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Abstract

In this thesis, dry chemical modification methods involving UV /ozone, oxygen plasma,
and vacuum annealing treatments are explored to precisely control the wettability of
CNT arrays. By varying the exposure time of these treatments the surface concentra-
tion of oxygenated groups adsorbed on the CN'T arrays can be controlled. CN'T arrays
with very low amount of oxygenated groups exhibit a superhydrophobic behavior. In
addition to their extremely high static contact angle, they cannot be dispersed in DI
water and their impedance in aqueous electrolytes is extremely high. These arrays
have an extreme water repellency capability such that a water droplet will bounce
off of their surface upon impact and a thin film of air is formed on their surface as
they are immersed in a deep pool of water. In contrast, CNT arrays with very high
surface concentration of oxygenated functional groups exhibit an extreme hydrophilic
behavior. In addition to their extremely low static contact angle, they can be dis-
persed easily in DI water and their impedance in aqueous electrolytes is tremendously
low. Since the bulk structure of the CNT arrays are preserved during the UV /ozone,
oxygen plasma, and vacuum annealing treatments, all CNT arrays can be repeatedly
switched between superhydrophilic and superhydrophobic, as long as their O/C ratio
is kept below 18%.

The effect of oxidation using UV /ozone and oxygen plasma treatments is highly
reversible as long as the O/C ratio of the CNT arrays is kept below 18%. At O/C
ratios higher than 18%, the effect of oxidation is no longer reversible. This irreversible
oxidation is caused by irreversible changes to the CNT atomic structure during the
oxidation process. During the oxidation process, CNT arrays undergo three different

processes. For CNT arrays with O/C ratios lower than 40%, the oxidation process
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results in the functionalization of CNT outer walls by oxygenated groups. Although
this functionalization process introduces defects, vacancies and micropores opening,
the graphitic structure of the CNT is still largely intact. For CNT arrays with O/C
ratios between 40% and 45%, the oxidation process results in the etching of CNT
outer walls. This etching process introduces large scale defects and holes that can be
obviously seen under TEM at high magnification. Most of these holes are found to
be several layers deep and, in some cases, a large portion of the CNT side walls are
cut open. For CNT arrays with O/C ratios higher than 45%, the oxidation process
results in the exfoliation of the CNT walls and amorphization of the remaining CNT
structure. This amorphization process can be implied from the disappearance of C-C
sp2 peak in the XPS spectra associated with the m-bond network.

The impact behavior of water droplet impinging on superhydrophobic CN'T arrays
in a low viscosity regime is investigated for the first time. Here, the experimental
data are presented in the form of several important impact behavior characteristics
including critical Weber number, volume ratio, restitution coefficient, and maximum
spreading diameter. As observed experimentally, three different impact regimes are
identified while another impact regime is proposed. These regimes are partitioned by
three critical Weber numbers, two of which are experimentally observed. The volume
ratio between the primary and the secondary droplets is found to decrease with the
increase of Weber number in all impact regimes other than the first one. In the first
impact regime, this is found to be independent of Weber number since the droplet
remains intact during and subsequent to the impingement. Experimental data show
that the coefficient of restitution decreases with the increase of Weber number in
all impact regimes. The rate of decrease of the coefficient of restitution in the high
Weber number regime is found to be higher than that in the low and moderate Weber
number. Experimental data also show that the maximum spreading factor increases
with the increase of Weber number in all impact regimes. The rate of increase of the
maximum spreading factor in the high Weber number regime is found to be higher
than that in the low and moderate Weber number. Phenomenological approximations

and interpretations of the experimental data, as well as brief comparisons to the
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previously proposed scaling laws, are shown here.

Dry oxidation methods are used for the first time to characterize the influence of
oxidation on the capacitive behavior of CNT array EDLCs. The capacitive behavior
of CNT array EDLCs can be tailored by varying their oxygen content, represented
by their O/C ratio. The specific capacitance of these CNT arrays increases with the
increase of their oxygen content in both KOH and Et4NBF4/PC electrolytes. As
a result, their gravimetric energy density increases with the increase of their oxygen
content. However, their gravimetric power density decreases with the increase of their
oxygen content. The optimally oxidized CNT arrays are able to withstand more than
35,000 charge/discharge cycles in Et4NBF4/PC at a current density of 5 A/g while

only losing 10% of their original capacitance.
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Chapter 1

Introduction

1.1 Motivation

In recent years, fabrication of synthetic materials with tunable wettability has been
reported (Shirtcliffe et al., 2005; Koch and Barthlott, 2009; Rafiee et al., 2010; Wang
et al., 2010; Tao and Tianhong, 2011; Chang and Hunter, 2011). By definition, these
materials have the capability to be switched between hydrophilic and hydrophobic
under certain conditions. Ideally, these materials have a very wide range of wettability,
from superhydrophobic to superhydrophilic, and their wettability can be precisely
controlled by external stimuli. Note that a superhydrophobic surface is defined as a
surface that is extremely difficult to get wet and has a static contact angle higher than
150° (Bhushan et al., 2009; Wang and Jiang, 2007; Men et al., 2010). In contrast,
a superhydrophilic surface is defined as a surface that is extremely easy to get wet
and has a static contact angle of less than 5° (Bhushan et al., 2009; Wang and Jiang,
2007; Men et al., 2010). These materials have attracted enormous attention due to
their numerous potential applications including self-cleaning surface (Scardino et al.,
2009), hydrodynamic skin-friction drag reduction (Rothstein, 2010), drug delivery
devices (Bianco et al., 2005), and energy storage devices (Lee et al., 2010).

It has been fully understood that wettability of a material is dictated by its sur-
face chemistry (Emsley, 1980; Wenzel, 1936). Thus, the wettability of a material
can be, in principle, tailored by surface chemistry modification (Wang et al., 2010).

Surface roughness and topography have a tendency to amplify the magnitude of sur-
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face wettability (Bhushan et al., 2009; Gao and McCarthy, 2007, 2006b; Krupenkin
et al., 2004). For a wettable material, the surface roughness and topography im-
prove its wettability such that it becomes more hydrophilic. On the other hand, for
a non-wettable material, the surface roughness and topography make it more diffi-
cult to wet; in other words, it becomes more hydrophobic. Therefore, ideal tunable
materials are those with which surface chemistry can be easily modified and have a
nanoscale surface roughness and topography.

Among currently available tunable materials, including ZnO (Ebert and Bhushan,
2012; Feng et al., 2003), SiO2 (Ebert and Bhushan, 2012; Xu et al., 2012), ITO (Ebert
and Bhushan, 2012), vertically aligned multi-walled carbon nanotube (CNT) arrays
have attracted most of the attention due to their inherent microscale and nanoscale
surface roughness and topography and their surfaces are readily functionalized by
common methods. In addition, CNT are known to have excellent mechanical, electri-
cal, and thermal properties. For instance, CNT is known to be one of the strongest
materials, with an ultimate tensile strength of an order of magnitude higher than
that of steel (Yu et al., 2000; Peng et al., 2008). CNT is also known to be a good
electrical conductor, with a maximum current density of three orders of magnitude
higher than that of copper. Further, the self assembly fabrication process of CNT
arrays offers a big advantage compared to other synthetic materials. This assembly
process is simple and does not require a patterning process that is often expensive
and time consuming.

Previously reported studies suggest that CN'T arrays can be made hydrophilic
by functionalizing their surfaces with polar functional groups that contain oxygen or
nitrogen. Such functional groups, which are introduced by chemisorption of oxygen
and nitrogen, allow hydrogen bonds between the surface of CNT and water molecules
to form. Compared to surface functionalization by nitrogenated groups, surface func-
tionalization by oxygenated groups offers several advantages. Functionalization pro-
cess to induce chemisorption of oxygen on carbon structures is typically easier and
less complicated than that of nitrogen. In addition, oxygen functionalization on car-

bon structures has been widely explored, streamlined, and implemented in large-scale



industries.

Although oxygen functionalization of carbon structures is not new, its use to
control wettability of CNT arrays still has a virtue for further investigations. Almost
all known oxygen functionalization processes rely on wet chemical oxidation methods,
which involve the use of highly corrosive acids and oxidizing agents (Hummers and
Offeman, 1958; Park and Ruoff, 2009; Li et al., 2008; Sun et al., 2008; Becerril et al.,
2008; Marcano et al., 2010). As a result, there are always safety and convenience issues
associated with these methods. In addition, these methods do not allow the oxygen
uptake process and rate to be fully controlled. Thus, these methods are typically time
consuming to perform and often result in an irreversible oxidation. Further, the bulk
structural of CN'T arrays, especially the vertical alignment of the CNT, is difficult to
preserve during the acids or oxidizing agents removal process.

Unlike methods to make CNT arrays more hyrophilic that are mostly known,
methods to make CNT arrays more hydrophobic, or even superhydrophobic, are un-
common. Previous studies show that these CN'T arrays can be turned superhydropho-
bic by coating them with non-wettable chemicals such as fluorinated polymers and
fluorocarbons, transition metal oxides, fluoroalkylsilanes, and hydrocarbons (Huang
et al., 2005; Lau et al., 2003; Feng et al., 2002; Hong and Uhm, 2006; Cho et al., 2007).
These non-wetting chemicals prevent hydrogen bond between the chemisorbed oxy-
gen and water molecules from forming, rendering the CN'T arrays superhydrophobic.
Although the process to coat non-wettable chemicals onto CNT arrays is not too
difficult to perform, it is completely irreversible. Once the CNT arrays are exposed
to these coating treatments, they can no longer be rendered hydrophilic by common
oxidation methods.

Although theoretically CNT arrays are highly hydrophobic due to their non polar
nature, in reality they are often found to exhibit a weak hydrophobicity. This behavior
is commonly caused by the presence of defects, contaminations, and imperfections on
both individual CNT and their bulk structure. One particular problem that occurs
naturally to catalytic CVD grown CNT arrays is the presence of oxygen, in the form

of oxygenated functional groups, moistures, or molecular oxygen, adsorbed during the
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growth. As mentioned earlier, adsorbed oxygen is one of the key elements in rendering
a surface hydrophilic. In principle, CNT arrays can be made highly hydrophobic
once this adsorbed oxygen is largely removed from their surface. Therefore, chemical
reduction methods may be employed to make CNT arrays more hydrophobic, or even
superhydrophobic, without the need for non-wettable chemical coating.

This thesis is intended to explore the possibility of using dry chemical modifica-
tion methods to alter the surface chemistry of CNT arrays in order to control their
wettability. These methods offer several advantages over wet chemical modification
methods. The lack of highly corrosive chemicals allows them to be used safely and
conveniently. In addition, the oxygen adsorption and desorption rate and dosage can
be, in principle, controlled precisely such that the process is highly reversible and
the bulk structure of CNT arrays is well preserved. CNT arrays treated by these
methods are expected to exhibit a wide range of wettability, from superhydrophilic
to superhydrophobic, and their wettability can be finely tailored to match particular
requirements for specific practical application.

This thesis is also intended to be a foundation for future studies related to chem-
ical modification of CNT arrays and other carbon nanostructures through various
types of dry chemical modification methods. The results presented herein can be
loosely used as guidelines in understanding the evolution of other physical proper-
ties of CNT arrays and other carbon nanostructures, including mechanical, electrical,
electrochemical, and thermal properties under the influence of dry chemical modifi-
cations. Since CNT arrays can now be used beyond their inherent capabilities, new
research areas and applications that take advantage of extreme wettability will be

opened up.

1.2 Study Objectives

The overarching goal of this thesis is to prove the hypothesis that the wettability of
CNT arrays can be precisely tuned by controlling the amount of oxygenated groups

adsorbed on their surfaces. Several specific objectives have been formulated as guid-
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ance to achieve this goal and are described as follows:

(a) To show that CNT arrays can be repeatedly switched between hydrophobic
and hydrophilic as long as their bulk structures are preserved. It is important
to also show that the CNT arrays can be made superhydrophobic and superhy-
drophilic.

(b) To use well controlled oxidation and reduction processes in order to retain
the integrity and preserve the bulk structure of CNT arrays. In this study, the
oxidation process is performed using UV /ozone and oxygen plasma treatments,

while the reduction process is performed using vacuum annealing treatments.

(¢) To elucidate the underlying mechanisms that control the wettability of CNT
arrays. To achieve this, the correlation between wettability of CNT arrays and

their oxygen content needs to be presented.

(d) To show that the abovementioned oxidation and reduction processes are
reversible. It is important to also show the circumstances under which these

processes are no longer reversible.

These specific objectives are summarized in Figure 1.1.

The secondary goal of this study is to use the CNT arrays in several high-impact,
practical applications. Two applications are selected to demonstrate two opposite
extremes of wettability of CN'T arrays. The first application is to use vacuum annealed
CNT arrays as an ideal Cassie state superhydrophobic surface. This superhydrophobic
surface is then employed to study the impact behavior of water droplets under a
wide range of Weber numbers. Such study has never been done in the past because
of the limitations of the current available superhydrophobic surface. The second
application is to use oxidized CNT arrays as electrodes of electrochemical double-layer
capacitors. CNT arrays with different degrees of oxidation, which correlate to different
degrees of wettability, are used to study the effect of oxidation on their capacitive

behavior. Although the use of CNT arrays as electrodes of electrochemical double



UV/ozone
O, plasma

Figure 1.1. Use of UV /ozone, oxygen plasma, and vacuum annealing treatments to
modify the surface chemistry of CNT arrays. This surface modification is ultimately
used to control the wettability of CNT arrays.

layer capacitors has been previously explored, the study of the effect of oxidation on

their capacitive behavior is novel.

1.3 Scope of Study

As mentioned earlier, the goal of this thesis is to control the wettability of CNT ar-
rays by tuning the amount of oxygenated groups adsorbed on their surfaces. While
the goal seems simple to state, this thesis can be extremely wide if the scope is not
limited. The main reason for this is that because there are many different types of
CNT arrays, each of them have unique physical characteristics and properties. These
physical characteristics are results of permutations of the characteristics of individual
CNT and the bulk characteristics of the array. The physical characteristics of individ-
ual CNT include the number of walls, inner and outer diameter, chirality, the shape of
its graphitic structure, presence of metal catalyst, and presence of amorphous carbon.

For example, based on the number of walls, CNT can be classified as single walled
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CNT, double walled CNT, triple walled CN'T, and multi walled CNT. The bulk phys-
ical characteristics of the array include length, inter-tube spacing, packing density,
vertical alignment, entanglement, length, and presence of amorphous carbon. For
instance, the packing density of CNT arrays may vary over five orders of magnitude
between 10° - 10" CNTs/cm?.

Since, as mentioned above, there are many different types of CNT arrays, it is
almost impossible to fully characterize the effect of oxidation on the wettability of
each type of CNT arrays. Hence, the scope of this thesis is limited to a very specific
type of CNT arrays. These CNT arrays comprise of multi-walled CNT with an outer
diameter of 12-30 nm, a number of walls of 6-16, and are free of amorphous carbon.
These CNT arrays have a length of 10 gm-1 mm, inter-tube spacing of 60-80 nm,
packing density of 10 CNT/cm?, and are free of amorphous carbon. Details about
the physical characteristics of this specific type of carbon nanotube arrays can be
read in Chapter 2.1.2.

It has to be noted that the results and findings presented in this thesis are only
applicable to this specific type of carbon nanotube arrays. The dry oxidation and
reduction processes used in this study may result in a completely different or even
opposite behavior to other types of CNT arrays. Therefore, results and findings
presented in this thesis should not be applied blindly to all types of CNT arrays
without knowing their detailed physical characteristics.

The definition of wettability itself is also limited in this study. Normally, wetting
is described as an interaction process when a liquid comes in close contact with a
solid surface. The liquid itself can be anything, ranging from polar and non polar
solvents, such as water and oil respectively, to molten salts and metals. Here, the
liquid is restricted to water. Thus, in this study, wetting is strictly described as an
interaction process when water comes in close contact with solid surfaces, which in

this case is the surface of CN'T arrays.



1.4 Thesis Outline

This thesis is divided into seven chapters and one appendix. The first two chapters
cover the background of the study as well as all materials and experimental methods
used in the study. The following four chapters are the essence of this thesis. Details
about the effect of oxidation on the wettability and structure of CNT arrays, as well
as the applications of CN'T arrays with extreme wetting properties, are discussed in
these chapters. The summary of all findings and suggestions for future works are
presented in the last chapter. The appendix describes the effect of reversible dry

oxidation on graphene. The outline of each chapter is described as follows:

Chapter 1 In this chapter, the underlying problems that motivate this current study
are presented. The background and the importance of this study are also ex-
plained. The objectives and scope of this current study are listed in detail in

this chapter.

Chapter 2 In this chapter, all materials and experimental methods used in this
study are listed and presented. The first part of this chapter concerns the chem-
ical vapor deposition technique that is used to fabricate CNT arrays. Typical
characteristics of the CNT arrays grown using this technique are also explained.
The second part of this chapter concerns the dry oxidation and reduction meth-
ods. Here, the dry oxidation process is performed using UV /ozone and oxygen
plasma treatments, and the dry reduction process is performed using vacuum
annealing treatment. The last part of this chapter concerns the characterization
techniques that are commonly used in this study. Part of this chapter has been

published in Journal of Visualized Experiments.?

Chapter 3 In this chapter, the effect of dry oxidation and reduction to the wetting
properties of CNT arrays are investigated. The correlation between wettability

and the oxygen content of these CN'T arrays is presented. The existence of an

'Aria, A.I. and Gharib, M., Dry Ozidation and Vacuum Annealing treatments for Tuning the
Wetting Properties of Carbon Nanotube Arrays, Journal of Visualized Experiments, 2013, (74),
e50378.
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oxidation regime, where the effect of oxidation on the wettability of CN'T arrays
is reversible, is also explained. The wettability of CNT arrays is elucidated not
only in terms of their contact angle, but also in terms of droplet impact behavior,
dispersibility, and electrochemical characteristics. Part of this chapter has been

published in Langmuir.?

Chapter 4 In this chapter, the effect of oxidation on the structure of CNT arrays in
the irreversible oxidation regime is explored. The structural evolution of CNT
arrays as they undergo a prolonged exposure to dry oxidation process is pre-
sented by means of photoelectron spectroscopy and electron microscopy. Such
evolution is then highlighted by observing the large scale change of morphol-
ogy of CNT pillars. Part of this chapter is being prepared for publication in

Carbon.3

Chapter 5 In this chapter, the impact behavior of water droplets impinging on the
surface of vacuum annealed CNT arrays is studied. These vacuum annealed
CNT arrays exhibit superhydrophobic characteristics with an extremely high
contact angle and a liquid-vapor-solid interface. The impact behavior of the
droplet is presented in the form of four unique characteristics, which include
critical Weber number, volume ratio, restitution coefficient, and spreading fac-
tor. Empirical approximation and interpretation of the experimental data are
also presented. Part of this chapter is currently being reviewed in Experiment

in Fluids.*

Chapter 6 In this chapter, the use of oxidized CNT arrays as electrodes for super-
capacitors is explored. The effect of oxidation to the capacitance of the CNT
supercapacitors is investigated in both aqueous and non-aqueous electrolytes.

The lifetime and performance of oxidized CN'T supercapacitors in non-aqueous

2Aria, AL and Gharib, M., Reversible Tuning of Wettability of Carbon Nanotube Arrays: The
Effect of UV/Ozone and Vacuum Pyrolysis Treatments, Langmuir, 2011, 27 (14), pp 9005-9011.

3Aria, AL and Gharib, M., Functionalization, Etching, and Amorphization of Hollow CNT Pil-
lars Induced by Oxygen Plasma Treatment, Carbon, in preparation.

4Aria, A.I. and Gharib, M., Water Droplet Impact Behavior on a Cassie State Nanostructured
Superhy-drophobic Surface, Experiments in Fluids, 2013, under review.
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electrolyte are also presented. Part of this chapter has been published in the
Proceeding of the 11th IEEE Conference on Nanotechnology® and in Nanoelec-

tronic Device Applications Handbook.®

Chapter 7 In this chapter, the summary of all findings is reported. The outlook for

future directions in this research area is also provided.

Appendix A In this appendix, the effect of reversible oxidation to the electronic
properties of CVD graphene is investigated. The surface chemistry evolution
of CVD graphene induced by cycles of dry oxidation and reduction is also pre-
sented. This study is placed in the appendix because it is not directly related
to the wetting properties of CNT arrays, although the same exact method of
oxidation and reduction is used. The results presented in this appendix can be
related, to some extent, with the results presented in Chapter 4. Part of this

chapter is currently being reviewed in the Journal of Physical Chemistry C.”

5Aria, AL, Guittet, M., and Gharib, M., Use of Vertically-Aligned Carbon Nanotube Array to
Enhance the Performance of Electrochemical Capacitors, Proceeding of the 11th IEEE Conference
on Nanotechnology, 2011, 1944-9399, pp 80-85.

6 Aria, AL, Guittet, M., and Gharib, M., Use of Vertically Aligned Carbon Nanotubes for Electro-
chemical Double Layer Capacitors,, Edited by Morris, J.E. and Iniewski, K., 2013, 9781466565234,
CRC Press.

