk volume was calculated by V = l x w x h, where l, w, and h are length, width, and height of
the specimens, respectively. Sample dimensions were taken by digital calipers and the average
was taken over three measurements. Masses were measured by a Denver Instrument M-220D
balance with 0.01 mg accuracy. Goniometry was employed to measure contact angle of water on
pyrolytic carbon (PyC) deposited alumina ALD CNT foams after 0 and 20 mins.
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5.4 Results and Discussion
5.4.1 Robustness of the Alumina Nanotube Channel
To address the issue of reproducibility of the microfluidic channel and performance of
alumina nanotubes during wetting experiments, we compared results from untreated channels
and channels treated with DI water five times. The channels consisted of alumina nanotubes with
different aluminum oxide thicknesses, ~30, ~52 and ~75 nm. SEM micrographs and pictures of
the channels before and after the experiments are shown in Figure 5.3 and Figure 5.4,
respectively. The alumina nanotubes were intact and there was no significant change in the
alignment of the tubular structure or observed condensing of the structure.
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Figure 5.3 SEM micrographs of alumina nanotube channels for robustness test. (a),(c) and (e)
represent for the untreated samples with different alumina thicknesses, ~30 nm, ~52 nm and ~75
nm, respectively. (b), (d) and (f) represent for the samples treated five times with DI water.
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Figure 5.4 Pictures of alumina nanotube channels. The untreated channels (a, c and e) and the
channels treated with DI water five times (b, d and f).

To investigate the wetting properties of the alumina nanotube channel and the
surrounding PyC coated alumina ALD deposited CNTs, cryoSEM was used. Figure 5.5 shows
that only alumina nanotube part was wet by DI water while CNT areas were dry. It proves that
surrounding wall behaves as hydrophobic barrier with no leaking. In addition, the static contact
angle of water on CNT part was measured to be ~142°. The water drop was held for 20 mins and
image was taken at 0 min and after 20 mins (Figure 5.5d and Figure 5.5e, respectively).
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Figure 5.5 (a) CryoSEM images of alumina nanotube channel confined within CNTs. (b)
Magnified image of CNT part shows that there is no wetting (c) Magnified image of alumina
nanotube part: nanotubes and the void spaces among the tubes are filled with water. The static
contact angles of water drop on CNT part was measured as ~140°±2°. The drop was held for 20
mins and image was taken at (d) 0 min and after (3) 20 mins.

5.4.2 Capillary Rise
Researchers have found the most values of time exponent were less than 0.5 for different
materials such as electrospun nanofibrous membranes, fabrics, papers and building
materials.310,333,334,336,357 To improve the predicted results, they derived modified equations by
taking into account the inertia of liquid, gravity and fractal nature of porous media.
310,314,324,332,358,359

Plots of the distance wicked by the fluid versus time for alumina channels having alumina
nanotubes with ~30 nm and ~52nm wall thickness are shown in Figure 5.6 and Figure 5.7,
respectively. Initially, comparisons between the experimental data and the predictions by the LW
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equation were conducted for the estimated maximum, minimum and average capillary radiuses
with a time exponent of 0.5. The aforementioned radiuses were the estimated distance between
two alumina nanotubes using numerous SEM micrographs of the nanotubes, volume-weight
measurements of the individual nanotubes and a calculated distance between CNTs.351 However,
the standard time exponent of 0.5 did not fit the experimental data. To find the best fitting time
exponent of the LW equation, multiple time exponents were used from 0.5 to 1 with 0.7 being
found to be the best fit for the average capillary radius of the alumina nanotubes used in the
experiments in this dissertation study. Although there was inadequate time to measure the slip
length of the alumina nanotubes for this study, the deviation from LW equation was attributed to
liquid slip on the inner pore wall of the nanotubes and nanoscale pores between nanotubes.
Where preferential adsorption sites existed that were sufficiently close to each other,
hydrodynamic liquid slip could occur, provided the water-solid interactions were not too
strong.345 The slip could be influential on the balance of forces by reducing the viscous drag at
solid surface.338 In addition, the flow was faster for the devices consisting of wider capillary
radius. The capillary pressure 𝑃𝑐 that provides the driving force for spontaneous imbibition is
inversely proportional to the capillary radius 𝑟𝑎𝑣𝑒 at the interface. However, the pressure drop Δ𝑃
has a stronger dependence on the capillary radius. Consequently, wider capillary radius allows
faster flows.
In Figure 5.6, the parameters used in LW equation are 𝑟𝑚𝑎𝑥 = 2 µm, 𝑟𝑎𝑣𝑒 = 0.3 µm, 𝑟𝑚𝑖𝑛
= 0.1 µm, 𝜎 = 72 mN/m at 25 °C, 𝜇 = 8.9 10⁻⁴ Pa s, and θ = 0°. In Figure 5.7, the parameters
used in LW equation are, 𝑟𝑚𝑎𝑥 = 1.975 µm, 𝑟𝑎𝑣𝑒 = 0.275 µm, 𝑟𝑚𝑖𝑛 = 0.075 µm 𝜎 = 72 mN/m at
25 °C, 𝜇 = 8.9 10⁻⁴ Pa s, and θ = 0°. The alumina channels were aligned parallel to the nanotube
axis. Nanotube alignment controls capillary radius and capillary distribution.
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Note that each capillary rise test was limited to length of sample and the equilibrium state
was not achieved. Therefore, the capillary rise height approaching a constant value
corresponding to the equilibrium height at which capillary rise balances hydrostatic pressure was
not observed.310