TA.L Aria, A.W. Gani, and M. Gharib, Effect of Dry Ozidation and Vacuum Annealing Cycles
on the Evolution of Energy Gap and Chemistry of CVD Graphene on Nickel, Journal of Physical
Chemistry C, 2013, under review.
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Chapter 2

Materials and Methods

2.1 Carbon Nanotubes Fabrication Method

Carbon nanotubes (CNTs), discovered for the first time by Iijima (1991), are graphite
layers rolled into seamless concentric hollow cylinders with typical diameters of several
nanometers. Similar to graphite, CNT structures are made of honeycomb-arranged
carbon atoms arranged in sp2 hybridization. One unique feature of CNT, compared
to other allotrope of carbon, is its extremely wide range of length. CNTs with lengths
ranging from hundreds of nanometers to tens of centimeters have been reported (Li
et al., 2006; Wang et al., 2009). In recent years, CNTs have attracted enormous
attention due to their exceptional mechanical, electrical, and thermal properties. For
instance, CNT is known to be one of the strongest materials, with an ultimate tensile
strength of an order of magnitude higher than that of steel and other industrial fibers
(Yu et al., 2000; Peng et al., 2008). CNT is also known to be a good electrical
conductor, with a maximum current density of three orders of magnitude higher than
that of copper (Wei et al., 2001; Hong and Myung, 2007). In addition, CNT is
known to be a good thermal conductor, with a thermal conductivity similar to that
of diamond (Pop et al., 2005). Because of their exceptional properties, CNTs are
envisioned to be used in many future applications (De Volder et al., 2013).
Compared to other synthetic materials, fabrication of CNTs is relatively easy
and well-known. There are several widely-known fabrication techniques that can

be employed to grow CNTs, including arc discharge, laser ablation, high-pressure
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H)
control

1" tube mass flow /
furnace pressure
controllers

Figure 2.1. In house CVD reactor used for fabrication of CNT arrays.

carbon monoxide conversion (HiPCO), and chemical vapor deposition (CVD). Arc
discharge is the most common technique used to fabricate CNTs, due to its simple
fabrication method and high quality and purity results. However, it does not have
the capability to produce large quantities of CNTs. To address this issue, HIPCO and
laser ablation have been widely used for large-volume bulk production of CNTs. These
techniques are known for their simplicity and high yields, however, these methods
pose a common drawback: the CNT architectures fabricated by these methods are
unorganized (De Volder et al., 2013). In other words, these methods can only be used
to fabricate CNT powders but cannot be utilized to grow CNT arrays. Note that
CNT arrays are densely packed CNTs grown in vertical alignment perpendicular to
the growth substrate. Until now, CVD method is the only known method to grow
CNT arrays.
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2.1.1 CVD growth method

Vertically aligned CNT arrays are typically grown using the CVD technique inside
a CVD reactor. There are many different variations of CVD reactors, including
high pressure or low pressure CVD, hot wall or cold wall CVD, and many more. A
high pressure CVD reactor utilizes a near-atmospheric pressure to achieve carbon
saturation and CNT nucleation. In contrast, a low pressure CVD reactor allows CNT
growth to be performed at a reduced pressure in the range of hundreds of mtorr. In a
hot wall CVD reactor, both precursor gas and substrates are heated simultaneously
inside a furnace. On the other hand, in a cold wall CVD reactor, the precursor gas is
not heated inside the same furnace as the substrates. In fact, this gas may not need
to be heated at all since a non-thermal source is used to initiate the gas dissociation.
A cold wall CVD reactor is typically associated with plasma-assisted CVD because
the dissociation of the precursor gas is not initiated thermally, but instead by plasma
generated by RF coils at a frequency of several MHz.

All CNT arrays used in this study are grown in-house using a custom made hot
wall thermal CVD reactor. This CVD reactor consists of two main parts: precursor
delivery system and reaction chamber (Figure 2.1). Each part consists of several sub-
systems that are assembled into one working system. The precursor delivery system
for this in-house CVD reactor connects the precursor gas feedstock to the reaction
chamber through a series of cleaned stainless steel swagelok tubing. The flow rate
and pressure of the precursor gas are maintained by electronic mass flow controllers
(MKS © MFC) and a pressure controller (MKS 7 PC). Here, these controllers are
connected to a computer to allow precise and accurate control of the mass flow rate
and pressure with a fast response time. The mass flow controllers are located up-
stream of the reaction chamber, while the pressure controller is located downstream
of the reaction chamber. The downstream part of the pressure controller is connected
to a vacuum pump (Leybold AMEB 90). CNT arrays are grown inside the reaction
chamber of this in-house CVD reactor, which is made of a quartz tube with diameter

of 1 inch and length of 24 inches. This quartz tube is housed inside a tube furnace
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Table 2.1. List of materials and equipment used in the in-house CVD reactor.

Name

Company

Model number

Key parameter

Tube furnace
Electronic mass flow
controllers

Electronic  pressure
controller

Vacuum pump

Quartz tube

Hydrogen gas
Ethylene gas

Argon gas

Lindberg Blue M -
Thermo Scientific

MKS

MKS

Leybold

MTT Corp.

Airgas
Matheson

Airgas

Mini Mite TF-

55030A

PFC-50 MFC

PC-90 PC

AMEB 90

EQ-QZTube-
25GE-610

HY UHP200
(G2250101

AR UHP200

D: 1 inch

0 - 1000 sccm

0 - 1000 torr

135 L / min

OD: 1inch, L: 24

inch
99.999% purity
99.95% purity

99.999% purity
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(Lindberg/BlueM Single-Zone Tube Furnace), capable of heating the reaction cham-
ber up to 1100 °C. The temperature of the tube furnace is controlled electronically
by the furnace’s PID controller. Materials and equipments used in this in-house CVD
reactor are listed in Table 2.1.

These CNT arrays are grown using a common CVD method on silicon wafer
substrates. Prior to growth, these silicon wafers are coated with layers of support,
buffer, and catalyst several nanometers thick. Acting as the support layer is 300nm
silicon oxide layer. This layer can be grown thermally as native oxide or deposited
using an electron beam evaporator. A 10 nm aluminum oxide layer and a 1 nm
iron layer are used as the buffer and catalyst layers, respectively. These buffer and
catalyst layers have to be deposited using an electron beam evaporator (Temescal
BJD 1800 or CHA Industries Mk40) to ensure the correct thickness and coverage
uniformity. Subsequent to the deposition of these layers, the silicon substrates are
diced into smaller samples, typically 1x1 cm?. Materials and equipment used for
substrate preparation and catalysts deposition are listed in Table 2.2.

Up to now, there are countless numbers of growth recipes that have been published
for fabrication of CN'T arrays, and each of them is different. Because of the uniqueness
of each CVD reactor, none of these growth recipes can be used as is without any
modification. The growth recipe used in this study is basically a modified version of
previously published growth recipes (Bronikowski, 2006; Sansom et al., 2008). The
growth recipe used in this study is divided into four periods: heating, sintering,
growth, and cooling, and summarized in Table 2.3.

The CNT arrays fabrication process is started by placing several pieces of silicon
substrates on a quartz boat inside the quartz reaction chamber. The reaction chamber
is then evacuated of ambient air using vacuum until it reaches a pressure lower than
10 torr and purged with argon gas for several minutes. Subsequently, the temperature
of the reaction chamber is increased to a temperature of 750°C at a heating rate of
about 50°C/minute. During this heating period, argon gas is flowed into the reaction
chamber at a flow rate of 500 sccm and a pressure of 600 torr. Once the temperature

reaches 750°C, the flow of argon gas is reduced to a flow rate of 200 sccm and hydrogen



16

Table 2.2. List of materials and equipment used for substrate preparation and cata-

lysts deposition.

Name Company Model number  Key parameter

Silicon wafer El-Cat 2449 300nm polished
thermal oxide layer

[ron pellets Kurt J Lesker EVMFE35EXEA 99.95% purity

Aluminum oxide pel- Kurt J Lesker EVMALO- 99.99% purity

lets 1220B

E-beam evaporator =~ CHA Industries Mark 40 10 nm Al203 and 1
nm Fe

E-beam evaporator  Temescal BJD 1800 10 nm AlI203 and 1
nm Fe

Scriber breaker Dynatex GST-150 1x1cm?
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Figure 2.2. Schematic of CNT growth process using a common thermal chemical
vapor deposition method.
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gas is flowed simultaneously into the reaction chamber at a flow rate of 285 sccm.
The pressure of the reaction chamber is maintained at 600 torr. During this period,
the buffer and catalyst layers are reduced by the hot hydrogen gas and sintered
into catalyst nanoparticles (Figure 2.2). These catalyst nanoparticles will later act
as the nucleation sites for CNT growth during the growth period. This sintering
period is considered as the most important part of the fabrication process and has
to be performed for exactly five minutes to ensure the correct size, roughness, and
distribution of these catalyst nanoparticles.

Subsequent to the sintering period, the flow of argon gas is completely shut off
and the flow of hydrogen gas is reduced to a flow rate of 210 sccm. Ethylene gas is
then flowed into the reaction chamber at a flow rate of 490 sccm. The pressure and
temperature of the reaction chamber is maintained at 600 torr and 750 °C respectively.
During this period, the catalyst nanoparticles are saturated with carbon, and CNT's
start to nucleate and grow on them (Figure 2.2). Because of the tight distribution of
the catalysts nanoparticles, CNTs are grown in a densely packed manner. Limitation
of lateral space for CNTs to grow means that the growth in vertical direction is more
preferable, resulting in vertically aligned, densely packed CNT arrays. The length of
CNT arrays grown using this growth recipe can be varied between 10um and 1 mm
by controlling their growth time. Longer growth time results in longer CN'T arrays.
However, the growth rate is not linear but rather hyperbolic, with a maximum length
of 1-1.2 mm. CNT arrays grow very quickly in the first couple of minutes and start
to slow down afterwards. The growth process itself seems to be self-terminated after
the CNT arrays reach an average length of 1-1.2 mm. Subsequent to the growth
period, the flow of both ethylene and hydrogen gasses is shut off completely and the
temperature of the reaction chamber is brought back to room temperature by turning
off the furnace. This passive cooling allows the reaction chamber temperature to
decrease at a rate of about 25°C/minute. During this cooling period, argon gas is
flowed into the reaction chamber at a flow rate of 360 sccm. Once the temperature of
the reaction chamber reaches room temperature, the flow of argon gas is shut off and

ambient air is flowed into the reaction chamber. The vacuum pump is then turned
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Table 2.3. CVD growth parameters.

Step Parameters Value
Heating Pressure  600torr
Temperature room - 750°C
Ar 500 sccm
Heating rate about 50°C / min
Sintering Pressure  600torr
Temperature 750°C
Ar 200 sccm
H2 285 sccm
Pretreatment time 5 min
Growth Pressure  600torr
Temperature 750°C
C2H4 490 sccm
H2 210 scem
Growth time 5 - 60 min
Cooling Pressure  600torr
Temperature 750 C - room
Ar 360 sccm

Cooling rate

about 25°C / min
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off and the pressure regulator is released to allow the pressure inside the reaction
chamber to equilibrate with the ambient pressure. The grown CNT arrays can then

be taken from the reaction chamber and are ready to be used.

2.1.2 Typical characteristics of CVD growth

As mentioned earlier, the abovementioned growth conditions result in vertically aligned
CNT arrays. Depending on the growth time, the average length of these CN'T arrays
can be varied from 10 pum (Figure 2.3.a) to 1 mm (Figure 2.3.b). The average length
of the CNT arrays is measured using a scanning electron microscope (SEM). The
high packing density of these CNT arrays and the presence of CNT entanglement at
the top surface of their bulk structure can be observed at a smaller length scale us-
ing an SEM (Figure 2.5). These as-grown CNT arrays have a typical inter-nanotube
spacing of 20-80 nm and a packing density of 120-180 CNT/um?. An ultra high mag-
nification characterization using a transmission electron microscope (TEM) reveals
the nanoscale feature of the individual CNT. Each CNT in the array is a multiwalled
CNT, with a typical number of walls between 8-16 layers and a typical outer diameter
of 16-25 nm (Figure 2.4).

In addition to their length, the quality of the growth is also examined using SEM.
CNT arrays with excessive amount of amorphous carbon are rejected (Figure 2.6).
CNT arrays with non-uniform growth are also rejected (Figure 2.7). These defective
CNT arrays are not involved in all experiments performed in this study. A thick
amorphous coating is often deposited onto the CNT arrays when the thickness of the
catalyst layer is less or more than 1(£) nm. On the other hand, a non-uniform CNT
growth is typically a result of non-uniform deposition of the catalyst layer. Since the
growth quality of CN'T arrays is highly sensitive to the change in the catalyst layer,
a lot of effort has to be spent to ensure the catalyst layer satisfies the requirement

prior to the growth process.
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Figure 2.3. SEM images of CNT arrays with different lengths. The average length of
CNT arrays can be varied from about 10 ym (a) to about 1 mm (b).
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Figure 2.4. An ultra high magnification TEM image of a CNT showing its multi-

walled and closed-cap characteristics.

observed at the tip of this CNT.

The trapped catalyst nanoparticles can be

Table 2.4. Typical CVD growth results.

Parameters Value
Length 10 pgm - lmm
Outer diameter 12 - 30 nm
number of walls 8 - 16

Packing density

120 - 180 CNT / um?
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Figure 2.5. High magnification top view (a) and tilted view (b) SEM images of CNT
arrays. These images show the high packing density of CNT arrays and presence of
CNT entanglement at the top surface of their bulk structure.
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) SEM images of

defectively grown CNT arrays. These CNT arrays are coated with a large amount of

Figure 2.6. High magnification top view (a) and tilted view (b
amorphous carbon.
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Figure 2.7. Tilted view SEM images of CNT arrays that are grown non-uniformly.
Non-uniform growth results in CNT arrays that exhibit large scale voids (a) and
macroscopic surface roughness (b).
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2.2 Dry Oxidation and Reduction Process

The oxidation process of carbon-based bulk and nano structures has been well-studied,
and its implementation in large-scale practical applications has been streamlined
and engineered. Carbon-based bulk and nano structures are typically oxidized using
liquid-phase oxidation methods such as the well-known Hummer’s method (Hummers
and Offeman, 1958), and its modified versions (Park and Ruoff, 2009; Li et al., 2008;
Sun et al., 2008; Becerril et al., 2008; Marcano et al., 2010). Liquid-phase oxidations
are carried out by exposing these carbon structures to strong acids and oxidants,
including potassium chlorate (KClO3), potassium permanganate (KMnO4), sodium
nitrate (NaNO3), phosphoric acid (H3PO4), nitric acid (HNO3) and sulfuric acid
(H2S04). It is important to note that, in addition to the highly corrosive nature of
these chemicals, the oxidation processes usually involve the generation of toxic and
explosive gasses (Marcano et al., 2010). Liquid-phase oxidations are also considered
impractical for oxidizing carbon-based nano structures, because of the difficulties in-
volved during the acids and oxidants removal and subsequent drying processes. Often,
freeze drying or critical point drying methods have to be used to prevent the collapse
of nano structures by the capillary forces of these liquid chemicals.

Gas-phase oxidations, also known as dry oxidation, are more favorable as use for
oxidizing carbon-based bulk and nano structures. Gas-phase oxidations are typically
performed using molecular oxygen (O2) or carbon dioxide (CO2) gas, that is dis-
sociated when it is flowed through a hot filament or a coil of RF plasma generator.
Gas-phase oxidations can also be performed using ozone (O3) at room temperature, or
water vapor (H20) at an elevated temperature. These oxidation techniques are con-
sidered safer, more convenient, and more practical (especially in large industrial-scale
production) than the liquid-phase oxidation techniques. In addition, the gas-phase
oxidation methods allow site-specific oxidation through the use of sacrificial layer
masking, making them compatible with current microfabrication processes.

Similarly, the reduction process of carbon-based bulk and nano structures has been

well-studied, and its implementation in large-scale practical applications has been
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Table 2.5. Wet chemical modification vs. dry chemical modification.

Methods

Advantage

Disadvantage

Wet oxidation

H2S04 + H202,
HNO3 + HCl

Wet reduction

N2H4, LiAlH4

well-known process, commonly
used in large scale industry

well-known process, commonly
used in large scale industry

corrosive, slow oxidation rate,
oxidation process is difficult to
control, bulk structure cannot
be preserved, need freeze dry-
ing or critical point drying

corrosive, toxic and explosive
vapor, reduction process is dif-
ficult to control, bulk struc-
ture cannot be preserved, need
freeze drying or critical point
drying

Dry oxidation

UV /ozone

02 plasma

Dry reduction

Vacuum anneal-
ing

H2 plasma

safe, convenient, gentle, cheap,
high degree of control, no risk
of overoxidation, bulk struc-
ture is preserved

safe, convenient, fast oxida-
tion rate, bulk structure is pre-
served

safe, convenient, gentle, cheap,
high degree of control, bulk
structure is preserved

convenient, fast reduction rate,
bulk structure is preserved

slow oxidation rate

more expensive, higher risk of
overoxidation

slow reduction rate

more expensive, explosive gas,
high risk of hydrogenation
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Table 2.6. Dry oxidation and reduction parameters.

Process Parameters Value
UV /ozone Pressure room
Temperature room
UV source 285nm
UV power density 100mW / cm?2
Exposure time 0-120 min
02 plasma Pressure 500 mtorr
Temperature room
02 flow rate 150 sccm
RF power 50 watt
Exposure time 0-30 min
Vacuum annealing Pressure 2 -5 torr
Temperature 250°C
Exposure time  0-120 hour
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streamlined and engineered. Carbon-based bulk and nano structures are typically
reduced using liquid-phase reduction methods by exposing these carbon structures to
strong reducers, including hydrazine (N2H4), hypophosphorous acid (H3P0O2), and
solution of lithium aluminum hydride (LiAlH4). Similar to the chemicals involved
in liquid-phase oxidation methods, these chemicals are highly corrosive, and the re-
duction processes often involve the generation of toxic and explosive gasses (Marcano
et al., 2010). Liquid-phase reductions are also considered impractical for reducing
carbon-based nano structures because of the difficulties involved during the reduc-
ing agents removal and subsequent drying processes. Freeze drying or critical point
drying methods are often necessary to prevent the collapse of nano structures by the
capillary forces of these liquid chemicals.

Gas-phase reduction is more favorable for use in reducing carbon-based bulk and
nano structures. Gas-phase reductions are typically performed using molecular hy-
drogen (H2), carbon monoxide (CO), or diborane (B2H6) gas, that is dissociated
when it is flowed through a hot filament or a coil of RF plasma generator. How-
ever, these gasses are notoriously known as highly toxic and explosive gasses. One
known technique to overcome these problems is the utilization of vacuum annealing
treatment for reducing carbon-based bulk and nano structures. Vacuum annealing
treatment is typically employed to induce oxygen desorption process without using

any harsh reducing agents.

2.2.1 Oxygen Plasma and UV /Ozone Treatment

In this study, the dry oxidation methods are performed using UV /ozone and oxygen
plasma treatments. UV /ozone treatment is considered as the most convenient oxida-
tion technique because it can be performed in air at a standard room temperature
and pressure for up to several hours, depending on the length of the CNT array and
the power of the UV radiation. UV radiation, generated by a high intensity mercury
vapor lamp at 185 nm and 254 nm, breaks the molecular bonds on the outer wall of

CNT allowing ozone, converted simultaneously from air by UV radiation, to oxidize
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their surface (Mawhinney et al., 2000; Sham and Kim, 2006). The oxidation process
ceases once the CNT surfaces are fully functionalized, preventing the CNT from being
overoxidized. Over-oxidation of CNT ultimately results in the decomposition of CNT
into CO and CO2 molecules.

In contrast, oxygen plasma treatment has to be performed in a special chamber
at a reduced pressure and a constant oxygen flow rate. Typically, oxygen plasma is
generated remotely under 50 Watts of RF power and delivered at a constant flow rate
of 150 SCCM and a chamber pressure of 500 mTorr for several minutes. Although
oxygen plasma treatment allows a much faster oxidation process, care has to be
taken because it is very capable of completely oxidizing the CNT into CO and CO2
molecules.

UV /ozone and oxygen plasma treatments have been successfully employed to func-
tionalize the surface of CNT with oxygenated functional groups (Mawhinney et al.,
2000; Sham and Kim, 2006; Banerjee and Wong, 2002; Xu et al., 2007; Felten et al.,
2005; Chen et al., 2009). However, none of these published methods have been per-
formed previously on CNT arrays. Although the oxidation method described herein is
similar to these published methods, it is optimized for CNT arrays, not CNT powders.
This current method utilizes low UV lamp irradiation power and plasma generator
power to keep the oxygen adsorption rate low. Such low oxygen adsorption rate is es-
sential to ensure that the functionalization process occurs uniformly across the CNT
array sample without damaging them. Therefore, the oxidation time for CNT arrays
is typically longer than that for CN'T powders.

To induce oxygen adsorption by UV /ozone treatment, several samples of CNT
arrays are placed under a high-intensity mercury vapor lamp that generates UV ra-
diation at a wavelength of 185 nm and 254 nm. These samples need to be placed
at a distance of 5-20 cm from the lamp. A commercial UV /ozone cleaner (Bioforce
nanosciences UV /ozone procleaner plus) can be used as an alternative. Expose these
CNT arrays to UV radiation in air at standard room temperature and pressure. The
total exposure time depends on their physical properties, the power of UV radiation,

and the degree of wettability that needs to be achieved. As an approximation, it takes
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Table 2.7. List of equipment used for dry oxidation and vacuum annealing.

Name Company Model number

UV /ozone Bioforce nanosciences UV /Ozone procleaner plus
Oxygen plasma Tepla MA4L

Vacuum annealing VWR Signature vacuum oven

about 30 minutes of UV irradiation using a commercial UV /ozone cleaner to com-
pletely switch 15 pum tall CNT arrays from superhydrophobic to superhydrophilic.
Re-expose these CNT arrays to another round of UV /ozone treatment to increase
their hydrophilicity. Detailed parameters of UV /ozone treatment can be read in Ta-
ble 2.6.

To induce oxygen adsorption by oxygen plasma treatment, several samples of CNT
arrays are placed in the chamber of an oxygen plasma cleaner/asher/etcher. A re-
mote oxygen plasma cleaner/asher/etcher (Tepla M4L) is preferable than the direct
one because of its isotropic nature. Set the oxygen flow rate to 150 sccm and the
chamber pressure to 500 mTorr. Set the RF power to 50 Watts. Expose these arrays
to oxygen plasma for several minutes. The total exposure time depends on their phys-
ical properties and the degree of wettability that needs to be achieved. Care has to
be taken because oxygen plasma is very capable of completely oxidizing the CNT into
CO and CO2 molecules. As an approximation, it should take less than 10 minutes
to completely switch 150 pm tall CNT arrays from superhydrophobic to superhy-
drophilic. Re-expose these CNT arrays to another round of oxygen plasma treatment
to increase their hydrophilicity. Detailed parameters of UV /ozone treatment can be

read in Table 2.6.
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2.2.2 Vacuum Annealing

To induce oxygen desorption by vacuum annealing treatment, several samples of CNT
arrays are placed in the chamber of a vacuum oven (VWR Signature vacuum oven).
Reduce the chamber pressure to at least 2.5 Torr and increase the chamber temper-
ature to 250°C or higher. Expose these CNT arrays to vacuum annealing treatment
for several hours. The total exposure time depends on their physical properties and
the degree of wettability that needs to be achieved. As an approximation, it takes at
least six hours to switch 15 pym tall CNT arrays from mildly hydrophilic to superhy-
drophobic, and more than 24 hours to convert 650 um tall CNT array from mildly
hydrophobic to superhydrophobic. Re-expose these CN'T arrays to another round of
vacuum annealing treatment to increase their hydrophobicity. Detailed parameters

of vacuum annealing treatment can be read in Table 2.6.

2.3 Characterization Methods

2.3.1 Scanning Electron Microscopy

Scanning electron microscopy is performed using a field emission scanning electron
microscope (Zeiss 1550 VP). High magnification imaging is performed under backscat-
tered electrons mode with acceleration voltage of 5-10 kV. Low magnification imaging
is performed under secondary electrons mode with acceleration voltage of 2-5 kV.
Prior to imaging, all CN'T array samples are mounted on aluminum stubs using con-
ductive carbon or copper tape. CNT arrays with low oxygen content are conductive
enough such that they are imaged without any metal coating. CNT arrays with high
oxygen content are imaged after they are coated with a thin layer of metal. Typically
a 10 nm layer of palladium or palladium/platinum alloy is coated onto the sample
using sputter coater. All wet samples are dried under vacuum for more than 12 hours

prior to metal coating.
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Table 2.8. List of equipment used for characterization.

Name Company  Model Key parameter
number
Scanning electron micro- Zeiss 1550 VP Backscattered electrons at
scope 5-10 kV, secondary elec-
trons at 2-5 kV
Transmission electron mi- FEI TF30UT Forward scattered electrons
croscope at 300 kV
Contact angle goniometer  rame-hart Model 190 Water droplet volume of 5 -
25 pL
Raman spectrometer Renishaw ~ M1000 Excitation energy at 2.41
eV
Fourier transform infra red Nicolet 6700 Wavenumber range of 600 -
spectrometer 2000 cm ™!
Xray photoelectron spec- Surface M-Probe Binding energy range of 0 -
trometer science 1000 eV
Electrochemical impedance Biologic SP-200 Frequency range 10 mHz - 5

spectrometer

MHz
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2.3.2 Transmission Electron Microscopy

Transmission electron microscopy is performed using a high performance transmis-
sion electron microscope (FEI Tecnai F30UT). All images are taken under forward
scattered electrons mode with acceleration voltage of 300 kV. Selected area diffraction
patterns (SADP) are also collected from each set of CNT to verify their crystalline
structure. Prior to imaging, a small amount of sample is collected from the CNT
arrays by scraping them physically with tweezers or razor blades. These CNT sam-
ples are then dispersed in DI water with the help of ultrasonication for about 5-15
minutes. For CN'T samples that are difficult to disperse, 200 proof ethanol is used as
the solvent, replacing the DI water. Subsequently, a small amount of the dispersion
is pipetted while the dispersion is still homogeneous. This pipetted dispersion is then
dropped on a holey carbon TEM grid (EMS CF213) and dried in ambient air. After
the solvent is fully evaporated, this TEM grid is mounted into the TEM.

2.3.3 Contact Angle

In this thesis, the wettability of CNT arrays is mainly quantified by their static
contact angle. All contact angle measurements are conducted using a contact angle
goniometer at standard room pressure and temperature. Samples of CNT arrays are
placed on the contact angle goniometer sample table. This sample table has to be
perfectly level and not tilted toward one direction. A bul. deionized water droplet
was dispensed slowly on the top surface of each CNT array using a 5uli syringe
(Hamilton 7105KH) equipped with a 31 gauge flat-tipped needle (Hamilton KF731).
Once a water droplet has come to rest on the surface of the CNT array, images of
the water droplet are then taken 10 seconds afterwards to ensure the equilibrium
condition was achieved and to avoid the excessive evaporation of the droplet. The
contact angles are then measured by processing the captured images with LBADSA

software (Stalder et al., 2006).
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2.3.4 Raman Spectroscopy

Raman spectroscopy characterization is performed using micro Raman spectrometer
system (Renishaw M1000) equipped with an Ar ion laser at an excitation wave length
of 514.5 nm. Each CNT array sample is characterized as is without prior sample
preparation. Each sample is then placed on the sample table of the optical microscope
attached to the Raman spectrometer system. Raman spectroscopy characterizations

are performed at an optical magnification of 50x or 100x in a non-polarized mode.

2.3.5 Fourier Transform Infra Red Spectroscopy

Fourier Transform Infra Red (FTIR) spectroscopy characterization is performed using
an infrared spectrometer (Nicolet 6700) equipped with liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. Prior to characterization, a small amount of sam-
ple is collected from the CNT arrays by scraping them physically with tweezers or
razor blades. These CNT samples are then dispersed in deuterated dichloromethane
(Sigma-Aldrich, 99.9 % atom) with the help of ultrasonication for about 5-15 minutes.
Subsequently, this dispersion is quickly drop-cast onto an IR transmitting KBr win-
dow while the dispersion is still homogeneous. A second KBr window is then placed
on top, sandwiching the CNT between two KBr windows. These KBR windows are
then turned for a quarter of a rotation and pressed against each other to obtain an
even film. This KBr-CNT sandwich is dried overnight under low vacuum (10 Torr)
prior to characterization to remove the solvent leftover. A pair of blank KBr windows

are used as a baseline correction.

2.3.6 X-ray Photoelectron Spectroscopy

In this study, surface chemistry characterizations are typically assessed using x-
ray photoelectron spectroscopy (Surface Science M-Probe XPS). A monochromatic
1486.6eV Al Ko is used as the x-ray source and is directed at an angle of 35° to
the sample surface. The emitted photoelectrons are collected by a hemispherical an-

alyzer positioned at an angle of 35° to the sample surface. The oxygen to carbon
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atomic ratio (O/C ratio) is calculated from low resolution survey spectra acquired
at a binding energy of 1-1000eV, with a resolution of 1eV and a spot size of 800
pm. Higher resolution detailed scans are collected in C 1s region with a resolution
of 0.065eV and a spot size of 100 um. The C 1s spectra are acquired at a binding
energy of 280-294 eV. Multiple low resolution survey spectra and high resolution C
1s spectra are collected from different regions of each CNT array sample. During the
data collection, the sample chamber is maintained at an ultra high vacuum condition
with a base pressure below 5x10-9 torr. All photoelectron spectra are obtained using
ESCA25 Capture software (Service Physics, V5.01.04), and analyzed using CasaXPS
software (Casa Software Ltd, V2.3.15). Deconvolution of the C 1s high resolution
spectra are performed using a Gaussian-Lorentzian peak shape fitting with Shirley

baseline correction.

2.3.7 Cyclic Voltammetry, Galvanostatic Charge-Discharge

Cycle, and Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy characterization is conducted in three-electrode
configuration using a potentiostat (Biologic SP-200) at a frequency of 10 mHz - 7
MHz. The CNT arrays are set as the working electrode, a platinum wire is used
as the counter electrode, and a saturated calomel electrode is used as the reference
electrode. For cyclic voltammetry and galvanostatic charge-discharge cycle charac-
terizations, a two electrodes configuration is used. In a two electrodes configuration,
CNT arrays serve as both anode and cathode. A separator film is then sandwiched

between the anode and cathode to prevent direct electrical contact between them.
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Chapter 3

Evolution of Wettability and
Surface Chemistry of Carbon
Nanotube Arrays

3.1 Introduction

For years, vertically aligned carbon nanotube (CNT) arrays have attracted enormous
attentions to be used as a hydrophobic or hydrophilic surface due to their promising
physical characteristics. Their inherent hydrophobic nature and two-length scale
topographic structure make them an ideal hydrophobic surface. On the other hand,
their extremely high surface-to-volume ratio make them an ideal hydrophilic surface.
Because of these potentials, the ability to switch and tune the wettability of CNT
arrays has been considered critical.

The findings presented in this chapter show that the bulk wettability of CNT
arrays can be tuned straightforwardly via a combination of UV /ozone and vacuum
annealing treatments. UV /ozone treatment is a well known dry-oxidation process to
functionalize the surface of CN'T with oxygenated functional groups at standard room
temperature and pressure (Banerjee and Wong, 2002). Basically, UV radiation attacks
the end caps and outer sidewall of the nanotubes, allowing ozone to oxidize their
surface defect sites (Mawhinney et al., 2000; Sham and Kim, 2006). Vacuum annealing
treatment was used to reverse the effect of oxidation by removing these groups from

the surface of nanotubes, while keeping the microscopic structure of the array intact.
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Figure 3.1. Changes in wettability of carbon nanotube arrays induced by dry oxida-
tion and vacuum annealing.

Typically, a vacuum annealing treatment performed at a mild vacuum and a moderate
temperature is sufficient to deoxidize the array. Using these treatments, the amount
of oxygenated functional groups can be controlled carefully such that the CNT arrays

can be repeatedly switched between hydrophilic and hydrophobic (Figure 3.1).

3.2 Materials and Methods

In this study, the wettability of multiple sets of CNT arrays with various degrees
of oxidation are examined. Four steps of analysis were performed to elucidate the
underlying principles that control the wettability of CNT arrays. The oxidation
level of the CNT arrays is increased and decreased by exposing them to a longer
period of UV /ozone or oxygen plasma treatment and vacuum annealing treatment,
respectively. Three sets of as-grown CNT arrays with different heights were oxidized
using UV /ozone treatment for up to 20 minutes. These CNT arrays have an average
height of 154, 1004, and 600u. Three other sets of as-grown CNT arrays with different
heights were oxidized using oxygen plasma treatment for up to 120 minutes. These
CNT arrays have an average height of 50u, 1504, and 650u. Additionally, three sets
of oxidized CNT arrays with different heights were reduced using vacuum annealing
treatment for up to 36 hours. The oxidized CNT arrays used in vacuum annealing

studies have been previously oxidized using oxygen plasma or UV /ozone treatment
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for five minutes. The detailed methods for UV /ozone and oxygen plasma treatments
can be read in Chapter 2.2.1, and those for vacuum annealing treatment can be read
in Chapter 2.2.2.

The wettability of the oxidized and reduced CNT arrays is quantified by their
static contact angle for water. All static contact angle mare measured using DI
water with contact angle goniometer at room pressure and temperature. The detailed
methods for static contact angle measurements can be read in Chapter 2.3.3. The
degree of oxidation of the oxidized and reduced CNT arrays is quantified by their
oxygen/carbon atomic ratio (O/C ratio). The oxygen and carbon atomic contents
of the CNT arrays are measured using X-ray photoelectron spectroscopy (XPS). The
O/C ratio is then calculated from low resolution XPS survey spectra acquired at a
binding energy of 1-1000eV with a resolution of 1eV. The detailed methods for O/C
ratio measurements can be read in Chapter 2.3.6.

For the first step of analysis, the wettability of the oxidized and reduced CNT
arrays is characterized by plotting their contact angle against the exposure time of
UV /ozone, oxygen plasma, and vacuum annealing treatments. Similarly, the oxygen
content of the CNT arrays is characterized by plotting their O/C ratio of the CNT
arrays against the exposure time of UV /ozone, oxygen plasma, and vacuum annealing
treatments. A direct correlation between the wettability of the CNT arrays and their
oxygen content is then shown by plotting their contact angle against their O/C ratio.

For the second step of analysis, the surface chemistry of the dry oxidized and
vacuum annealed CNT arrays is characterized using FTIR and high resolution XPS.
Both FTIR and high resolution XPS characterizations are performed to highlight the
effect of oxygenated functional groups on the wettability of CNT arrays. The FTIR

! and the high resolution

spectra are obtained at a wavenumber of 600-1900 cm™
XPS spectra are obtained at Cls binding energy of 280-298eV. The detailed methods
for FTIR and XPS characterization can be read in Chapter 2.3.5 and Chapter 2.3.6,
respectively.

For the third step of analysis, the dispersibility of the dry oxidized and vacuum

annealed CN'T arrays are characterized. The dispersion is characterized qualitatively
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and quantitatively by visual observation and zeta potential measurement respectively.
For both characterizations, a small portion of dry oxidized or vacuum annealed CNT
array is scrapped from its growth substrates and dispersed in DI water for one hour
by ultrasonication. A small portion of the dispersion was used for the zeta potential
measurement while the rest were then left untouched for more than two months to
assess their stability.

For the last step of analysis, the electrochemical properties of the dry oxidized and
vacuum annealed CN'T arrays are characterized. These electrochemical properties are
characterized in terms of impedance and its components by means of electrochemical
impedance spectroscopy (EIS) in 1M NaCl. The detailed methods for EIS character-

ization can be read in chapter 2.3.7.

3.3 Results and Discussion

3.3.1 Contact angle vs. exposure time

As expected, the as-grown CNT arrays are found to be highly hydrophobic with
static contact angle of 140-150°. These CNT arrays become less hydrophobic as the
CNT arrays are exposed to UV /ozone treatment. Indeed, after just 15 minutes of
UV /ozone exposure, these CNT arrays have turned hydrophilic, which is indicated
by their static contact angle of less than 90° (Figure 3.2). Their static contact angle
decreases even further as they are exposed to a prolonged UV /ozone treatment. For
example, after being exposed to 60 minutes of UV /ozone treatment, the static contact
angle of 100um and 600um tall as-grown CNT arrays decreases to about 20° and 40°,
respectively.

In general, the static contact angle of the UV /ozone treated CNT arrays decreases
monotonically as the increase of UV /ozone exposure time, and the decrease rate is
dependent on the length of the array. Shorter CNT arrays exhibit a higher static
contact angle decrease rate while longer CN'T arrays exhibit a lower decrase rate.

As-grown CNT arrays with an average height of 15um can be completely turned
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Figure 3.2. Plot of static contact angle of CNT arrays with different lengths as a
function of UV /ozone exposure time.

superhydrophilic by just 30 minutes of UV /ozone treatment. On the other hand, 30
minutes of UV /ozone treatment only decrease the static contact angle to about 40°
and 70° for 100pum and 600um tall as-grown CNT arrays, respectively. In fact, it
takes more than 120 minutes to turn CNT arrays with an average height of 600um
superhydrophilic. Note that a superhydrophilic surface is defined as a surface with a
static contact angle for water of less than 5°.

Similar behavior is also observed when the CNT arrays are exposed to oxygen
plasma treatment. These CNT arrays become less hydrophobic as the CNT arrays
are exposed to oxygen plasma treatment. The static contact angle of the oxygen
plasma treated CNT arrays also decreases monotonically as the increase of oxygen
plasma exposure time, and the decrease rate is also influenced by the length of the
array (Figure 3.3). Shorter CNT arrays exhibit a higher decrease rate of static contact
angle while longer CNT arrays exhibit a lower decrase rate. For example, after being
exposed to 10 minutes of UV /ozone treatment, the static contact angle of 150um tall
as-grown CNT arrays decreases by almost 150°. On the other hand, for the same

exposure time, the static contact angle of 650um tall as-grown CNT arrays only
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Figure 3.3. Plot of static contact angle of the CNT arrays with different lengths as a
function of oxygen plasma exposure time.

decreases by 90°.

Compared to that of UV /ozone treated CNT arrays, the static contact angle of
the oxygen plasma treated CN'T arrays decreases at a much higher rate. The relation
between static contact angle and the exposure time of oxygen plasma treatment is also
more linear than that of UV /ozone treatment. This implies that the oxygen plasma
treatment is more potent in rendering the CNT array hydrophilic than the UV /ozone
treatment. As a result, as-grown CNT arrays with an average height of 50pum can be
turned completely superhydrophilic in just less than five minutes of oxygen plasma
treatment. It takes about 10 minutes and 20 minutes of oxygen plasma treatment
to create superhydrophilic CNT arrays from 150pum and 650um tall as-grown CNT
arrays, respectively.

An opposite behavior is observed when the CNT arrays are exposed to vacuum
annealing treatment. The CNT arrays become increasingly hydrophobic as they are
exposed to vacuum annealing treatment. After being exposed to a prolonged duration
of vacuum annealing treatment, the static contact angle of the CN'T arrays may reach

as high as 170°. Such a high static contact angle can be reached by all types of
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Figure 3.4. Plot of static contact angle of the CN'T arrays with different lengths as a
function of vacuum annealing exposure time.

CNT arrays, regardless of their height and initial static contact angle. Such behavior
confirms the effectiveness of vacuum annealing treatment in rendering the CNT arrays
superhydrophobic (Figure 3.4). Note that a superhydrophobic surface is defined as a
surface with a static contact angle for water of more than 150°.

In general, the static contact angle of the vacuum annealed CN'T arrays increases
monotonically as the increase of vacuum annealing exposure time, and the increase
rate is dependent on the length of the array. Shorter CNT arrays exhibit a higher
static contact angle increase rate, while longer CNT arrays exhibit a lower increase
rate. CNT arrays with an average height of 15um and previously exposed to five
minutes UV /ozone treatment can be completely turned superhydrophobic, by just
six hours of vacuum annealing treatment. On the other hand, CNT arrays with
an average height of 650um and previously exposed to five minutes oxygen plasma
treatment can only be turned superhydophobic after 24 hours of vacuum annealing
treatment.

Notice that the static contact angle of CN'T arrays does not go higher than 170°,

even after a prolonged exposure to vacuum annealing treatment. For example, an
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Figure 3.5. Changes in static contact angle of CNT arrays that undergo UV /ozone
and vacuum annealing cycles.

extra 30 hours of vacuum annealing treatment does not make the static contact
angle of 15um tall CNT array higher than 170°. Such behavior may indicate the
limitation of nanoscale roughness in minimizing the contact point between water and
the bulk surface of CNT arrays. Thus, a perfect static contact angle of 180° may
only be exhibited by a surface that has hierarchical two-length-scale roughness. This
behavior may also be caused by an incomplete removal of the absorbed oxygen by
the vacuum annealing treatment. Hence, it is imperative to quantify the amount of
oxygen that is adsorbed and desorbed by CNT arrays during the dry oxidation and
vacuum annealing treatments, and correlate it with their wettability.

To demonstrate that the CNT arrays can be switched between hydrophobic and
hydrophilic by a combination of UV /ozone and vacuum annealing treatments, sev-
eral as-grown CNT arrays with an average length of about 120 um are exposed to
a few cycles of UV /ozone and vacuum annealing treatments. Here, the oxidation
and reduction processes are performed by exposing these CNT arrays to UV /ozone

treatment for 60 minutes and vacuum annealing treatment for 24 hours, respectively.
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Figure 3.6. Changes in static contact angle of CNT arrays that undergo oxygen
plasma and vacuum annealing cycles.

In principle, these CNT arrays should become more hydrophilic after each UV /ozone
treatment and more hydrophobic after each vacuum annealing treatment. Indeed,
as the CNT arrays undergo cycles of UV /ozone and vacuum annealing, their wet-
tability changes according to these cycles (Figure 3.5). The static contact angle of
these CNT arrays decreases from about 138° to about 6° after the first UV /ozone
treatment. Their static contact angle increases back to 170° after the first vacuum
annealing treatment. As expected, their static contact angle decreases again to about
4° after the second UV /ozone treatment and increases back to 167° after the second
vacuum annealing treatment.

Similar behavior is also observed when several as-grown CNT arrays with an aver-
age length of about 340 pum are exposed to a few cycles of oxygen plasma and vacuum
annealing treatments. Here, the oxidation and reduction processes are performed by
exposing these CN'T arrays to oxygen plasma treatment for 15 minutes and vacuum
annealing treatment for 24 hours, respectively. In principle, these CNT arrays should

become more hydrophilic after each oxygen plasma treatment and more hydrophobic
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after each vacuum annealing treatment. Indeed, as the CNT arrays undergo cycles
of oxygen plasma and vacuum annealing, their wettability changes according to these
cycles (Figure 3.6). The static contact angle of these CNT arrays decreases from
about 142° to about 4° after the first oxygen plasma treatment. Their static contact
angle increases back to 172° after the first vacuum annealing treatment. Again, their
static contact angle decreases to about 3° after the second oxygen plasma treatment
and increases back to 167° after the second vacuum annealing treatment.