Figure 5.6 Comparisons of theoretical and experimental data for capillary rise within the
alumina channel consisting of alumina nanotubes with ~30 nm wall thickness. The width of
channel is ~300 µm. The parameters used in LW equation are 𝑟𝑚𝑎𝑥 = 2 µm, 𝑟𝑎𝑣𝑒 = 0.3 µm, 𝑟𝑚𝑖𝑛
= 0.1 µm, 𝜎 = 72 mN/m at 25 °C, 𝜇 = 8.9 10⁻⁴ Pa s, and θ = 0°.
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Figure 5.7 Comparison of theoretical and experimental data for the alumina channel consisted of
alumina nanotubes with ~52nm wall thickness. The width of channel is ~300 µm. The
parameters used in LW equation are 𝑟𝑚𝑎𝑥 = 1.975 µm, 𝑟𝑎𝑣𝑒 = 0.275 µm, 𝑟𝑚𝑖𝑛 = 0.075 µm, 𝜎 = 72
mN/m at 25 °C, 𝜇 = 8.9 10⁻⁴ Pa s, and θ = 0°.

5.4.3 Nanotube Orientation and Channel Width
Figure 5.8 shows that the liquid flow rate depended on the orientation of the nanotubes
within the alumina channels. Figure 5.8a and Figure 5.8b show that the channels with the ~30nm
alumina nanotubes aligned in parallel to fluid flow had an approximately six times higher flow
rates than those aligned in the perpendicular direction (Figure 5.8c and Figure 5.8d). Nanotube
alignment controls the capillary tortuousness. Capillary pressure is the driving force of the fluid
flow where the alumina nanotubes aligned in parallel to the fluid flow, while wetting is dominant
where the alumina nanotubes are aligned perpendicular to the fluid flow. Channel width had no
significant effect on the fluid flow rates.
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Figure 5.8 Effect of nanotube alignment on the fluid flow. The fluid flow direction: parallel with
the nanotube alignment (a) and (b) and perpendicular to the nanotube alignment (c) and (d). All
channels consist of alumina nanotubes with ~30nm wall thickness. (a) and (c) have 300 µm of
channel width, (b) and (d) have 900 µm of channel width.

5.4.4 Real-time Sensing of NaCl Solution in Different Concentrations
Resistance response of the microfluidic device to concentration changes in four different
NaCl solutions is shown in Figure 5.9. The microfluidic device was fed by four syringe pumps
continuously. Figure 5.9 shows the representative resistance responses of the solutions with
different concentrations. The initial resistance response of the alumina channels was above the
detectable limit (1037 ohms). Each concentration of the solutions was fed into the channel for ~
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150 seconds and the collected data was used for the plotting. The resistance of the microfluidic
device decreased as NaCl concentration increased. As shown in the Supplemental Information,
as expected, the resistance response of the alumina channel did not change after DI water flow
within the channel (Figure S5.10). In addition, the resistance response of the alumina channels
increased back to above the detectable limit (1037 ohms) when DI water was fed between NaCl
solutions. Figure S5.10 shows that, when DI water stayed in the channel for long enough period,
the resistance increased back to the level of alumina channel without solution treatment,
indicating that there was no ion entrapment in the alumina nanotubes. EDS analysis on the SEM
also confirmed this finding.