The cyclic change in wettability, demonstrated by the cyclic change in static con-
tact angle, proves that the wettability of CNT arrays can, indeed, be controlled by
a combination of UV /ozone and vacuum annealing treatments or oxygen plasma and
vacuum annealing treatments. This cyclic behavior also shows that CNT arrays can,
indeed, be switched between superhydrophobic and superhydrophilic repeatedly, as
long as their bulk structures are well preserved. The oxidation and reduction process,
using a combination of UV /ozone and vacuum annealing treatments or oxygen plasma
and vacuum annealing treatments, seems to be fully reversible for more than several
cycles. To elucidate the underlying mechanism that controls the wettability of CNT
arrays, it is imperative to quantify the amount of oxygen adsorbed and desorbed by

CNT arrays during these oxidation and reduction cycles.

3.3.2 Oxygen content vs. exposure time

Since it is hypothesized that the adsorption of oxygen dictates the wettability of
CNT arrays, it is imperative to quantify the amount of oxygen involved during the
dry oxidation and vacuum annealing treatments. Here, the relative concentration of
oxygen adsorbates on CNT arrays is represented by their oxygen to carbon atomic
ratio (O/C ratio). O/C ratio is a common figure of merit to quickly assess the
degree of oxidation of the CNT arrays (Hesse et al., 2005; Peng and Liu, 2006).
Therefore, lightly oxidized CNT arrays are expected to have lower O/C ratios and
heavily oxidized CNT arrays are expected to have higher O/C ratios. As mentioned
earlier, the O/C ratio is calculated from the intensity ratio of O 1s and C 1s peaks
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Figure 3.7. XPS survey spectra of as-grown CNT arrays (a), superhydrophilic CNT
arrays (b), and superhydrophobic CNT arrays (c).

obtained by low resolution XPS survey scan (Figure 3.7).

As expected, the oxygen content of UV /ozone treated CNT arrays increases mono-
tonically as the increase of exposure time. Indeed, after just 15 minutes of UV /ozone
exposure, the O/C ratio of as-grown CNT arrays increases from about 8% to more
than 11% (Figure 3.8). Their O/C ratio decreases even further as they are exposed to
a prolonged UV /ozone treatment. For example, after being exposed to 60 minutes of
UV /ozone treatment, the O/C ratio of 15um and 100um tall as-grown CNT arrays
increases to about 18% and 16%, respectively.

In general, the rate of increase in O/C ratio of the UV /ozone treated CNT arrays
is influenced by the length of the array. Shorter CNT arrays exhibit a higher O/C
ratio increase rate, while longer CNT arrays exhibit a lower increase rate. The O/C
ratio of as-grown CNT arrays with an average height of 15um can be doubled from
about 8% to about 18% in just 30 minutes of UV /ozone treatment. On the other
hand, 30 minutes of UV /ozone treatment only increase the O/C ratio of 100um and
600pum tall as-grown CNT arrays to about 15% and 11%, respectively. In fact, it
takes more than 120 minutes for the CNT arrays with an average height of 600um to
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Figure 3.8. Plot of Oxygen/Carbon atomic ratio of the CNT arrays with different
lengths as a function of UV /ozone exposure time.

reach an O/C ratio of 17%.

Similar behavior is also observed when the CNT arrays are exposed to oxygen
plasma treatment. The O/C ratio of these CNT arrays also increases monotonically
as the increase of oxygen plasma exposure time, and the increase rate is also influenced
by the length of the array (Figure 3.9). Shorter CNT arrays exhibit a higher O/C ratio
increase rate, while longer CNT arrays exhibit a lower increase rate. For example,
after being exposed to five minutes of oxygen plasma treatment, the O/C ratio of
150um tall as-grown CNT arrays doubled from about 8% to about 17%. On the
other hand, for the same exposure time, the O/C ratio of 650um tall as-grown CNT
arrays only increases by 2%.

Compared to that of UV /ozone treated CNT arrays, the O/C ratio of the oxygen
plasma treated CNT arrays increases at a much higher rate. The relation between
O/C ratio and the exposure time of oxygen plasma treatment is also different than
that of UV /ozone treatment. For the UV /ozone treatment, the rate of increase of
O/C ratio is similar to a logarithmic increase with a plateau around 20%. On the

other hand, the O/C ratio increases exponentially with the increase of exposure time
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Figure 3.9. Plot of Oxygen/Carbon atomic ratio of the CNT arrays with different
lengths as a function of oxygen plasma exposure time.

of oxygen plasma treatment. This implies that the oxygen plasma treatment is a
more potent oxidizing method than the UV /ozone treatment. As a result, the O/C
ratio of as-grown CNT arrays with an average height of 650um can can reach 23% in
just under 20 minutes of oxygen plasma treatment. In contrast, it takes more than
120 minutes of UV /ozone treatment for as-grown CNT arrays with an average height
of 100um to reach an O/C ratio of 19%.

An opposite behavior is observed when the CNT arrays are exposed to vacuum
annealing treatment. In general, the O/C ratio of the vacuum annealed CNT arrays
decreases monotonically as the increase of vacuum annealing exposure time, and
the decrease rate is dependent on the length of the array (Figure 3.10). Shorter
CNT arrays exhibit a faster decrease of O/C ratio than the longer CNT arrays. For
example, the O/C ratio of 15um long CNT arrays can be decreased from about 11% to
about 5% in just 12 hours. In contrast, the O/C ratio of 650um long CNT arrays can
only be decreased from about 10% to about 6% after 24 hours of vacuum annealing
treatment.

Although vacuum annealing treatment is very effective in removing adsorbed oxy-
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Figure 3.10. Plot of Oxygen/Carbon atomic ratio of the CNT arrays with different
lengths as a function of vacuum annealing exposure time.

gen from CNT arrays, it does have a limitation: there exist some forms of adsorbed
oxygen that cannot be completely removed by vacuum annealing treatment. These
forms of adsorbed oxygen may only be completely removed by vacuum annealing at
higher temperature or using chemical reduction technique. Such limitation is high-
lighted by the fact that the O/C ratio of the vacuum annealed CNT arrays does
not go lower than 3%. Even after being exposed to a prolonged duration of vacuum
annealing treatment, the O/C ratio of the CNT arrays seems to reach a plateau at
around 3%.

As mentioned earlier, the static contact angle for short CNT arrays decreases at
a faster rate than the long ones, as they are exposed to either UV /ozone or oxygen
plasma treatment and the static contact angle for short CNT arrays increases at a
faster rate than the long ones as they are exposed to vacuum annealing treatment.
Such difference in rate of change of wettability can be correlated to the difference in
rate of change of O/C ratio between short and tall CNT arrays. Indeed, a higher
rate of increase and decrease of O/C ratio observed on the short CNT arrays, as

they are exposed to dry oxidation and reduction treatments, respectively, leads to a
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Figure 3.11. Changes in oxygen/carbon atomic ratio of CNT arrays that undergo
UV /ozone and vacuum annealing cycles.

higher rate of decrease and increase of their static contact angle. Similarly, a slower
change in O/C ratio observed on the long CNT arrays yields a lower rate of change
of their static contact angle. This behavior highlights two important aspects of dry
oxidation and reduction processes employed to alter the wettability of CNT arrays:
the wettability of CNT arrays is not a simple two-dimensional surface phenomenon
due to the porous nature of CNT arrays, and the oxidation and reduction processes
occurs comformally along the major axis of the CNT.

One may expect that the wettability of CN'T arrays is a simple two-dimensional
surface phenomenon, similar to that observed on other common materials. The wet-
tability on these common materials is dictated only by the characteristic of their
topmost surfaces. Since the only part that is oxidized or reduced during the dry
oxidation or reduction treatment is their topmost surfaces, not their bulk structures,
the change of wettability of these common materials is not length dependent. On
the other hand, the wettability of CNT arrays is dictated by the characteristic of

each individual CNT that constitutes their bulk structures. Because of the porous
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nature of the bulk structure of CNT arrays, the oxidation and reduction processes
occur uniformly in the lateral and axial directions. Since the characteristic of the
mid-section and bottom part the CNT arrays is similar to that of their topmost part,
the wettability of CNT arrays is determined by the characteristic of their entire bulk
structures. As a result, the change of wettability of CNT arrays induced by dry
oxidation and reduction is length dependent.

As CNT arrays undergo dry oxidation treatment, their entire structures are ox-
idized at a similar rate along the lateral and axial directions. Thus, the amount of
oxygen adsorbed at the tip of CNT arrays is identical to that adsorbed at the mid-
section and bottom of the arrays. As reflected from their O/C ratio, for the same
period of UV /ozone or oxygen plasma exposure time, the spatial concentration of
adsorbed oxygen on the short CNT arrays is different than that on the long CNT
arrays. For the same oxidation dosage, shorter CNT arrays have a higher spatial
concentration of adsorbed oxygen than the longer ones. Similarly, when CNT arrays
undergo vacuum annealing treatment, their entire structures are reduced at a similar
rate along the lateral and axial directions. Thus, the amount of oxygen removed from
the tip of CNT arrays is identical to that removed from the mid-section and bottom
of the arrays. Therefore, for the same period of vacuum annealing exposure time,
shorter CNT arrays lose more adsorbed oxygen than the longer ones, as reflected
from their O/C ratio.

By a combination of UV /ozone and vacuum annealing treatments, the wettability
of CNT arrays can be switched repeteadly between hydrophobic and hydrophilic
(Figure 3.5). In principle, the O/C ratio of these CNT arrays is higher after each
UV /ozone treatment, and lower after each vacuum annealing treatment. Indeed, as
the CNT arrays undergo cycles of UV /ozone and vacuum annealing, their O/C ratio
changes according to these cycles (Figure 3.11). The O/C ratio of these CNT arrays
increases from about 7% for the as-grown CNT arrays, to about 17% after the first
UV /ozone treatment. Their O/C ratio decreases back to 6% after the first vacuum
annealing treatment. As expected, their O/C ratio increases again to about 17% after

the second UV /ozone treatment, and decreases back to 7% after the second vacuum
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Figure 3.12. Changes in oxygen/carbon atomic ratio of CNT arrays that undergo O2
plasma and vacuum annealing cycles.

annealing treatment.

Similar behavior is also observed when several as-grown CNT arrays are exposed
to a few cycles of oxygen plasma and vacuum annealing treatments. As mentioned
earlier, the CNT arrays can also be switched between hydrophobic and hydrophilic
by a combination of oxygen plasma and vacuum annealing treatments (Figure 3.6).
Just as when they are exposed to cycles of UV /ozone and vacuum annealing treat-
ments, the O/C ratio of these CNT arrays should be higher after each oxygen plasma
treatment and lower after each vacuum annealing treatment. Indeed, as the CNT ar-
rays undergo cycles of oxygen plasma and vacuum annealing, their O/C ratio changes
according to these cycles (Figure 3.12). The O/C ratio of these CNT arrays increases
from about 8% for the as-grown CNT arrays to about 17% after the first oxygen
plasma treatment. Their O/C ratio decreases back to about 7% after the first vac-
uum annealing treatment. Again, their O/C ratio increases to about 18% after the
second oxygen plasma treatment and decreases back to 7% after the second vacuum

annealing treatment.
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Figure 3.13. Plot of static contact angle of the CN'T arrays with different lengths and
treatments as a function of their Oxygen/Carbon atomic ratio.

The cyclic evolution of O/C ratio proves that the effect of oxidation induced
by UV /ozone and oxygen plasma treatments can be reversed by vacuum annealing
treatment. Although these oxidation processes may not be completely reversible, it
can be used to safely control the wettability of CNT arrays for more than several
cycles. It has to be noted that the cyclic evolution of O/C ratio of CNT arrays
perfectly with the cyclic changes in static contact angle, regardless of the oxidation
methods used. As CNT arrays undergo the oxidation process, either by exposure
to UV /ozone or oxygen plasma treatment, their static contact angle decreases and
at the same time their O/C ratio increases. Similarly, as CNT arrays undergo a
reduction process by exposure to vacuum annealing treatment, their static contact
angle increases and, at the same time, their O/C ratio decreases. This suggests the
presence of a linear negative correlation between static contact angle of CNT arrays
and their O/C ratio. This correlation may be completely independent to the oxidation

methods used.
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Figure 3.14. Reversible vs. irreversible oxidation.

3.3.3 Contact angle vs oxygen content

A direct correlation between the oxygen content of CNT arrays and their wettability
can be easily obtained by plotting their static contact angle against their O/C ratio.
Although it is expected that this plot is independent of types of oxidation methods and
exposure time, it is not expected to be independent of CN'T arrays length. Therefore,
it is, indeed, fascinating to observe the collapse of the entire evolution of CN'T array
wettability into one pattern (Figure 3.13). This plot clearly shows that the static
contact angle of CNT arrays decreases linearly from about 170° to 0° as the O/C
ratio increases from 6% to 18%. Since the static contact angle reaches an upper limit
of 170° at an O/C ratio of 6%, the static contact angle remains the same, even if the
O/C ratio is decreased to 3%. Similarly, the static contact angle reaches a lower limit
of 0° at an O/C ratio of 18%. Obviously, any attempt to further increase the O/C
ratio does not result in a decrease of static contact angle.

As the CNT arrays undergo dry oxidation treatment, their O/C ratio increases,
while at the same time their static contact angle increases. As the CNT arrays

undergo vacuum annealing treatment, their O/C ratio decreases while their static
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contact angle increases following the exact same slope. This behavior confirms the
effect of oxygen adsorbates on the wettability of CN'T arrays, where a higher concen-
tration of oxygen adsorbates leads to a better wettability, and a lower concentration
of oxygen adsorbates leads to a lower wettability. It also implies that the dry oxida-
tion and vacuum annealing treatments are highly reversible as long as the O/C ratio
is kept under 18%. In this regime, CNT arrays can be reversibly switched between
hydrophilic and hydrophobic multiple times without the risk of inducing excessive
damage to the graphitic structure of the CNT.

Although the whole oxygen adsorption and desorption cycles in the regime of O/C
ratio lower than 18% seem to be completely reversible, it is worth noting that there
exists a possibility that a very small amount of carbon atoms is actually etched from
the CNT in the form of CO and CO2 molecules during the desorption process. Hence,
the atomic-scale structure of the CN'T array is slightly altered each time dry oxida-
tion and vacuum annealing treatments are performed. Nevertheless, the CNT array
can still be repeatedly switched between hydrophilic and hydrophobic for numerous
numbers of cycles as long as the overall graphitic structure of the CNT arrays is still
intact. However, in the regime of O/C ratios higher than 18%, the oxidation process
is no longer reversible (Figure 3.14). For instance, excessively oxidized CNT arrays
that have an average O/C ratio of 30% can no longer be turned hydrophobic by vac-
uum annealing. After vacuum annealing, their O/C ratio decreases to about 23% and
their static contact angle does not increase higher than 25°. This irreversible behavior
is caused by the destruction of the graphitic structure of the CNT arrays. The effect

of oxidation in the irreversible regime will be discussed in detail in Chapter 4.

3.3.4 FTIR and XPS analysis

Fourier transform infrared (FTIR) spectrometry analysis was performed to evaluate
the effect of dry oxidation and vacuum annealing treatments to the surface chemistry
of the CNT arrays. Three absorbance peaks at 810—1320cm ™1, 1340 —1600cm !, and
1650—1740cm ™! can be observed in almost all samples (Figure 3.15). The origin of the
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Figure 3.15. FTIR spectra of as-grown CNT arrays (a), superhydrophilic CNT arrays
(b), and superhydrophobic CNT arrays (c).

15 still unknown at the moment; hence, it is unassigned at this time.

peak at 718cm™
The peaks at 970, 1028, 1154 and 1201cm~! correspond to C-O stretching modes
(Kuznetsova et al., 2000), and the broad shoulder band at 810 — 1320cm ™! suggests
the existence of C-O-C bonds from ester and epoxide functional group (Mawhinney
et al., 2000; Sham and Kim, 2006; Socrates, 2001; Kim et al., 2005). The peaks at
1378, 1462, 1541 and 1574cm ™! indicate the presence of C=C stretching vibration
modes of the CNT walls (Mawhinney et al., 2000; Sham and Kim, 2006; Kuznetsova
et al., 2000; Socrates, 2001). The narrow band at a peak of 1703cm ™! corresponds to
C=0 stretching modes of either quinone, carbonyl, or carboxyl groups (Mawhinney
et al., 2000; Sham and Kim, 2006; Kuznetsova et al., 2000; Kim et al., 2005).
Qualitatively, all peaks associated to C-O and C=O0 stretching modes are found
to be increasing as the CNT arrays undergo UV /ozone or oxygen plasma treatment.
These peaks are found to be very strong in the superhydrophilic CNT arrays, sug-
gesting that oxygen is indeed mainly in the form of C-O and C=O bonds. This

finding also implies that the wettability of CNT arrays is indeed dictated by the sur-
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Figure 3.16. Plot of static contact angle of the CNT arrays as a function of their C-O
integrated absorbance.

face concentration of C-O and C=0 bonds. The intensity of these peaks starts to
decrease once the CN'T arrays are exposed to vacuum annealing treatment. All peaks
corresponding to C-O and C=O0 stretching modes are found to be very weak in the
superhydrophobic CNT arrays, inferring that vacuum annealing treatment is capable
of removing the majority of the adsorbed oxygen from the CNT arrays.

Since the CN'T arrays wettability is dictated by the surface concentration of C-O
and C=0 bonds, it is imperative to directly correlate the surface concentration of
these bonds to the CNT arrays wettability. Such correlation is obtained by plotting
the static contact angle of CNT arrays against the integrated absorbance of C-O and
C=0 stretching modes. As expected, this plot shows a very strong negative correla-
tion between the integrated absorbance of both C-O and C=0 stretching modes, and
the static contact angle of CN'T arrays, where the static contact angle decreases lin-
early as the increase of integrated absorbance. The static contact angle of the CNT
arrays decreases from 170° to 0° as their integrated absorbance of C-O stretching
mode increases from 0Acm ™ to 11Acm ™" (Figure 3.16). Similarly, the static contact

angle of the CNT arrays decreases from 170° to 0° as their integrated absorbance of
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Figure 3.17. Plot of static contact angle of the CNT arrays as a function of their
C=0 integrated absorbance.

C=0 stretching mode increases from 0Acm ™" to 0.4Acm ™" (Figure 3.17). Obviously,
CNT arrays with higher surface concentration of C-O and C=0 bonds are more hy-
drophilic, and CNT arrays with a lower concentration of C-O and C=0 bonds are
more hydrophobic. It is important to note that superhydrophobic CNT arrays have
a minute, but nonzero concentration of C-O and C=0 bonds.

XPS analysis was conducted to further verify this finding. Deconvolution of the
C 1s XPS spectra of CNT arrays shows seven distinct peaks associated with C-C
sp2 (284.5 £ 0.1 eV, FWHM 0.9 eV), C-C sp3 (285.5 £ 0.1eV, FWHM 1.3eV), C-
O (286.5 £ 0.1eV, FWHM 1.4eV), C=0 (287.4 £+ 0.2¢V, FWHM 1.4eV), O-C=0
(289.1 £ 0.4 eV, FWHM 1.7eV), O-C(0O)=0 (290.3 + 0.4 eV, FWHM 1.7 V), and
m— 7" (292.1 £ 0.4 eV, FWHM 1.6 eV) peaks (Peng and Liu, 2006; Naseh et al.,
2010; Yang et al., 2009; Aria and Gharib, 2011). The C-C sp2 peak is the signature
of the graphitic structure of CNT, and C-C sp3 peak is typically associated with the
presence of defects and functional groups. The C-O peak is typically associated with
the presence of hydroxyl and epoxide groups on the CNT outer wall, and cyclic ether
at the edges of CNT defect sites (Hossain et al., 2012; Acik et al., 2011, 2010). The
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Figure 3.18. High resolution C 1s XPS spectra of superhydrophobic (a) and highly
hydrophobic (b) CNT arrays. Deconvolution of the C 1s XPS spectra of CNT arrays
shows seven distinct peaks associated with C-C sp2 (284.5+0.1 eV, FWHM 0.9 eV),
C-C sp3 (285.5+0.1eV, FWHM 1.3 eV), C-O (286.6 £ 0.1eV, FWHM 1.4 eV), C=0

(287.440.2¢V, FWHM 1.4 eV), O-C=0 (289.140.4 eV, FWHM 1.7 eV), 0-C(0)=0
(290.3 + 0.4 eV, FWHM 1.7 V), and 7 — 7* (292.1 +0.4 eV, FWHM 1.6 eV) peaks.
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C=0 peak indicates the presence of quinone and carbonyl groups at the edges of
CNT defect sites (Acik et al., 2011). The O-C=0 and O-C(0O)-O peaks indicate the
presence of carboxyl and carbonate terminating groups, respectively. The m—7* peak
is associated with the graphite stacking between layers of the CNT wall and between
neighboring CNT.

The C 1s XPS spectra of the as-grown CNT arrays exhibit an extremely strong
C-C sp2 peak and a mild C-C sp3 peak. In addition, peaks associated with C-
O, C=0, O0-C=0, 0O-C(0)-O groups are considerably weak (Figure 3.18.b). The
implication of the presence of a mild C-C sp3 peak and weak oxygenated group peaks
are twofold: a small amount of oxygen is adsorbed by CNT during the growth period
and the resulting CNT is not defect-free. Unlike hydroxyl and epoxide groups that
are most likely to form out-of-plane on the CNT outer wall due to their lowest energy
configuration (Leconte et al., 2010; Nourbakhsh et al., 2010; Vinogradov et al., 2011;
Samarakoon and Wang, 2011), cyclic ether and carbonyl group is more likely to form
in-plane at the edges of CNT defect sites (Acik et al., 2011). In addition, carboxyl
and carbonate terminating groups are also more likely to form in-plane at the edges
of CNT defect sites.

Although epoxide, carbonyl, and carboxyl groups are relatively stable at room
temperature and pressure, they can be, in principle, removed at an elevated tem-
perature (Leconte et al., 2010; Vinogradov et al., 2011; Acik et al., 2011). Thermal
reduction treatment, i.e. vacuum annealing, has been demonstrated to be an effec-
tive means of removing the majority of the adsorbed oxygen from the basal plane
of graphitic structures (Vinogradov et al., 2011; Hossain et al., 2012). A moderate
temperature of 250°C is known to be adequate in initiating the removal of adsorbed
hydroxyl, epoxide, carbonyl, and carboxyl groups (Acik et al., 2010). Similar to
those of as-grown CNT arrays, the C 1s XPS spectra of superhydrophobic CNT ar-
rays show an extremely strong C-C sp2 peak. However, a decrease in intensity of
almost all oxygenated group peaks, as well as the C-C sp3 bonds, is observable (Fig-
ure 3.18.a). This confirms the removal of the majority of the adsorbed oxygen from

the CNT arrays by vacuum annealing treatment. Although these oxygenated groups
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Figure 3.19. High resolution C 1s XPS spectra of mildly hydrophilic (a) and highly
hydrophilic (b) CNT arrays. Deconvolution of the C 1s XPS spectra of CNT arrays
shows seven distinct peaks associated with C-C sp2 (284.5+0.1 eV, FWHM 0.9 eV),
C-C sp3 (285.5+0.1eV, FWHM 1.3 eV), C-O (286.6 £ 0.1eV, FWHM 1.4 eV), C=0

(287.440.2¢V, FWHM 1.4 eV), O-C=0 (289.140.4 eV, FWHM 1.7 eV), 0-C(0)=0
(290.3 + 0.4 eV, FWHM 1.7 V), and 7 — 7* (292.1 +0.4 eV, FWHM 1.6 eV) peaks.
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are not removed completely by vacuum annealing treatment, their surface concentra-
tion is found to be extremely low. This finding does agree with the FTIR analysis,
which shows that CNT arrays can be rendered superhydrophobic even though there
are still some traces of C-O and C=0 bonds on the CNT arrays. One may expect
that the pristine CNT arrays that are free from these oxygenated groups will exhibit
a perfect superhydrophobic behavior with contact angle of 180°.

It has to be noted that the intensity of the C=0 peak associated with carbonyl
or quinone groups remains constant, even after a prolonged exposure to vacuum
annealing treatment. This suggests that new carbonyl groups are formed during
the vacuum annealing treatment, offsetting the decomposition of carbonyl groups
on vacuum annealed CNT array (Acik et al., 2011). Simultaneous desorption of
adjacent hydroxyl groups are often followed by the formation of water molecules and
in-plane ether groups or out-of-plane carbonyl groups (Acik et al., 2011; Bagri et al.,
2010). Further, at an elevated temperature, the transformation of carboxyl groups to
carbonyl groups is highly favorable due to the more stable configuration of carbonyl
groups (Acik et al., 2011; Bagri et al., 2010).

As the CNT arrays undergo UV /ozone or oxygen plasma treatment, all peaks
associated with oxygenated groups become more pronounced. Notice that after mild
exposure of dry oxidation treatment the intensity of C-O and O-C=0 peaks is higher
than that of the C=0 peak (Figure 3.19.a). A stronger C-O peak suggests that the
concentration of hydroxyl and epoxide groups on the outer wall of dry oxidized CNT
is significantly higher than that on as-grown CNT. A more pronounced O-C=0 peak
suggests that both UV /ozone and oxygen plasma treatments induce the formation of
carboxyl terminating groups at the edges of CNT defect sites. These carboxyl groups
are often stabilized by electrostatic repulsive forces among themselves (Acik et al.,
2011). An epoxide group can be formed when an atomic oxygen radical produced by
plasma or ozone is bonded above the middle of a C-C bond (Samarakoon and Wang,
2011). It can also be formed when ozone is adsorbed as ozonide that subsequently
lost its molecular oxygen (Suggs et al., 2011). The presence of hydroxyl and carboxyl
groups on dry oxidized CNT suggests that substantial amounts of reactive hydroxyl
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radicals are generated by the UV /ozone and oxygen plasma treatments. These hy-
droxyl radicals may be generated from moisture in the ambient air or physisorbed
water molecules. Reaction between these water molecules and atomic oxygen radicals
produced by plasma or ozone gives rise to peroxides, which, upon homolysis, yields
free hydroxyl radicals (Gunes et al., 2011; Acik et al., 2011). In contrast, the presence
of hydroxyl and carboxyl groups can be excluded when an oxidation process using
hot atomic oxygen at an ultra-high-vacuum is used (Vinogradov et al., 2011).

However, at a longer exposure time, the intensity of the C=0 peak increases
at a much faster rate than that of C-O and O-C=0 peaks (Figure 3.19.b). The
apparent increase of intensity of the C=0 peak can be associated with an increase of
concentration in carbonyl groups on the CNT outer wall, or at edges of CNT defect
sites. There is a possibility that some of the epoxide groups are converted to carbonyl
during a prolonged exposure of UV /ozone and oxygen plasma treatments. It has been
known that epoxide groups have the tendency to create pair structures which readily
form two neighboring carbonyl groups in a quinone-like configuration (Samarakoon
and Wang, 2011; Acik et al., 2011). In addition, formation of a carbonyl group is
often caused by a hydrogen atom migration induced by a weak hydrogen bond between
two adjacent hydroxyl groups (Acik et al., 2011). Since carbonyl groups arranged in
pairs are relatively stable, further reaction with atomic oxygen or hydroxyl radical
is quite unlikely. Therefore, a rapid reaction between paired carbonyl groups and
hydroxyl radicals may not occur during the prolonged exposure of UV /ozone and

oxygen plasma treatments (Acik et al., 2011).

3.3.5 Micro- and nano-scale surface roughness

As explained by the XPS analysis above, the molecular structure of CNT arrays under-
goes a transformation during the dry oxidation and reduction treatments. However,
such transformation is not obvious in the larger length scale. There is no apparent
change in the micro-and nano-scale surface roughness of CNT arrays, even after they

are exposed to dry oxidation and reduction cycles. The nanoscale surface roughness
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Figure 3.20. High magnification SEM images of CNT arrays after vacuum annealing
treatment (a), and oxygen plasma treatment (b). Both CNT arrays exhibit similar
nanoscale surface roughness and morphology with no apparent effect of oxidation and
reduction.



66
after vacuum annealing treatment (Figure 3.20.a) is basically similar to that after dry
oxidation process either by UV /ozone or oxygen plasma treatment (Figure 3.20.b).
Similarly, the microscale surface roughness after vacuum annealing treatment (Fig-
ure 3.21.a) is basically similar to that after dry oxidation process either by UV /ozone
or oxygen plasma treatment (Figure 3.21.b).

In contrast, previously reported studies show that dry oxidation processes have a
tendency to alter the surface roughness of CNT arrays (Liu et al., 2004; Hou et al.,
2008). Changes in surface roughness and morphology of CNT arrays are commonly
induced by a long exposure of plasma treatment using oxygen or other gasses. This
transformation can actually be seen in the oxidized CNT arrays with O/C ratios
higher than 18%. In the regime of O/C ratios lower than 18%, such large scale
transformation does not occur. Structural transformation of CNT arrays in the regime

of O/C ratios higher than 18% can be read in Chapter 4.

3.3.6 Water immersion and droplet impact behavior on CNT

arrays with different wettability

As mentioned earlier, CNT arrays can be turned superhydrophobic by exposing them
to vacuum annealing treatments. Not only do these CNT arrays exhibit a very high
static contact angle, their capability of repelling water is unparalleled. Such capabil-
ity can be seen clearly when these CNT arrays are submerged in water. In a shallow
pool of water, the water-free surface is deformed near the surface such that walls of
water are formed around it, leaving the surface dry. This phenomenon indicates that
water is being repelled strongly by the bulk surface of superhydrophobic CNT arrays
(Figure 3.22). In a deep pool of water, it exhibits a silvery mirror-like surface, indi-
cating the presence of liquid-vapor-solid interface between water and the bulk surface
of superhydrophobic CNT arrays (Figure 3.23). Interestingly, this liquid-vapor-solid
interface only exists between water and the bulk surface of superhydrophobic CNT ar-
rays, and does not exist between water and the bulk surface of hydrophobic as-grown

CNT arrays. Instead of silvery mirror-like color, the as-grown CNT arrays, which
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Figure 3.21. Low magnification SEM images of CN'T arrays after vacuum annealing
treatment (a) and oxygen plasma treatment (b). Both CNT arrays exhibit similar
microscale surface roughness and morphology, with no apparent effect of oxidation
and reduction.
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Figure 3.22. (a) Top view, tilted view, and side view of an as-grown CNT array
(denoted by §) and a superhydrophobic CNT array (denoted by 1). (b) Schematic of
(a) that highlights the deformation of water free surface (indicated by an arrow) near
the surface of superhydrophobic carbon nanotube array.
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Figure 3.23. (a) Tilted view of an as-grown CNT array (denoted by §) and a su-
perhydrophobic CNT array (denoted by f). (b) Schematic of (a) that highlights the
presence of a film of trapped air at the interface between water and the surface of
superhydrophobic carbon nanotube array.

hydrophobicity is slightly less than that of superhydrophobic CNT arrays, show their
original black color.

According to Luo et al. (2010) and McHale et al. (2010), a bright region on the
surface of CNT arrays corresponds to a strong light reflection, due to the presence of a
thin air cushion trapped between water and the surface. Judging from the size of the
reflective area, it can be confirmed that the entire surface of the arrays is covered by a
continuous layer of air. This trapped air cushion keeps the entire surface completely
dry and prevents a direct contact between water and the surface to be made anywhere
on the surface. Indeed, this air film is the signature interface of an ideal Cassie state
superhydrophobic surface.

It is widely known that superhydrophobicity of a surface can be explained by
Cassie state, Wenzel state, or a transition between these two states (Lafuma and
Quere, 2003; Wang and Jiang, 2007). For both states, the static contact angle for
water is very high, typically higher than 150° (Wang and Jiang, 2007; Bhushan et al.,

2009). In the case of a Cassie state, there exists a liquid-vapor-solid interface between



Figure 3.24. (a) Time-lapse images of the water droplet impacting the surface of as
grown CNT arrays. Scale bar indicates 5 mm.

water and the surface, such that only a tiny fraction of water is in a direct contact
with the surface asperities. Because of such interface, the adhesion between water
and the surface is negligible. Hence, both contact angle hysteresis and roll-off angles
for water are very low, typically lower than 10°. In the case of a Wenzel state, the
interface between water and the surface is dominated by a liquid-solid interface, such
that water is always in intimate contact with the surface asperities. This results in a
high adhesion between water and the surface such that both contact angle hysteresis
and roll-off angles for water are high.

To demonstrate that the dry oxidized and vacuum annealed treated CNT arrays
are, indeed, hydrophilic and hydrophobic respectively, the dynamic effect of a free-
falling water droplet on the surface of these CN'T arrays was qualitatively compared.
As a free-falling water droplet hits the surface of the hydrophobic as-grown arrays, it
deforms heavily and then bounces off the surface (Figure 3.24). However, because the
as-grown arrays are just hydrophobic, there is always a small portion of the droplet
pinned to the surface, preventing the droplet from bouncing off completely from the

surface. This pinning phenomenon was more pronounced when the water droplet hit



Figure 3.25. (a) Time-lapse images of the water droplet impacting the surface of
hydrophilic CNT arrays. Scale bar indicates 5 mm.

the surface of the more hydrophilic CNT arrays. For example, on the CNT arrays
with an average static contact angle of 30°, the droplet is always pinned to the surface
and comes to rest shortly after the impact (figure 3.25). A totally different behavior
is observed on superhydrophobic CNT arrays, where the free-falling water droplet
bounces completely off the surface (Figure 3.26). In contrast to another published
study (Jung and Bhushan, 2008), the droplet pinning does not occur on the super-
hydrophobic CNT arrays, even at a considerably high impact velocity of 2.22ms™*
Detailed investigation of water droplet impact behavior on superhydrophobic CNT

arrays can be read in Chapter 5.

3.3.7 Dispersibility and zeta potential analysis

The dispersions of the dry oxidized and vacuum annealed CNT arrays in DI water
were investigated to further verify their wetting properties. Dispersion of CNT in
DI water from CNT arrays with different wettability is qualitatively compared. As
expected, the floating clump of CNT on the surface of the water column indicated

that the CNT taken from the superhydrophobic vacuum annealed CNT arrays are



Figure 3.26. (a) Time-lapse images of the water droplet impacting the surface of
superhydrophobic CNT arrays. Scale bar indicates 5 mm.

indeed extremely hydrophobic (Figure 3.27.a). Just like any other highly hydrophobic
substances, the extremely hydrophobic CNT clump up together to minimize the in-
terface area between the CNT and water. Similar to the phenomenon observed when
these superhydrophobic CNT arrays are immersed in a deep pool of water, there exist
large scale air pockets encapsulating them such that their effective density becomes
extremely low. Consequently, they are always found to float on the surface of water,
even after being subjected to ultrasonication. Interestingly, by floating, the interface
area between the CNT and water is decreased even further.

Similarly, the hydrophobic CNT from the as-grown CNT arrays could not be dis-
persed easily in DI water, although a different behavior can be observed. Instead
of floating, these hydrophobic CNT are completely submerged in the water column
(Figure 3.27.b). The dispersibility of these hydrophobic CNT in DI water was un-
questionably higher than that of superhydrophobic CNT. Since these CNT have a
higher concentration of oxygenated groups than that of superhydrophobic CNT, they
are more polar and are not encapsulated inside large scale air pockets. However, they

are still clumping up together to minimize the interface area between the CNT and
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Figure 3.27. Dispersion of CNTs with various wetting properties in DI water. The
wettability of the CNT increases from left to right. The nanotubes from (a) cannot be
dispersed in DI water. The nanotubes from (b) and (c) arrays precipitated in several
hours and days, respectively, after the dispersions were performed. The dispersion of
nanotubes from (d) arrays was found stable even after more than two months.
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Figure 3.28. Plot of zeta potential of CNTs with various wetting properties in DI
water as a function of their oxygen/carbon atomic ratio.

water. Consequently, their effective density becomes higher than water and, instead
of floating, they are sinking into the bottom of the water column and immediately
forming sedimentation.

A better dispersibility is shown by hydrophilic CNT from the CNT arrays, with
an average static contact angle of 75°. Although sedimentation of CNT is still ob-
servable, a small fraction of the CNT is already well dispersed. This behavior can
be observed from the color of the dispersion, which has turned dark and is no longer
clear (Figure 3.27.c). Obviously, the CNT dispersibility can be improved by exposing
them to a longer UV /ozone or oxygen plasma treatment. For example, the CNT from
the highly hydrophilic CNT arrays with an average static contact angle of 30° can be
dispersed quite easily in DI water. In agreement with works by Naseh et al. (2010)
and Chen et al. (2010), dispersion of hydrophilic CNT from the highly hydrophilic
CNT arrays is very stable and does not form sedimentation even after two months of
settling time (Figure 3.27.d).

The dispersibility of CNT arrays in DI water can be quantified by their zeta po-

tential measurement. Zeta potential is a measure of electric potential that is exhibited
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by any particle in suspension and is measured by the difference of potential at the
slipping plane and the bulk suspension medium. Particles with higher magnitude of
zeta potential, either positive or negative, have the tendency to repel each other such
that they do not coagulate or flocculate. On the other hand, the closer the magni-
tude of zeta potential to zero, the less dominant the repulsive force is. Hence, they
have a higher tendency to coagulate or flocculate. Since the magnitude of the zeta
potential gives an indication of the stability of the dispersion, it is expected that the
zeta potential of a dispersion of hydrophilic dry oxidized CNT in DI water will be
quite high. In contrast, a dispersion of superhydrophobic vacuum annealed CNT in
DI water is expected to exhibit a near zero zeta potential.

As expected, the zeta potential of a dispersion of superhydrophobic CNT with an
average O/C ratio of 7% in DI water is almost zero. In agreement with the qualitative
observation of the dispersion, a near zero zeta potential means that the dispersion is
highly unstable and the superhydrophobic CNT coagulate rapidly in DI water. The
value of zeta potential of CNT dispersion decreases monotonically as the increase of
O/C ratio (Figure 3.28.c). An increase of O/C ratio by 1% results in an decrease
of zeta potential by 10mV. For the dispersion of hydrophilic CNT with an average
O/C ratio of 11%, its zeta potential is measured to be -36mV, which in theory should
exhibit a moderate stability. Indeed, as observed qualitatively, these hydrophilic CN'T
exhibit a better dispersibility, although sedimentation of CNT is still observable on
the bottom of the dispersion. Dispersion of highly oxidized CNT with an average
O/C ratio of 15.5% exhibits a zeta potential of -45mV, which in theory indicates a
good dispersion stability. Indeed, qualitative observation confirms that the dispersion

of highly oxidized CNT is stable even for more than two months of settling time.

3.3.8 Electrochemical impedance

The electrochemical characterization was conducted to provide additional insight on
the effect of dry oxidation and vacuum annealing treatments to the physiochemical

properties of CNT arrays. It has been known that hydrophobic CNT exhibit a very
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low electrochemical capacitance in aqueous solution and the presence of carboxyl
groups may increase such capacitance by a factor of three (Kim et al., 2005). In
agreement with that study, the impedance of CNT arrays was found to be highly
dependent on their wettability. In other words, the impedance of the CNT arrays
in aqueous electrolytes can be varied by manipulating the surface concentration of
oxygenated functional groups via dry oxidation and vacuum annealing treatments.

The Bode impedance plot of the electrochemical impedance spectroscopy (EIS)
data in 1M NaCl aqueous electrolyte shows that the superhydrophobic CNT arrays
yield much higher impedance than the hydrophilic counterpart. The difference in
impedance can be observed clearly at considerably low frequency of f < 1 kHz, where
the effect of double layer capacitance becomes increasingly dominant. In fact, the
frequency at which the transition from pure resistive behavior to a capacitive-resistive
behavior decreases with the increase of wettability of the array. Such a transition can
be observed from the absolute impedance of the CNT arrays, where a pure resistive
behavior is indicated by a constant absolute impedance over a large frequency range,
and a capacitive-resistive behavior is indicated by an exponential increase of absolute
impedance with the exponential decrease of frequency (Figure 3.29.a). This transition
can also be seen from the change in phase angle of the impedance (Figure 3.29.b),
where a pure resistive behavior is indicated by a constant phase angle over a large
frequency range, and a capacitive-resistive behavior is indicated by an exponential
decrease of phase angle with the exponential decrease of frequency. Based on these
two plots, it is obvious that the transition for the superhydrophobic CNT arrays occurs
at a frequency of about 1.5 kHz, while the transition for the highly hydrophilic CNT
arrays occurs at a much lower frequency of about 45 Hz.

The change in transition frequency as the change in wettability of CNT arrays
can also be observed from the Nyquist impedance plot of the EIS data in the high
frequency regime (Figure 3.30.c). The Nyquist plot of the superhydrophobic CNT ar-
rays shows a transition from pure resistive behavior to a capacitive-resistive behavior
at a frequency of 108.6 kHz. This transition frequency is shifted down as the wetta-
bility of CNT arrays improves. In fact, the Nyquist plot of the as-grown CNT arrays
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Figure 3.29. Bode plot of CNT arrays with various wettability in DI water. Plot
of magnitude of impedance (a) and phase angle (b) as a function of the applied
alternating electric field frequency.
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shows a transition at a frequency of 27 kHz. Similarly, the Nyquist plot of the mildly
hydrophilic and highly hydrophilic CNT arrays shows a transition at a frequency of
841.4 Hz and 209.8 Hz respectively. This behavior suggests that the transition fre-
quency decreases rapidly with the decrease of static contact angle of CNT arrays in
the high static contact angle regime, and it decreases slowly in the low static contact
angle regime.

The absolute impedance of the superhydrophobic CNT arrays at a very low fre-
quency is measured to be about three orders of magnitude higher than that of the
hydrophilic CNT arrays at the same frequency. Indeed, at a frequency of about 13
mHz, the absolute impedance of the superhydrophobic CNT arrays is about 160¢2,
while that of the highly hyrophilic CNT arrays is about 650§2. The extremely large
discrepancy of absolute impedance at lower frequency suggests that the double layer
capacitance of superhydrophobic CNT arrays is much smaller than that of hydrophilic
CNT arrays. The double layer capacitance can be approximated by fitting the Nyquist
diagram with the Randles equivalent electrical circuit for both low-frequency regime
(Figure 3.30.a and Figure 3.30.b), and high frequency regime (Figure 3.30.c). The
Randles equivalent electrical circuit consist of an electrolyte resistance (Rs) in series
with the parallel combination of the double-layer capacitance (Cdl) and an impedance
of a faradaic reaction. The impedance of a faradaic reaction itself consist of a charge
transfer resistance (Rect) and a specific electrochemical element of diffusion (W). In
short, Randles equivalent electrical circuit can be represented as ((Rct+W)/Cdl)+Rs)
circuit. Since Rs and W are a function of the electrolyte, their values are constant
for exactly the same electrolyte.