Figure 5.9 Plot of resistance response of the microfluidic device to concentration changes in
different NaCl solutions ranging from 1 µM to 100 mM. Initial resistance response of the
alumina channel was above the detectable limit (1037 ohms).
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5.5 Conclusions
In this study, we examined performance of alumina nanotubes embedded in CNT foam in
microfluidic devices. Device repeatability and robustness of microfluidic alumina nanotubes
were explicitly evaluated and the results were found to be consistent. The predictions by LW
equation for capillary flow in porous media were compared with the experimental data. The
experimental results showed that the average capillary rise in nanostructured media driven by
capillary force followed the L(t) ∼ t0.7 law, which is faster than that of the other materials such
as hydrophilic polyamide nanofibrous and microfibrous membranes, filter papers,333,337 textile
fabrics311.
The speed of capillary flow is important for improving the performance of microfluidic
devices for their fast response times and high stability. Aligned nanotubes with a very high
internal porosity provided increased capillary action due to aligned pores. In addition, the role of
water slippage might lead to the deviation from the LW equation.344 Nanotube orientation had an
important effect on the flow rate. The channel aligned in nanotube direction had around 6 times
higher flow rates than that aligned in perpendicular direction. The flow rates were comparable
for the different channel widths. Finally, a real-time monitoring of the resistance response of the
microfluidic device to concentration changes in different NaCl solutions was studied. The device
demonstrated high sensitivity to down µM ranges. Furthermore, DI water treatment of after the
NaCl solutions resulted in no ion entrapment in the alumina nanotubes.
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5.6 Supplemental Information
The resistance change during microfluidic experiments was measured by real-time data
acquisition device (NI USB-6009 DAQ) with a frequency of 50 samples per second. The DAQ
device acted as an interface between the computer and the microfluidic device and the data was
sent to MATLAB® via DAQ device for real-time plotting and analysis. For each case, the
experiments were repeated three times.

Figure S5.10 Plots of resistance response of the microfluidic devices with successive feeding of
DI water and NaCl solutions with varying DI water rinse times.
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The resistance response of the microfluidic device to changes in NaCl solution
concentrations is shown in Figure S5.10. The meter used for this set of experiments had a
maximum sensitivity of 5K ohms, therefore the data points approaching 5K ohms should be
considered insulating. Due to the fact that DI water lacks ions, it is not electrically conductive.
As expected, the resistance response of the alumina channel does not change after DI water flow
within the channel and fluctuates at the saturation value of the meter. Figure S5.10a shows that,
when DI water stayed in the channel for longer times, the resistance increased back to the
original resistance indicating that there is no ion entrapment in the alumina nanotubes. These
results were confirmed with EDS analysis on the SEM as in Figure S5.11. However due to the
lower DI rinse time represented in Figure S5.10b, there was not enough time for the DI water to
return to the original resistance.

.
Figure S5.11 EDS analyses of alumina nanotube channel with (a) NaCl solution and (b)
following DI water rinse.
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Figure S5.11a shows the EDS analysis of an alumina nanotube channel treated with NaCl
solution. Figure S5.11b shows the EDS analysis of the alumina nanotube channel after DI water
rinse. This indicates that no NaCl ions remained in the alumina nanotube channel after the DI
rinse.
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6 Final Conclusions and Future Work
6.1 Conclusions
Research discoveries surrounding the integration of nanoscale processing methods for
carbon nanotube and aluminum oxide thin films toward the fabrication of three dimensionally
patterned controllable CNT porous structures have only begun to be explored. The CNT
platforms were developed to examine the thermal, electrical and wetting properties, with
particular interest in microfluidic devices. The objectives of this research demonstrated in this
dissertation can be divided into two parts: 1) to explore the use of laser etching on 3D patterning
of complex hybrid alumina-CNT nanostructures by removing the CNTs from specified areas
through thermal oxidation, demonstrating scale-up opportunities and 2) to explore the
microfluidic behavior of alumina nanotube-based pathways within hydrophobic CNT barriers,
which takes advantage of features such as a high internal surface area and distinct mechanical
properties that can be controlled over a broad range by changing porosity, pore size, and shape
toward the potential liquid transport control in porous structures. Conclusions made from the
body of this work as follows:


A simple and scalable method was presented to fabricate 3D patterned alumina nanotube
structures embedded in carbon nanotube foam architectures via CO2 laser etching.
Specifically, this work demonstrated the ability to conformally coat alumina on large
CNT macro-structures via ALD and to three-dimensionally pattern the hybrid aluminaCNT foam through removing CNTs via oxidation from laser etched areas. Patterning of
the alumina structure was determined by the laser power density and thickness of the
coating.
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Delamination faced after the alumina deposition via ALD on CNTs foams was
characterized by parameters of foam fabrication and ALD processing. CNT foams with
shorter PyC coating times (up to 60 min) exhibited more delamination than samples
treated with 120 min PyC coating. Further increasing carbon infiltration time (to 240
min) resulted in a brittle structure. The delamination increased at the near surface sheets
with thicker foams (40 and 80 sheets). This was attributed to the increased distance
between the neighboring CNT sheets due to the tension decrease arising from bump
formation. Al₂O₃ thin film thickness varied through the thickness of the CNT foam as the
number of ALD cycles and foam thickness increased. This result was explained with the
difficulty of infiltration of the ALD reactants. However, the samples (above 30 nm thick
Al₂O₃ coated) with little or any variation of the Al₂O₃ thin film thickness still presented a
delamination. ALD processing temperature (40, 60, 120 °C), orientation of the CNT
foams in ALD furnace and levelling treatment did not have an effect on delamination.
We hypothesized that as the thickness of amorphous alumina thin film increased, some
cracks formed due to the increased tensile stress and ALD growth continued at these
crack surfaces negatively affecting on the interconnected network. A significant alumina
growth within the PyC film was observed through the STEM cross section sample
analysis of 75 nm thick ALD coated samples. This was explained with that the higher
thickness the alumina film had the more tensile stress occurred within the Al₂O₃ film due
to the increased film density.