The fit of ((Ret+W)/Cdl)+Rs) circuit to the Nyquist diagram of CNT arrays
with different wettability reveals a monotonic increase of double layer capacitance
and monotonic decrease of charge transfer resistance as the increase of O/C ratio
of the CNT arrays. For superhydrophobic CNT arrays with an average O/C ratio
of 6.5%, the double layer capacitance is found to be extremely low at 2 x 1075 F
(Figure 3.31.a), while the charge transfer resistance is extremely high at 2 x 10°Q
(Figure 3.31.b). For highly hydrophobic CNT arrays with an average O/C ratio of
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atomic ratio.
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8%, the double layer capacitance is found to be an order of magnitude higher at
1.5 x 10~* F, while the charge transfer resistance decreases to 6 x 10*Q2. Further
increase in O/C ratios improves both double layer capacitance and charge transfer
resistance by several orders of magnitude. For highly hydrophilic CNT arrays with
an average O/C ratio of 15.5%, the double layer capacitance is found at 1.5 x 1072
F, while the charge transfer resistance is found at 1 x 103¢2. The effect of oxygenated
groups on the double layer capacitance of CNT arrays will be discussed in detail in
Chapter 6.

This finding is expected because of the presence of a thin film of air on the inter-
face between the bulk surface of the superhydrophobic CNT array and the aqueous
electrolyte, which inhibits electrons transfer from the arrays and blocks protons in
the electrolyte to approach the surface of the array (Kim et al., 2005). In addition,
this thin air film significantly reduces the effective contact area between the surface of
the CN'T and the electrolyte molecules, which results in a much smaller effective area
of Helmholtz layer and a dramatic decrease of double layer capacitance. Thus, the
double layer capacitance of the superhydrophobic CNT arrays is measured more than
two orders of magnitude smaller than that of the hydrophilic CNT arrays. Similarly,
the charge transfer resistance of the superhydrophobic CNT arrays is measured more

than two orders of magnitude larger than that of the hydrophilic CNT arrays.

3.4 Concluding Remarks

In conclusion, the findings reported herein show that the wetting properties of CNT
arrays can be tuned easily and precisely using a combination of dry oxidation and
vacuum annealing treatments. By varying the exposure time of these treatments, the
surface concentration of oxygenated functional groups adsorbed on the CNT arrays
can be controlled. CNT arrays with very low amount of oxygenated functional groups
exhibit a superhydrophobic behavior. In addition to their extremely high static con-
tact angle, they cannot be dispersed in DI water, and their impedance in aqueous

electrolytes is extremely high. These arrays have an extreme water repellency capabil-
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ity, such that a water droplet will bounce off of their surface upon impact and a thin
film of air is formed on their surface as they are immersed in a deep pool of water. In
contrast, CNT arrays with very high surface concentration of oxygenated functional
groups exhibit an extreme hydrophilic behavior. In addition to their extremely low
static contact angle, they can be dispersed easily in DI water, and their impedance in
aqueous electrolytes is tremendously low. Since the graphitic structures and vertical
alignment of the CNT arrays are maintained during the dry oxidation and vacuum
annealing treatments, all CN'T arrays can be switched repeatedly between hydrophilic

and hydrophobic, as long as their O/C ratio is kept below 18%.
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Chapter 4

Etching and Amorphization of
Carbon Nanotube Arrays by
Irreversible Oxidation

4.1 Introduction

As described in detail in Chapter 3, the bulk wettability of CNT arrays can be
tuned straightforwardly via a combination of dry oxidation and vacuum annealing
treatments. A combination of dry oxidation and vacuum annealing treatments is
capable of switching repeatedly the wettability of CNT arrays between hydrophilic
and hydrophobic, as long as their O/C ratio is kept below 18%. The findings presented
in this chapter show the effect of oxidation to the CNT structure when its O/C ratio
goes higher than 18%. Basically the CNT side walls are heavily functionalized with
stable oxygenated groups that are difficult to remove at an O/C ratio higher than 18%.
At an even higher O/C ratio, etching processes start to occur such that large-scale
holes are formed on the CNT walls, and the CNT walls are eventually transformed
from graphitic to amorphous structure. The evolution of the CNT structure at a wide
range of O/C ratio is elucidated by means of XPS, Raman spectroscopy, TEM, and

BET and Langmuir surface area.
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4.2 Materials and Methods

In this study, the effect of oxidation on the structure of CNT arrays at a wide range
of oxidation level is examined. As explained in Chapter 3, the oxidation level of CNT
arrays is quantified by their oxygen/carbon atomic ratio (O/C ratio). Here, the O/C
ratio of CNT arrays is varied between 8% and 55%. Such a wide range of oxidation
level is achieved by exposing the as-grown CNT arrays to a prolonged period of oxygen
plasma treatment. An O/C ratio of 8% is obtained from the as-grown CNT arrays,
while an O/C ratio of 55% is obtained from the heavily oxidized CNT arrays. The
detailed methods for oxidizing CNT arrays using oxygen plasma treatment can be
read in Chapter 2.2.1. The O/C ratio is calculated from a low resolution XPS survey
spectra acquired at a binding energy of 1-1000eV. The detailed methods for O/C
ratio measurements can be read in Chapter 2.3.6.

Four steps of analysis were performed to elucidate the structural evolution of
CNT arrays as they underwent a prolonged oxidation process. For the first step of
analysis, the surface chemistry of the dry oxidized CNT arrays is characterized using
high resolution XPS at C 1s binding energy of 280-298 eV. Deconvolution of the
C 1s high resolution spectra is performed using a Gaussian-Lorentzian peak shape
fitting with Shirley baseline correction. This XPS characterization is performed to
highlight the change in concentration of different types of C-C bonds and oxygenated
groups chemisorbed by the CNT array as they undergo a prolonged exposure to
oxygen plasma treatment. Such change in concentration is visualized by plotting the
peak position of C 1s binding energy against the O/C ratio. The relative surface
concentration of C-C sp2, C-C sp3, C-O, and C=0 bonds is also plotted against the
O/C ratio. This relative surface concentration is measured by integrating the area
under the curve of each bond. The detailed methods for XPS characterization can be
read in Chapter 2.3.6.

For the second step of analysis, Raman spectroscopy analysis is performed on
the oxidized CNT arrays. Each set of CNT arrays with different oxidation levels

is exited using Ar ion laser at 514.5 nm through optical microscope under a non-
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polarized mode. Three distinct peaks of D band ( 1350cm-1), G band ( 1585cm-1),
and G’ band ( 2695 cm-1) can be seen in the Raman spectra of CVD graphene before
and after oxidation. The effect of oxidation to the increase of defect site density is
quantified by normalizing the integrated area of D band and G’ band with that of G
band. The detailed methods for Raman spectroscopy characterization can be read in
Chapter 2.3.4.

For the third step of the analysis, transmission electron microscopy (TEM) anal-
ysis is performed to give an insight into the atomic structure of CNT with different
oxidation levels. High magnification imaging was performed under bright field for-
ward scattered electrons mode with acceleration voltage of 300kV. Prior to imaging,
a small amount of CNT is collected from each set of oxidized CNT arrays by scrap-
ing them physically with tweezers. These CNT samples are then dispersed in 200
proof ethanol with the help of ultrasonication for about five minutes. Selected area
diffraction patterns are also collected from each set of oxidized CNT to probe its
crystalline structure. The detailed methods for TEM characterization can be read in
Chapter 2.3.2. Selected area diffraction patterns (SADP) are also collected from each
set of CNT, with different oxidation levels to verify their crystalline structure.

For the last step of analysis, the surface area of the dry oxidized CNT arrays is
characterized by means of BET and Langmuir surface area. The surface area is calcu-
lated from the adsorption and desorption isotherm of nitrogen gas at a temperature of
77 K. Langmuir surface area is measured based on the assumption that the adsorbed
nitrogen forms a single layer that conformally coats the available surface of the CNT.
BET surface area is measured based on the assumption that the adsorbed nitrogen
may form multi layers that conformally coat the available surface of the CNT. There-
fore, the surface area measured using Langmuir method is typically larger than that

measured using BET method.
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4.3 Results and Discussion

4.3.1 X-ray photoelectron spectroscopy analysis

XPS analysis was conducted to elucidate the chemical composition of the oxidized
CNT arrays. Deconvolution of the C 1s XPS spectra of CNT arrays shows seven
distinct peaks associated with C-C sp2 (284.5 £ 0.1 eV, FWHM 0.9 eV), C-C sp3
(285.5+£0.1eV, FWHM 1.3 eV), C-O (286.6 £0.1eV, FWHM 1.4 eV), C=0 (287.4+
0.2eV, FWHM 1.4 eV), O-C=0 (289.1£0.4 eV, FWHM 1.7 eV), O-C(O)=0 (290.3+
0.4 eV, FWHM 1.7 eV), and 7 — 7* (292.1 £ 0.4 eV, FWHM 1.6 e¢V) peaks (Peng
and Liu, 2006; Naseh et al., 2010; Yang et al., 2009; Aria and Gharib, 2011). The
C-C sp2 peak is the signature of the graphitic structure of CNT, and the C-C sp3
peak is typically associated with the presence of defects and functional groups. The
C-0 peak is typically associated with the presence of hydroxyl and epoxide groups on
the CNT outer wall and cyclic ether at the edges of CNT defect sites (Hossain et al.,
2012; Acik et al., 2011, 2010). The C=0 peak indicates the presence of quinone and
carbonyl groups at the edges of CNT defect sites (Acik et al., 2011). The O-C=0 and
O-C(0)-0 peaks indicate the presence of carboxyl and carbonate terminating groups
respectively. The m — 7* transition peak is associated with the graphite stacking
between layers of the CN'T wall and between neighboring CNT.

As explained in Chapter 3.3.4, the C 1s XPS spectra of CNT arrays with an
average O/C ratio of lower than 16% exhibits an extremely strong C-C sp2 peak and
a mild C-C sp3 peak (Figure 3.18 and Figure 3.19). In addition, peaks associated
with C-O, C=0, O-C=0, and O-C(O)-O groups, as well as 7 — 7* transition, are
considerably weak. Although the intensity of all peaks associated with oxygenated
groups and C-C sp3 peak increases as the increase of O/C ratio of CNT arrays, their
intensity is, in general, weaker than that of the C-C sp2 peak. Even at an O/C ratio
of 16%, the C 1s XPS spectra of CNT arrays are still dominated by the strong C-C
sp2 peak.

In contrast, the C 1s XPS spectra of CNT arrays at higher O/C ratios are no

longer dominated by the strong C-C sp2 peak. The intensity of the C-C sp3 peak
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Figure 4.1. XPS spectra of oxidized CNT arrays with an average O/C ratio of 25%
(a) and 38% (b).
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Figure 4.2. XPS spectra of oxidized CNT arrays with an average O/C ratio of 42%
(a) and 55% (b).
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Figure 4.3. Plot of Cls peak position as a function of oxygen/carbon ratio.

and all oxygenated group peaks increases very rapidly, while the intensity of the C-C
sp2 peak decreases exponentially with the increase of O/C ratios. At an O/C ratio
of 25%, the intensity of the C-C sp3 peak is already about the same as that of the
C-C sp2 peak (Figure 4.1.a). In fact, the surface concentration of C-C sp3 bonds is
measured to be about 30%, which is about 5% higher than that of C-C sp2 bonds
(Figure 4.4). This phenomenon leads to a shift in the peak of C 1s XPS spectra to
a higher binding energy. At this O/C ratio, the maximum for C 1s XPS spectra is
shifted by 1eV from 284.7 eV to 285.7 eV (Figure 4.3). Such rapid increase in the
intensity of the C-C sp3 peak suggests a major transformation in the atomic structure
of the CNT arrays. At this O/C ratio, their atomic structure is no longer dominated
by the sp2 m-bond network, but instead by the sp3 hybridization.

The dramatic increase in concentration of sp3 bonds can be attributed to the
significant increase in concentration of chemisorbed oxygenated groups. For each
epoxide group formed on the CNT outer wall, a transformation of one C-C bond
from sp2 carbon hybridization to sp3 carbon hybridization occurs. An exact same

transformation is also true for each formation of hydroxyl group. Such transformation
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Figure 4.4. Plot of C-C sp2 and C-C sp3 concentration as a function of oxygen/carbon
ratio.

can be, in principle, reversed by removing the chemisorbed epoxide or hydroxyl groups
using vacuum annealing treatment. This transformation may induce excessive strain
to the structure of the CNT because of the change in length of C-C bonds from the
trigonal planar sp2 carbon hybridization to the tetragonal sp3 carbon hybridization
(Vinogradov et al., 2011; Samarakoon and Wang, 2011; Suggs et al., 2011; Muniz and
Maroudas, 2010).

Notice that the increase of intensity of the C-O and O-C=0 bonds is considerably
faster than that of the C=0 and O-C(O)-O bonds. At an O/C ratio of 25%, the
surface concentration of C-O bonds is found to be around 17%, which is about three
times that of C=0 bonds (Figure 4.5). This fact suggests that significant amounts of
epoxide and hydroxyl groups are formed on the outer wall of the CN'T, while a small
amount of carbonyl groups are formed at the edges of CNT defect sites. Therefore,
it is expected that at this O/C ratio, the defect density of CNT remains low.

It has been previously reported that the adsorbed oxygen atoms prefer to form
epoxide groups on the CNT outer wall due to their stability at room temperature and

pressure (Leconte et al., 2010; Vinogradov et al., 2011; Samarakoon and Wang, 2011).
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Similarly, a strong O-C=0 peak suggests a rapid formation of carboxyl terminating
groups at the edges of CNT defect sites. These carboxyl groups are formed by a
rapid reaction between carbonyl groups that already present at the edges of CNT
defect sites, and hydroxyl radicals generated by the oxygen plasma treament (Acik
et al., 2011). As described in Chapter 3.3.4, a substantial amount of reactive hydroxyl
radicals are generated by the UV /ozone and oxygen plasma treatments.

A dramatic transformation can be observed at a higher O/C ratio. At an O/C ratio
of 38%, the intensity of the C-C sp2 peak is considerably weaker than that of C-C sp3
peak (Figure 4.1.b). In fact, the surface concentration of C-C sp2 bonds is measured
to be just around 10%, which is about one third that of C-C sp3 bonds (Figure 4.4).
This suggests that at this O/C ratio, the CNT 7-bond network is no longer intact.
The destruction of the m-bond network indicates a transition in the oxygen uptake
process during the oxygen plasma treatment. At such high O/C ratios, etching or
amorphization process occurs simultaneously as the functionalization process.

Notice that the C 1s XPS spectra is now dominated by the C-O bonds. The
surface concentration of C-O bonds is measured as high as 35%, which is about three
times higher than that of C=0 and C-C sp2 bonds (Figure 4.5). As a result, the
maximum for C 1s XPS spectra is now shifted by another 0.9 eV from 285.7 ¢V to
286.6 eV (Figure 4.3). In addition to the formation of epoxide and carboxyl groups
on the outer wall of CNT, such a high concentration of C-O bonds may also be
attributed to the formation of cyclic ether groups that terminate the edges of CNT
defect sites. The relative concentration of cyclic ether groups is expected to increase
as the increase of defect sites density caused by the etching or amorphization process
that takes place during the oxygen plasma treatment.

As the CNT arrays undergo an even longer oxygen plasma treatment to reach an
even higher O/C ratio, the C-C sp2 bonds start to disappear. At an O/C ratio of 42%,
the surface concentration of C-C sp2 bonds completely disappears and the remaining
C-C bonds are in the form of sp3 hybridization (Figure 4.4). The disappearance
of C-C sp2 bonds is also followed by the disappearance of C-O bonds. In fact, the

surface concentration of C-O bonds at an O/C ratio of 42% is measured to be about
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Figure 4.5. Plot of C-O and C=0 concentration as a function of oxygen/carbon ratio.

17% (Figure 4.5). On the other hand, the surface concentration of C=0 bonds jumps
to about 17%. Since now the C 1s XPS spectra is dominated by the C=0 and O-
C(0O)=0 bonds (Figure 4.2.a), the maximum for C 1s XPS spectra is shifted to 288.6
eV (Figure 4.3).

Similarly, at an O/C ratio of 55%, no sign of C-C sp2 bonds can be detected
(Figure 4.4). The C-C bonds of the CNT is now completely in the form of sp3
hybridization. This trend is also followed by the disappearance of C-O bonds. In
fact, the surface concentration of C-O bonds at an O/C ratio of 55% is measured to
be less than 4% (Figure 4.5). On the other hand, the surface concentration of C=0
bonds continues to increase to about 30%. Similar to the C 1s XPS spectra of CNT
with an O/C ratio of 42%, those of CNT with an O/C ratio of 55% is dominated
by the C=0 and O-C(O)-O bonds (Figure 4.2.b), and has a maximum at 288.2 eV
(Figure 4.3). This implies that the CNT surface is now dominated by carbonyl and
carbonate groups that are most likely to form at the edges of CNT defect sites.

The rapid increase of concentration of carbonyl groups at an O/C ratio higher than

40% indicates a transition in the oxygen uptake process during the oxygen plasma
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treatment. At such high O/C ratios, the oxygen uptake process is dominated by
etching and amorphization processes, not by the functionalization process of the CNT
outer wall. Etching and amorphization processes introduce a significant amount of
holes and defect sites on the CN'T wall, which results in the formation of considerable
amounts of carbonyl and carbonate groups. There is also a possibility that some of
the epoxide groups are converted to carbonyl during a prolonged exposure of oxygen
plasma treatment. It has been known that epoxide groups have the tendency to create
pair structures which readily form two neighboring carbonyl groups in a quinone-like
configuration (Samarakoon and Wang, 2011; Acik et al., 2011). Since carbonyl groups
arranged in pairs are relatively stable, further reaction with atomic oxygen or hydroxyl

radical is very unlikely.

4.3.2 Raman spectroscopy analysis

The increase in defect site density induced by oxygen plasma treatments can be
verified by Raman spectroscopy. Four distinct peaks of D band ( 1350cm-1), G band
( 1585cm-1), G’ band ( 2695 c¢m-1), and D+D’ band ( 2695 cm-1) can be seen in
the Raman spectra of CNT arrays with different oxidation levels (Figure 4.6). These
peaks are the signature of graphitic structure of CNT. The G band is the Raman
scattering due to strain in the m-bond network of CNT. The D band is the Raman
scattering associated with disorder and non-sp2 bonds of CNT. The G’ band is the
resonance of the G band (Ferrari et al., 2006; Reina et al., 2009; Dresselhaus et al.,
2010; Nourbakhsh et al., 2010; Dresselhaus et al., 2010).

The quality of the CNT is commonly quantified by the ratio between the integrated
area under the D band and the G band (Ip/Ig). High quality CNT arrays typically
exhibit Ip /I of less than unity. CNT arrays with lower Ip/[s are in general better
in terms of quality than those with higher Ip/Is. Here, the quality of CNT arrays is
defined as the defect density and degree of disorder of the CNT arrays. The strain
acting on the m-bond network of the CNT can also be quantified by the ratio between
the integrated area under the G’ band and the G band (I¢/Ig). A higher (Ig/1¢)
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Figure 4.6. Raman spectra of CNT arrays with different oxidation level.
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Figure 4.7. ID/IG ratio from Raman spectra of CNT arrays with different oxidation
level.

indicates a higher strain acting on the CNT arrays, which may be caused by higher
curvature or lattice mismatch.

In general CNT arrays exhibit strong D band and G band, with relatively weak
G’ band and D+D’ band (Figure 4.6.a). The Ip/Is for the as-grown CNT arrays
with an O/C ratio of 8% is measured to be about 1.05, and their /¢ /I is measured
to be about 0.25. The Ip/Is and Ig /Ig of CNT arrays start to increase once they
are being exposed to oxygen plasmas treatment. An increase of O/C ratio from 8%
to 42% results in an increase of I/l from 1.05 to 1.5 (Figure 4.7). Interestingly, the
increase of Ip/Ig is almost linear compared to the increase of O/C ratio. Similarly,
an increase of O/C ratio from 8% to 38% results in an increase of I/ /I from 0.25 to
0.35. In general, the increase of I/ /I is also almost linear compared to the increase
of O/C ratio. However, The I/ /I jumps to about 0.5 as the O/C ratio increases even
further to 42% (Figure 4.8). The Ip/Ig and I /I of CNT arrays start to decrease
drastically as CNT arrays undergo a further exposure to oxygen plasma treatment.
Both Ip/Ig and Ig//Ig drop to 1.3 and 0.1 respectively as the O/C ratio reaches
55%.
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Figure 4.8. IG’/IG ratio from Raman spectra of CNT arrays with different oxidation
level.

For CNT arrays with an average O/C ratio of higher than 20%, a shoulder D’ peak
( 1620cm-1) becomes visible in their Raman spectra (Figure 4.6.b). This D’ band is as-
sociated with disorder-induced intravalley resonance Raman scattering (Nourbakhsh
et al., 2010; Samarakoon and Wang, 2011). Similarly, a blue shift in both D and G
band becomes visible once the average O/C ratio of the CNT arrays is higher than
20%. This blue shift may be caused by an increase of n-doping level and electron-
electron scattering rate as the defect site density increases Nourbakhsh et al. (2010);
Kim et al. (2009); Childres et al. (2011).

An increase in Ip/Ig with the increase of O/C ratio, as well as the appearance
of D’ band, can be interpreted as an increase of disorder-induced Raman scattering
as the concentration of oxygen adsorbates increases. Therefore, it can be implied
that higher disorder to the m-bond network and the formation of non-sp2 bonds is,
indeed, caused by chemisorption of oxygen during the oxygen plasma treatment. As
mentioned earlier, the transition from C-C sp2 hybridization dominated structure to
C-C sp3 hybridization dominated structure takes place at an average O/C ratio of

about 20%. An increase in I/ /I with the increase of O/C ratio can be interpreted as
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an increase of strain in the CNT structure as the concentration of oxygen adsorbates
increases. An increase in strain of CNT may be caused by an increase of interaction
with other CNT or by the presence of out-of-plane oxygenated groups that intercalate
between layers of the CNT side wall. The observed blue shift in both D and G bands
are most likely caused by in-phase and out-of-phase stretching of epoxide and carbonyl
bonded on the CNT side wall (Samarakoon and Wang, 2011).

A sharp decrease in Ip/Ig as the O/C ratio of the CNT goes higher than 45%,
and a sharp decrease in I /I at the same O/C ratio, may be caused by a sudden
exfoliation of the CNT side wall. Such exfoliation may happen completely or locally.
A local exfoliation of the CT side wall results in the formation of holes that can
be several layers deep. A complete exfoliation of the CNT side wall results in a
decreased number of walls of the CNT, along with the emergence of amorphous carbon
coating between the neighboring CNT. Therefore, it can be suggested that the O/C
ratio of 45% is a threshold where etching or amorphization processes become more
dominant than the functionalization process during the oxygen plasma treatment.
This finding agrees with the results obtained from the XPS analysis, where the surface

concentration of C-C sp2 bonds decreases to zero at an O/C ratio of about 45%.

4.3.3 Transmission electron microscopy analysis

As mentioned earlier, three different processes may occur during the oxygen plasma
treatment: functionalization, etching, and amorphization. Based on the result of
XPS and Raman spectroscopy analyses, it is hypothesized that the oxygen uptake is
dominated by functionalization process in the low O/C ratio regime, while etching
and amorphization processes are the dominant mechanism in the high O/C ratio
regime. Here, low and high magnification TEM images of CNT with different degrees
of oxidation are used to verify this hypothesis. High magnification TEM image of as-
grown CNT with an O/C ratio of 8% shows the presence of a thin layer of amorphous
carbon coating on the outer wall of the CNT (Figure 4.10.a). This amorphous carbon
coating can be related to the presence of C-C sp3 bonds observed in the XPS spectra of
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Figure 4.9. Low magnification TEM images of CNT with O/C ratio of 8% (a), 25%
(b), 45% (c), 55% (d). Scale bars indicate 100 nm.
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Figure 4.10. High magnification TEM images of CNT with O/C ratio of 8% (a), 25%
(b), 45% (c), 55% (d). Scale bars indicate 10 nm.
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the as-grown CNT (Figure 3.18.b). The thickness of such amorphous carbon coating
is less than 1 nm, such that it cannot be observed in the low magnification TEM
image of the as-grown CNT (Figure 4.9.a).

As the O/C ratio of the CNT increases, the thickness of such amorphous car-
bon coating increases significantly. The thickness of this amorphous carbon coating
is about the same as that of the CNT side wall (Figure 4.10.b). This amorphous
carbon coating is quite thick, such that it can be observed in the low magnification
TEM image (Figure 4.9.b). Since the number of side walls and the diameter of the
graphitic structure of the CNT do not change, this amorphous carbon coating can
be associated with the increase of oxygenated groups that are chemisorbed during
the oxygen plasma treatment. It is possible that a small amount of organics is also
adsorbed during the oxygen plasma treatment, during the subsequent storage and
handling period. In agreement with the XPS spectra of CNT with an O/C ratio of
25% (Figure 4.1.b), the graphitic structure of the CNT is still largely intact.

As the O/C ratio of the CNT increases even further, the thickness of such amor-
phous carbon coating decreases significantly, while holes start to form on the CNT
side wall. In contrast to the findings from XPS analysis of CNT with an O/C ratio of
45% where the C-C sp2 is completely disappeared, the graphitic structure of the CNT
is still partially intact (Figure 4.10.c). However, a formation of holes that are several
layers deep is very obvious. Since the graphitic structures at the edge of these holes
are typically terminated by carbonyl, carboxyl, and carbonate groups, an increase of
concentration of these groups is expected, which agrees with the finding from XPS
analysis (Figure 4.2.a). Notice from the low magnification TEM image that the CNT
are bundled together by the amorphous carbon coating (Figure 4.9.c).

In the very high O/C ratio regime, the graphitic structure of the CNT is rather
amorphous. In agreement with the findings from XPS analysis of CNT with an O/C
ratio of 55% where the C-C sp2 is completely disappeared (Figure 4.2.b), the graphitic
structure of the CNT is no longer intact (Figure 4.10.d). The remaining structure
of the CNT is rather amorphous and only has a few layers left. Notice from the low

magnification TEM image that the CNT are bundled together by substantial amounts
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Figure 4.11. Selected area diffraction patterns of CNT with O/C ratio of 8% (a), 25%
(b), 45% (c), 55% (d). Scale bars indicate 10 nm™.
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of amorphous carbon coating (Figure 4.9.d). This amorphous carbon coating may be
generated by the exfoliation of CNT during oxygen plasma treatment. As more and
more side walls of the CNT are exfoliated, surface charge between the exfoliated
carbon layer and the remaining CNT increases and brings the CN'T closer together.
As a result, more CNT are bundled in a smaller inter-tube spacing.

SADP of the as-grown CNT with an O/C ratio of about 8% show that its struc-
ture is highly polycrystalline (Figure 4.11.a). The continuous circular concentric
patterns observed on its SADP, which are a signature of a polycrystalline structure,
are originated from the multiple orientation of the CNT walls. In addition, each
circular pattern consist of a sharp line, confirming the negligible amount of the thin
amorphous carbon coating present on the outer wall of the CNT. The SADP of the
as-grown CNT also exhibit four distinct lines (Figure 4.12). The first line (I) and the
third line (III) at spacing of 2.9 nm~! and 5.9nm ™!, respectively, indicate the (0002)
and (0004) orientations which are associated with the graphitic stacking of the CNT
wall. The second line (II) and the fourth line (IV) at spacing of 4.9 nm~! and 8.4
nm !, respectively, indicate the (1010) and (1120) orientations which are associated
with the hexagonal lattice of the C-C sp2 hybridized carbon structure.

Similarly, the SADP of the mildly oxidized CNT with an O/C ratio of about 38%
show that its structure is also polycrystalline (Figure 4.11.b). However, each circular
pattern now consists of a dispersed blurry line, confirming the significant amount of
the amorphous carbon coating present on the outer wall of the CNT. Although they
are not sharp, four distinct lines can still be observed from its SADP (Figure 4.12).
Such blurry, yet distinguishable, lines imply that both polycrystalline and amorphous
configuration exist on the structure of this CNT.

The SADP of the heavily oxidized CNT with an O/C ratio of about 43% shows
that its structure is still polycrystalline (Figure 4.11.c). However, the SADP of this
CNT is somewhat different than that of CNT with a lower O/C ratio. Both line II
and IV are sharp and distinguishable, while line I is very dispersed. Moreover, line
I1T has now disappeared and can no longer be observed (Figure 4.12). These patterns

indicate an exfoliation of the graphitic stacking of the CNT side wall. However, the
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hexagonal lattice of the C-C sp2 hybridized carbon structure of the remaining CNT
wall is still intact.

For the CNT with an even higher O/C ratio of of about 55%, a polycrystalline
pattern can still be observed from its SADP (Figure 4.11.d). However, the SADP of
this CNT is very different than that of CNT with a lower O/C ratio. Only line II is
still sharp and distinguishable, while line IIT and IV have disappeared. Moreover, line
I is now similar to the pattern of amorphous structure and no longer distinguishable
(Figure 4.12). These patterns indicate a large scale exfoliation of the graphitic stack-
ing of the CNT side wall and a destruction of the hexagonal lattice of the C-C sp2
hybridized carbon structure. The sharp line II indicates the presence of C-C bonds
which are now in the form of sp3 hybridization.

This SADP analysis indeed confirms the occurrence of three different processes
during the oxygen plasma treatment. In the low O/C ratio regime, the oxygen
chemisorption process results in the functionalization of CNT outer walls by oxy-
genated groups. In the moderate O/C ratio regime, the oxygen chemisorption process
results in the hole etching of CNT walls, and the remaining functionalization process
largely occurs at the edges of the CNT defect sites. In the high O/C ratio regime, the
oxygen chemisorption process results in the exfoliation of the CNT walls and amor-
phization of the remaining CNT structure. Based on this study, it seems that the
transition from the first to the second regimes occurs at an O/C ratio of around 38%,
while the transition from the second to the third regimes occurs at an O/C ratio of

around 43%. Further studies need to be conducted to verify this finding.

4.3.4 BET and Langmuir surface area

The presence of three different processes during the oxygen plasma treatment also
affect the change in surface area of the CNT arrays. Here, the surface area of CNT
arrays is measured by means of BET and Langmuir surface area based on adsorption
and desorption isotherm of nitrogen at 77 K. Using both methods, the surface area of

CNT arrays is found to be increasing with the increase of their O/C ratio. The BET
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Figure 4.13. Plot of surface area as a function of oxygen/carbon ratio.

and Langmuir surface area of as-grown CNT arrays with an O/C ratio of 8% is found
to be about 50 m?/g and 80 m?/g, respectively. The BET and Langmuir surface area
increases almost linearly to about 160 m?/g and 200 m?/g, respectively, as the O/C
ratio of the CNT arrays increases to about 38% (Figure 4.13). Such linear increase
indicates a mild micropores opening process, due to surface functionalization during
the oxygen plasma treatment.

As mentioned earlier, some of the oxygenated functional groups chemisorbed dur-
ing the oxygen plasma treatment are in the form of ether, carbonyl, carboxyl, and
carbonate. The formation of these groups often results in the formation of small scale
vacancies and holes on the CNT side walls. As the surface concentration of these oxy-
genated groups increases, the micropores density is expected to increase, due to the
formation of vacancies and holes. Therefore, the surface area of CN'T arrays increases
with the increase of O/C ratio in the low O/C ratio regime, due to the increase in
the micropores density.

A sharp increase in the BET and Langmuir surface area can be observed as the
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O/C ratio of the CNT arrays increases to about 42% (Figure 4.13). In this regime,
an increase of an O/C ratio by 4% results in an increase of BET and Langmuir
surface area by more than 100%, from about 160 m?/g and 200 m?/g to about 325
m? /g and 400 m?/g, respectively. This sudden jump in surface area can be related
to the destruction of the CNT side wall due to the etching process that takes place
during the oxygen plasma treatment in the moderate O/C ratio. Such an etching
process results in the formation of the large scale holes such that most of the CNT
lose a large portion of their side walls, allowing their inner cavity to be accessed by
nitrogen. Since the nitrogen is now adsorbed on both inner and outer wall of the
CNT, the measured surface area of CNT in this O/C ratio is doubled.

Interestingly, a further increase in O/C ratio results in a decrease in BET and
Langmuir surface area. Indeed, an increase of O/C ratio to 55% results in a decrease
in BET and Langmuir surface area to 250 m? /g and 380 m?/g. Since micropores and
large scale holes cannot be closed or mended by a further adsorption of oxygen, the
decrease in surface area has to be related to a drastic transformation in the structure
of the CNT. In fact, this phenomenon may be related to the closing of micropores
by the presence of amorphous carbon or a destruction of the CNT side walls. As
mentioned earlier, amorphous carbon coating can be formed from the exfoliated CNT
wall during oxygen plasma treatment in the high O/C ratio regime. During the
exfoliation process, the side walls of the CNT are often transformed into amorphous

structures.

4.3.5 Effect of heavy oxidation on CNT pillars

As mentioned above and in Chapter 3.3.7, an increase in concentration of oxygenated
groups leads to an increase in magnitude of the CNT surface charge. In addition,
the presence of oxygenated groups allows multiple hydrogen bonds to form between
these groups. Further, it has been observed under TEM that amorphous carbon
generated by etching and destruction of CNT side walls brings the remaining CNT

closer together. A combination of an increase of surface charge and an increase of the
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Figure 4.14. High magnification SEM images of CNT arrays with O/C ratio of 8%

()



108
number of hydrogen bonds should increase the attraction between individual CN'T in
the array, and ultimately decrease their inter-tube spacing.

Typically, as-grown CNT arrays with an O/C ratio of 8% have an average inter-
tube spacing of about 60-80 nm, which is about two to three times the diameter of
individual CNT. Thus, as-grown CNT arrays appear to be very porous and the empty
space between each CNT can obviously be seen from their SEM image (Figure 4.14.a).
Although, based on the abovementioned argument, the inter-tube spacing of CNT
arrays should decrease with the increase of O/C ratio, this behavior is not obvious at
an O/C ratio of 25%. The inter-tube spacing of these CNT arrays is about 60-80 nm,
similar to that of as-grown CNT arrays (Figure 4.14.b). The decrease in inter-tube
spacing is more pronounced at higher O/C ratios. For CNT arrays with an O/C ratio
of 45%, their inter-tube spacing is found to be about 20-60 nm. In fact, the CNT
in these arrays are closely packed such that their entanglement starts to disappear
(Figure 4.14.c). An even lower inter-tube spacing is observed for CNT arrays with
higher O/C ratios. For CNT arrays with an O/C ratio of 55%, almost each CNT is in
close contact with its neighboring CN'T. Thus, these CN'T arrays are densified such
that the empty space between each CNT can no longer be observed (Figure 4.14.d).

The large scale implication of this phenomenon can be observed clearly from the
change in morphology of hollow CNT pillars as their O/C ratio is varied. Here,
the hollow CNT pillars have an inner and outer diameter of 25 pym and 75 pm,
respectively. Hollow CNT pillars are utilized to elucidate two processes that occur
simultaneously during the oxygen plasma treatment in the high O/C ratio regime.
As mentioned earlier, in the high O/C ratio regime, the etching and amorphization of
CNT structures dominate the oxidation process. At the same time, the densification
process of CNT arrays takes place due to the increase of magnitude of surface charge,
and perhaps hydrogen bond as well.

Since the etching and densification process takes place in the high O/C ratio
regime, the change in morphology of hollow CNT pillars should not be apparent in
the low and moderate O/C ratio regime. Indeed, the morphology of hollow CNT
pillars with an O/C ratio of 25% is similar to that of the as-grown hollow CNT
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Figure 4.15. High magnification SEM images of hollow CNT pillars with O/C ratio
of 8% (a), 25% (b), 42% (c), 55% (d). Scale bars indicate 10 pm.
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pillars with an O/C ratio of 8% (Figure 4.15.a and Figure 4.15.b). The change in
morphology becomes apparent once the O/C ratio of the hollow CNT pillars goes
higher than 40%. At an O/C ratio of 42%, the shape of hollow CNT pillars changes
into a frusto-conical shape (Figure 4.15.c). Their inner and outer tip diameter also
decreases significantly to about 2 um and 6 um, respectively. At an O/C ratio of 55%,
the shape of hollow CNT pillars is further transformed into a needle-like shape, and
their outer tip diameter decreases even further to less than 1 ym (Figure 4.15.d). This
phenomenon clearly shows that the CNT arrays undergo etching and densification
processes as they are subjected to a prolonged exposure of dry oxidation in the high
O/C ratio regime. However, judging from the fast decrease of the overall diameter
of the CNT pillars, the etching process takes place at a much higher rate than the

densification process.

4.4 Concluding Remarks

In conclusion, the findings reported herein show the effect of oxidation to the evo-
lution of CNT arrays atomic structure. There are at least three different processes
which occur during the oxidation process. For CNT arrays with an O/C ratio lower
than 40%, the oxidation process results in the functionalization of CNT outer walls
by oxygenated groups. Although this functionalization process introduces defects, va-
cancies, and micropores openings, the graphitic structure of the CNT is still largely
intact. In this regime, most of the chemisorbed oxygenated groups are in the form of
epoxide, hydroxide, or cyclic ether groups. As discussed in Chapter 3, a low concen-
tration of these oxygenated groups can be removed by vacuum annealing treatment,
such that the effect of oxidation is reversible for O/C ratios lower than 18%. For O/C
ratios between 18% and 40%, the concentration of these oxygenated groups becomes
extremely high, such that they form pair structures that cannot be easily removed by
vacuum annealing treatment.

For CNT arrays with O/C ratios between 40% and 45%, the oxidation process

results in the etching of CNT outer walls. This etching process introduces large scale
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defects and holes that can obviously be seen under TEM at high magnification. Most
of these holes are found to be several layers deep, and in some cases a large portion
of the CNT side walls are cut open. Such large-scale holes make the inner cavity of
CNT accessible from outside. Access to both inner and outer walls of CNT results in
a dramatic increase of surface area, such that the surface area of the etched CNT is
about twice as large as the heavily functionalized but not etched CNT. In this O/C
ratio range, densification process of CNT arrays also starts to occur.

For CNT arrays with an O/C ratio higher than 45%, the oxidation process results
in the exfoliation of the CN'T walls and amorphization of the remaining CNT struc-
ture. This amorphization process can be implied from the disappearance of the C-C
sp2 peak in the XPS spectra associated with the m-bond network. Such a process
results in the disintegration of graphitic structure of the CNT side walls, which can
obviously be seen under TEM at high magnification. SADP of the amorphous CNT
walls shows an extremely weak line associated with (1120) plane and the lack of lines
associated with (0002) and (0004) planes. In this O/C ratio range, the densification
process of CNT arrays continues to occur, although the etching process takes place
at a much higher rate than the densification process. Further increase of O/C ratio

will most likely result in the complete decomposition of the CNT walls.
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Chapter 5

Water Droplet Impact Behavior on
Superhydrophobic Carbon
Nanotube Arrays

5.1 Introduction

The liquid droplet impact behavior on a dry surface has been studied intensively in the
last few decades, due to its numerous practical applications such as ink jet printing,
direct injection for internal combustion engines, microelectronic fabrication, and rain
drops (Yarin, 2006; Vadillo et al., 2009). It has been known that such behavior is
dictated by several parameters including the physical properties of the liquid, e.g.,
viscosity and surface tension, the kinematic properties of the droplet, e.g., volume
and impact velocity, and the wettability of the surface itself, e.g., contact angle and
roll-off angle (Rioboo et al., 2001; Lee and Lee, 2011). Depending on the value of these
parameters, there are at least six possible outcomes when a liquid droplet impinges
on a dry but wettable surface: deposition, prompt splash, corona splash, receding
break-up, partial rebound, and complete rebound (Rioboo et al., 2001). In contrast
to the liquid droplet impact behavior on a wettable surface, the impact behavior on
a non-wettable surface is still not completely understood.

Many published studies have shown that in the case of a water droplet impinging
on a non-wettable surface (e.g., a superhydrophobic surface), it deforms and flat-

tens into a pancake shape, then spreads on the surface, subsequently recedes after it
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reaches its maximum spreading diameter, and finally rebounds off the surface com-
pletely. Although those studies do agree on the overall impact behavior, there remain
some significant discrepancies that still need to be resolved. The biggest obstacle that
hinders investigators from drawing a unified conclusion is the use of a non-ideal super-
hydrophobic surface where the impinging water droplet is pinned onto the surface at
a certain condition (Rioboo et al., 2002; Biance et al., 2006; Jung and Bhushan, 2009;
Lee and Lee, 2011). Such surface properties transition from Cassie state to Wenzel
state in a higher Weber number regime and has continued to prevent investigators
from obtaining valid experimental data, which in turn complicates the process of in-
terpreting and modeling the impact behavior correctly. Further, the use of thermody-
namically modified surfaces (e.g., superheated plates), as superhydrophobic surfaces
add to the confusion, mainly because of the underestimated effects of water evapora-
tion and convection (Chandra and Avedisian, 1991). Therefore, the objective of this
work is to fully characterize the water droplet impact behavior on an ideal Cassie
state superhydrophobic surface via carefully controlled experimental procedures at
standard room temperature and pressure. This ideal superhydrophobic surface has
the capability to remain in a Cassie state in any experimental conditions, such that
water droplets will never get pinned onto this surface even in a very high Weber
number regime and at a non-elevated temperature. Comparison between commonly
used superhydrophobic surfaces is summarized in Table 5.1.

One widely known example of the above mentioned discrepancies is whether or
not the impact behavior on a non-wettable surface satisfies the energy conservation
principle. It was long thought that the impact behavior at a low viscosity regime on
a non-wettable surface would satisfy the conservation of energy. Based on this energy
conservation approach, Chandra and Avedisian (1991) suggested a model where the
maximum spreading factor would scale as the square root of the Weber number of the
droplet. However, there was a considerable difference between this proposed model
and the experimental data observed by Biance et al. (2006), which might have been
caused by the underestimated effect of water evaporation and upward flow of air, due

to convection from the superheated Leidenfrost surface. Works done by Pasandideh-
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Fard et al. (1996), Kim and Chun (2001), Ukiwe and Kwok (2004), Vadillo et al.
(2009), and Li et al. (2010) on various surfaces show that the conservation of energy
indeed holds, as long as the effect of viscous dissipation and wettability are taken into
account.