The performance of alumina nanotubes embedded in CNT foam in microfluidic devices
was examined. The alumina nanotubes in the microfluidic channel maintained stability in
the structure during fluid flow. The predictions by LW equation for capillary flow in
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porous media were compared with the experimental data. The experimental results
showed that the average capillary rise in nanostructured media driven by capillary force
followed the L(t) ∼ t0.7 law, which is faster than that of the other materials ranging from
hydrophilic polyamide nanofibrous membranes to filter papers. Aligned nanotubes with a
very high internal porosity provided increased capillary action due to aligned pores. In
addition, the role of water slippage might lead to the deviation from the LW equation.
The capillary rise test was limited to length of samples and the equilibrium state was not
achieved. Therefore, the radius of the equivalent capillary tube was estimated by analysis
of SEM micrographs of the structure, volume-weight measurements of the individual
nanotubes and a calculated distance between CNTs instead of the balance between the
capillary pressure and gravity force. The flow rate in horizontal direction was observed
similar to the flow rate in vertical direction, suggesting that gravity effect was not
observed. Nanotube orientation had an important effect on the flow rate. The channel
aligned in nanotube direction had an approximately 6 times greater flow rates than that
aligned in perpendicular direction. Channel width had no effect on the flow rate instead
volumetric flow rate was found to be proportional to the channel width. Finally, a realtime monitoring of the resistance response of the microfluidic device to concentration
changes in different NaCl solutions was studied. Results showed that the resistance of the
device decreased when the concentration of the solution increased. As expected, once the
DI water was fed into the alumina channel, no resistance change was observed. Once
there was enough time for DI water to stay in the microfluidic channel after the NaCl
solutions, the resistance of the device increased back to the original level of the alumina
channel, indicating that there were no residual ions within the alumina nanotubes.
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6.2 Future Work
Research on the ability to three dimensionally pattern ultralight porous macro-sized
structures of alumina foams embedded in carbon nanotube foam architectures through a rapid
and low-cost CO2 continuous wave laser etching technique was presented in Chapter 3. The
future prospects for 3D patterning of metal oxide coated CNT templates using laser etching are
promising. To a very great degree of what has been learned in this study can be directly applied
with alternate precursors, which can be deposited via ALD, for a larger number of applications
such as supercapactiors, sensors and 3D microbatteries in addition to microfluidics.
There are few methods to fabricate the 3D and large-scale metal oxide/CNT hybrid
assemblies with interconnected continuous network in a controlled way. A significant
delamination was observed in these hybrid materials when the aluminum oxide film thickness
was high (~75 nm). The results address the delamination in Chapter 4 will be useful to solve this
problem. Future work should include various PyC deposition methods with graphitization
process to obtain stronger physical cross linking for the 3D network. Furthermore, future work
should study with variable ALD reactants of alumina deposition to determine whether TMA or
water is causing the delamination.
In Chapter 5, the microfluidic behavior of alumina nanotube-based pathways within
hydrophobic CNT barriers was presented. Microfluidic alumina nanotubes brought some unique
benefits. One is that the resulting alumina nanostructure is made up of aligned nanotubes with a
very high internal porosity, increasing the capillary action due to aligned pores. Furthermore,
fluid flow enhancement and water slippage on hydrophilic surfaces for nanoscale structures
resulted in faster flow. Resistance response results of the microfluidic device to concentration
changes in different NaCl solutions showed that, in situ perspiration analysis, which
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simultaneously and selectively measures sweat metabolites (e.g. glucose and lactate) and
electrolytes (e.g. sodium and potassium ions) should be further exploited in future research. In
addition, alumina nanotubes can be functionalized with a capacity to respond selectively to a
specific target analyte.360 The proposed robust and quantitative microfluidics can be extended to
variety of capillary based applications such as microfluidics diagnostics, large scale thermal
management, solar steam generation and oil recovery. Biocompatibility of ALD alumina
nanotubes360, low reagent consumption, controlled fluid behavior, ability to work with small
number of input cells, and integrated with electrically conductive CNTs are potential benefits to
exploration in microfluidic platforms for cell patterning, culturing, and proliferation.361,362
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