On the contrary, works by Clanet et al. (2004), Bartolo et al. (2005), and Biance
et al. (2006) show that a straightforward energy conservation approach cannot be
used due to the existence of internal flows induced by an “effective gravity” during
the impingement. According to this effective gravity theory, the maximum spreading
factor does not scale as the square root of the Weber number, but instead scales as
the Weber number to the one-fourth power. However, the conclusion of these studies
has been refuted by Eggers et al. (2010), mainly because they only investigated a
small regime where both energy conservation and effective gravity approaches could
not be reliably discriminated. Work by Eggers et al. (2010) suggests that in the
low viscosity regime, the maximum spreading radius is, indeed, dictated by a balance
between kinetic energy and capillary forces, not by the effective gravity. More recently,
Lee and Lee (2011) suggest that a more accurate model for the maximum spreading
factor could indeed be made by incorporating a geometrical modification induced by
surface textures into the energy conservation principle. Note that different materials,
ranging from superheated Leidenfrost surfaces (Chandra and Avedisian, 1991; Biance
et al., 2006), to hydrophobic metal and polymeric surfaces (Pasandideh-Fard et al.,
1996; Ukiwe and Kwok, 2004; Bartolo et al., 2005; Vadillo et al., 2009), as well as
micro-textured hydrophobic surfaces (Clanet et al., 2004; Biance et al., 2006; Tsai
et al., 2009; Lee and Lee, 2011), were used in these published works.

The complication introduced by surface properties’ transition to the otherwise
simple problem has led many studies to revolve around it, leaving several other im-
portant impact behavior characteristics unexplored. Despite their importance, these
impact behavior characteristics, which include critical Weber number, volume ratio,
and restitution coefficient, have received the least amount of attention due to the
excessive amount of effort spent drawing a unified conclusion about the maximum

spreading factor. Until now, only Range and Feuillebois (1998) and Rioboo et al.
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Table 5.1. Comparison between superhydrophobic surfaces.

Surface Static Roll-off  Contact Droplet Liquid-
contact angle angle pinning vapor-
angle hysteresis  condition  solid

interface

Micropatterned Si 173 3 1 We>T78 no

pillars (Jung and

Bhushan, 2008)

Microtextured 160 N/A N/A We < 1 no

wax (Biance and

et al., 2006) We > 85

Superheated plate 180 N/A 0 no pin- yes

(Chandra and ning

Avedisian, 1991)

Lotus leaf (Koch 162 4 4 N/A yes

and Barthlott,

2009)

CNT arrays (this 173 3 3 no pin- yes

study) ning
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(2001) have mentioned the existence of critical Weber numbers. A critical Weber
number is basically a threshold that separates two different outcomes when a drop
impinges the surface and is a unique property of a surface that depends heavily on
its wettability. Hence, a critical Weber number of an ideal superhydrophobic surface
should be different than that of any other wettable surfaces. Although they discussed
the role of critical Weber numbers on the morphology of an impinging droplet, their
discussions were based on phenomena observed on conventional materials, not on
non-wettable surfaces.

Another example of an important characteristic that has also been neglected is
the restitution coefficient, which is defined as a ratio between the droplet’s velocity
before and after the impact. So far, the restitution coefficient has only been briefly
mentioned by Richard and Quere (2000) and Biance et al. (2006). Although both
of them claimed that superhydrophobic surfaces were used in their experiment, their
experimental data did not agree with each other. Richard and Quere (2000) show
that the restitution coefficient is approximately constant over a large range of Weber
numbers, while Biance et al. (2006) suggest restitution coefficient scales as the inverse
of a square root of the Weber number. Such a discrepancy might have been caused by
the use of different types of non-wettable surface, where Richard and Quere (2000)
used a proprietary micro-textured hydrophobic surface, while Biance et al. (2006)
used a superheated Leidenfrost surface. This clearly shows that the droplet impact
behavior is heavily influenced by the types of surface used in the experiment, and
highlights the importance of using an ideal Cassie state superhydrophobic surface to
provide valid experimental data.

This work presents for the first time a complete characterization of water droplet
impact behavior on a Cassie state nanostructured superhydrophobic surface. Ex-
perimental data are gathered comprehensively via carefully controlled experimental
procedures at standard room temperature and pressure over a wide range of Weber
number. These experimental data are presented in the form of several important
impact behavior characteristics, which include critical Weber number, volume ratio,

restitution coefficient, as well as maximum spreading diameter. Empirical approxima-
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tions and interpretations of the data, as well as brief comparisons to the previously
proposed scaling laws, are also shown here. This work will ultimately provide the
basis for future study to develop a logical mathematical model that describes the
droplet impact behavior on a non-wettable surface by eliminating any complications

induced by surface properties transition.

5.2 Materials and Methods

The ideal Cassie state superhydrophobic surface used in this study was made of CNT
arrays. These CNT arrays have inherent hierarchical structures needed to minimize
the adhesion between a water droplet and its surface. According to Gao and McCarthy
(2006a) and Bhushan et al. (2009), an ideal Cassie state superhydrophobic surface
can only be fabricated from a material with hierarchical structures, which provide
two length scales topography. In the case of CNT arrays, their two length scales
topography is provided by a combination of micro-scale height variation of the arrays
and nano-scale entanglement of the nanotubes. Carbon nanotube arrays used in this
study have an average length of about 15 um and an average height variation of about
1 pm. At a smaller scale, the presence of entanglements on the top surface of the CNT
arrays is apparent. A detailed discussion on the CNT array fabrication technique and
their physical properties can be read in Chapter 2.1.1 and Chapter 2.1.2, respectively.

Further, to ensure that surface properties transition from Cassie state to Wen-
zel state did not occur during the entire study, the surface chemistry of these CNT
arrays was carefully controlled and maintained. The detailed methods for surface
chemistry modification and characterization can be read in Chapter 3. The combi-
nation of inherent two length scales topography and the carefully controlled surface
chemistry of the carbon nanotube arrays results in a surface with an extreme water
repellent capability. Such capability is shown by its extremely high static contact
angle of about 173° (Figure 5.1) and its very low contact angle hysteresis of about
3°. These superhydrophobic CNT arrays also exhibit a very low roll-off angle of less

than 3° (Figure 5.2), which means that no millimeter-size water droplet can maintain
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0.5mm

Figure 5.1. Water droplet on an ideal superhydrophobic surface exhibits an almost
perfect spherical shape, with static contact angle of higher than 170°.

a stable position on its surface when it is tilted more than 3°. Further, the surface
of superhydrophobic CNT arrays is always covered by air film cush that it cannot
be wetted by water. This liquid-vapor-solid interface is the signature interface of
an ideal Cassie state superhydrophobic surface. A detailed discussion on the liquid-
vapor-solid interface on the surface of superhydrophobic CNT arrays can be read in
Chapter 3.3.6.

In this study, all droplets were generated by a flat-tipped stainless steel needle
connected to a syringe pump (Harvard Apparatus PHD 22/2000). The flat-tipped
needle used here was varied from 24-gauge to 33-gauge, depending on the volume
of the droplet. This combination allows the volume of the droplet to be carefully
controlled with less than 10% variability. Each droplet was formed using the pendant
drop method, where water with a specific volume was slowly pushed by the syringe
pump through the needle until it detached under its own weight. Using this method,
the shape of the free-falling droplet may not be perfectly spherical, which may increase
the uncertainty of the experimental results. However, according to Vadillo et al.
(2009) and Lee and Lee (2011), this phenomenon should not drastically change the
observed impact behavior.

The evolution of the droplet before, during, and after the impingement was cap-

tured using a backlight technique, where the impacting droplet and the surface were
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Figure 5.2. Time-lapse image of water droplet bounce off of the surface of carbon
nanotube arrays. This surface was tilted by 2.5° to clearly show the bouncing behavior
of the droplet. Each frame was recorded with 17ms interval.

placed in between the high speed camera and the illumination source (Figure 5.3).
The impact behavior was recorded with an image resolution of 600x400 pixels using
a high speed camera (Dantec Dynamics NanoSense MKIII), running at a frame rate
of 2000 frames per second. The droplet and the surface were illuminated from behind
by arrays of white LED (Bridgelux BXRA-C800) running at a color temperature of
5600K. A smooth PET light diffuser was placed between the objects of study and the
LED arrays to distribute the light evenly. All measurements regarding droplet size
and height were done manually using an open-source image processing software (NIH
Imagel).

To minimize variability of the experimental results, the entire experiment was
performed using deionized (DI) water with a resistivity of 18.2 M{2-cm, in a controlled
environmental condition at an ambient temperature and humidity of 20°C' and 50%,
respectively. Since the influence of external air pressure to the impact behavior was
considered insignificant (Tsai et al., 2009), the ambient pressure was left uncontrolled
at a standard atmospheric pressure. The interference from the ambient environment
was further minimized by placing the needle, from which the droplet fell freely, inside
transparent acrylic windscreens. The drop impact velocity itself was controlled by
varying the distance between the tip of the needle and the surface. The relation
between the impact velocity and the fall height is described elsewhere (Bartolo et al.,
2005; Biance et al., 2006). Measurements for each data point were repeated at least

twelve times to ascertain their reproducibility and to ensure that the obtained data
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are normally distributed. Outlier removal algorithm was employed, such that the
experimental data presented herein are free from outliers. Outliers were defined as
data points that fall more than 1.5 times the interquartile range below the first quartile
or above the third quartile.

There are several important parameters governing the nature of impinging droplets
that have to be taken into account. Those parameters are the droplet diameter
(d;), density (p), dynamic viscosity (1) and surface tension (o) of the liquid, impact
velocity (v;) of the droplet and the external air pressure. To make the analysis simpler,
these parameters are represented by several important dimensionless numbers: Weber
number (We), Reynolds number (Re), Ohnesorge number (Oh), Froude number (Fr),
Bond number (Bo), and Capillary number (Ca). Weber number is defined as We =
pvid;/o. Reynolds number is defined as Re = pv;d;/p. Ohnesorge number is defined
as Oh = p/+/pod; = VWe/Re. Froude number is defined as Fr = v?/gd;. Bond
number is defined as Bo = pgd?/o. Capillary number is defined as Ca = uv;/o.
In this work, Weber number was varied from We = 1.79 to We = 335.32, which
proportional to Reynolds number from Re = 529.64 to Re = 10701.23. This broad
range of Weber number was achieved by varying the initial droplet size from d; = 2.2
mm to d; = 3.8 mm, and impact velocity from v; = 0.24 m/s to v; = 2.51 m/s,
using DI water with a density of p & 0.997 g/cm® and a surface tension of o ~ 71.89
dyne/cm.

The effect of viscosity to the droplet can be considered minimal since the Ohne-
sorge number of experiment was found to be 1.71 x 1073 < Oh < 2.52 x 1073. In
addition, the Froude, Bond, and Capillary number were set to be 2.24 < Fr < 229.22,
0.65 < Bo < 2.02, and 3.37 x 1072 < Ca < 3.13 x 1072, which imply the following:
the effect of inertia is stronger than that of gravity, the effect of gravity is compa-
rable to that of surface tension, and the effect viscosity is much less than that of
surface tension. Further, the ratio between Bond and capillary numbers was found
to be much larger than unity in each experiment. This ratio, which is defined as
Bo/Ca = pgd? /s, compares the effect of gravity and viscosity to the water droplet.

Consequently, the effect of viscosity is also insignificant compared to the effect of
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Figure 5.3. Schematic of the experimental setup.
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Table 5.2. Dimensionless parameters of the experiments.

We Re Oh Fr Bo Ca Bo/Ca

Min 1.79 529.64  1.71x1073 224 0.65 3.37x1073 21.14

Max 335.32 10701.23 2.52x107% 229.22 2.02 3.13x1072 287.99

gravity. Therefore, the impact behavior can be conveniently expressed just by Weber
number. Weber number is considered as the most important parameter mainly be-
cause of its appearance in the energy balance of the droplet, which has been discussed
in detail elsewhere (Chandra and Avedisian, 1991; Pasandideh-Fard et al., 1996; Kim
and Chun, 2001; Ukiwe and Kwok, 2004; Vadillo et al., 2009; Li et al., 2010; Lee and
Lee, 2011), and to avoid competition between two main components of kinetic energy,

i.e., v; and d;. These dimensionless parameters are summarized in Table 5.2.

5.3 Results and Discussion

5.3.1 Critical Weber number

As a free-falling water droplet hits the superhydrophobic surface, it deforms and
flattens into a pancake shape and then spreads on the surface. Depending on the
Weber number, there are at least three apparent outcomes after the droplet reaches
its maximum spreading diameter. At a low Weber number, the droplet starts to recede
right after it reaches its maximum spreading diameter and finally rebounds off of the
surface completely while creating some sort of an upward flow, which elongates the
droplet vertically. The droplet remains intact during, and subsequent to, the impact
(Figure 5.4.a). At a moderate Weber number, the droplet also starts to recede once
it reaches its maximum spreading diameter. However, when this droplet rebounds off
of the surface, it creates a stronger upward flow, known as a Worthington jet, and

forms several smaller secondary droplets (Figure 5.4.b). At a high Weber number,
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the surface tension of water is no longer able to keep the droplet intact. Hence, it
breaks into many smaller secondary droplets once it reaches its maximum spreading
diameter and the remaining primary droplet rebounds off of the surface (Figure 5.4.c).

The existence of three distinguishable impact regimes implies that there are two
critical Weber numbers separating them (Range and Feuillebois, 1998; Rioboo et al.,
2001). The first critical Weber number, ey, indicates the condition when the upward
flow created during the rebound phase starts to split into several smaller secondary
droplets. The second critical Weber number, Wes, indicates the threshold when the
impinging droplet splashes into many smaller secondary droplets during the impact
right after it reaches its maximum spreading diameter. Although the existence of
Wey on conventional materials has been previously observed by Range and Feuillebois
(1998) and Rioboo et al. (2001), the existence of We; and Wes on superhydrophobic
surfaces has never been observed.

As observed experimentally, the first critical Weber number was found at We; =
11(#£3), while the second critical Weber number was found at Wey = 106(+17) (Fig-
ure 5.5). This result infers that at We < 8, an impinging water droplet always
bounces off of the surface completely without forming any secondary droplets. At
14 < We < 89, all impinging water droplets always bounce off of the surface while
forming Worthington jets and secondary droplets. At We > 123, every impinging
water droplet always splashes upon impact and forms a myriad of secondary droplets.
Interestingly, the Wey observed in this study is in the same order of magnitude as
that observed on conventional materials with similar surface roughness (Range and
Feuillebois, 1998). Since critical Weber numbers are unique properties of a surface
(Range and Feuillebois, 1998; Rioboo et al., 2001), the transition of impact behavior
at Wey = 11(£3) and Wey = 106(£17) may only be observed on an ideal superhy-
drophobic surface.

Notice that the variation of Wes is larger than that of We;. Such large variation in
We, is expected, considering the imperfect spherical shape of the free-falling droplet
due to the nature of a pendant drop. Further, droplets with higher kinetic energy have

more pronounced oscillation due to additional internal waves and motions compared
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Figure 5.4. (a) At We = 9.1, the water droplet bounces off of the surface of the array.
(b) At We = 57.5, the primary rebounded droplet starts to elongate and eventually
splits into several smaller secondary droplets as indicated by the black arrows. (c)
At We = 150, the water droplet splashes upon impact and breaks into many smaller
secondary droplets. The primary rebounded droplet is noticeably larger than the
secondary droplets.
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Figure 5.5. Probability of a water droplet to create a Worthington jet or a splash
upon impact. Transition from a full rebound to a rebound with a Worthington jet
occurs at We; = 11(£3), while transition from a rebound with a Worthington jet to
a splash takes place at Wey = 106(£17).

to ones with lower kinetic energy (Biance et al., 2006). The shape uncertainty of
the droplet at the time of impact may also contribute to the widening of the We,
range. Although the surface roughness may influence the widening of We, (Range and
Feuillebois, 1998; Rioboo et al., 2001), there is no obvious evidence that such large
variation is caused by the micro- and nano-scale surface roughness of the carbon
nanotube arrays.

It is worth mentioning that there may exist a third critical Weber number, Wegs,
at which the ratio between the primary and the secondary droplets is zero. In other
words, at We > Wes the impinging droplet completely breaks and scatters upon
impact into a myriad of smaller droplets and the primary droplet can no longer
be distinguished from the secondary ones (Rioboo et al., 2001; Yarin, 2006). Since
no recorded observations of Wes have been made in this study, mainly due to the
limitation of the high speed camera, it is hypothesized that Wes has to be much

higher than We;. However, the existence Wes could not be proven in this study.
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It would be interesting to see if the third critical Weber number follows the order
of magnitude trend of the first and the second critical Weber numbers, such that
Wey ~ 10, Wey ~ 102, and Wes ~ 10%. Further studies to confirm this hypothesis
and to understand the underlying mechanism of droplet segmentation still need to be

done in the future. Various scenarios mentioned above are summarized in Figure 5.6.

5.3.2 Volume ratio

As mentioned earlier, in the We > We; regime, secondary droplets are always formed
upon impact, either by a Worthington jet or by a splash. Experimental observations
indicate that the ratio between the primary and the secondary droplets is dictated by
the Weber number, such that this ratio decreases as the increase of Weber number.
The ratio between the volume of the primary rebounded droplet and its initial volume
is known as the volume ratio, £, and is defined by the following formula: ¢ = (d,./d;)?,
where d; is the initial diameter of the droplet before impact, and d, is the diameter or
its equivalent spherical diameter of the primary rebounded droplet (Figure 5.6). At a
low and moderate Weber number, the total volume of the smaller secondary droplets
should be considerably smaller compared to the volume of the primary droplet. At
a high Weber number, the total volume of the smaller secondary droplets should be
comparable to or even higher than the volume of the primary droplet.

In the We < We; impact regime, £ is always unity because the droplet remains
intact during and subsequent to the impingement. In the We; < We < Wey impact
regime, £ starts to decrease as the rebounded droplet starts to split into one big
primary droplet and a few smaller secondary droplets due to the formation of a
Worthington jet. In the We > We, impact regime, £ continues to decrease as the
droplet starts to break into many smaller secondary droplets upon impact. Based on
this observation, the number of secondary droplets tends to increase exponentially
with the increase of Weber number. Although the number of secondary droplets
formed upon impact has not been quantified in this study, it shows that for all impact

regimes other than the first one, the volume ratio tends to decrease exponentially
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Figure 5.6. Illustration of the evolution of a droplet before, during, and after the
impact with a superhydrophobic surface at (a) We < Wey, (b) We; < We < We, (¢)
Wey < We < Weg, and (d) We > Wes. d; is the initial diameter of the droplet before
impact and d,. is the diameter of the primary rebounded droplet or the equivalent
spherical diameter if its shape is not spherical. d, is the maximum spreading diameter
of the droplet during impact. At We > We,, dy is measured right before the droplet
breaks into many smaller secondary droplets. At We > Wes the primary droplet
is no longer distinguishable from the secondary ones. Note that the existence of
We > Wes regime is still hypothetical. h; is the initial drop height of the droplet and
h,. is the maximum bounce height of the primary rebounded droplet. Primary droplet
and secondary droplets are indicated by diamond and asterisk markers respectively.
This figure is adapted from Rioboo et al. (2008).
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with the increase of Weber number. The volume ratio in the second and third impact
regimes can be approximated by a scaling of € ~ We™'/8 and € ~ We™!, respectively.
These relations show that in the We; < We < Wey impact regime, £ decreases slowly
with the increase of We, while in the We > Wey impact regime, £ decreases at a
higher rate with the increase of We.

This approximation fits the experimental data quite well in all impact regimes.
The numerical coefficient of the approximation can be obtained by curve fitting the
experimental data. Hence, the volume ratio in all ranges of Weber number follows

the following relation:

1 S We < Weyq
=14 1.35We '8 [ We, < We < Wey (5.1)
85We ™t We > Wes

Equation (5.1) satisfies the condition of the droplet impact behavior, where £ = 1 at
We < Wey and € =~ 0 at limpy ., 1. This relation also shows that the droplet volume
ratio can be generalized into one expression for each impact regime. A more rigorous
study still needs to be conducted to correlate the number of secondary droplets formed
by the splashing phenomenon to the Weber number, and to quantify the volume of
each secondary droplet.

If the relations described above are extrapolated to an even higher Weber number,
one will find the third critical Weber number, Wes, where the volume of the primary
rebounded droplet is almost zero. Although such extrapolation is tenuous, for the sake
of argument it is assumed for now that & ~ We™! remains valid for We > 300. Based
on this extrapolation, £ ~ 0.01 at We = 1000, and since in the We > We3 impact
regime the volume ratio should be zero or close to zero, it implies that Wez ~ 1000.
If such extrapolation is valid, it suggests that the critical Weber number may indeed
follow the order of magnitude trend, such that We; ~ 10!, Wey ~ 102, and Weg ~
103. Experiments at an even higher Weber number regime have to be conducted in

the future to validate this assumption.
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Figure 5.7. Log-log plot of ¢ as a function of We of the droplet. £ is always unity
in the first impact regime, while ¢ decreases as We increases in the second and third
impact regimes.

Notice from Figure 5.7 that variations in £ start to occur at We > We; and
become more prominent at We > Wes. Such variations are mainly caused by the un-
certainties in measuring the diameter of the primary rebounded droplet. As droplets
with higher Weber numbers splash off of the surface, the primary rebounded droplets
oscillate vigorously, creating non-spherical shapes. At We > Wesy, the shape of the
rebounded droplets becomes highly non-spherical, which makes it even more difficult
to determine their equivalent spherical diameter. Hence, droplets with higher Weber
numbers are expected to have higher uncertainties in the measurement of d,., which

lead to larger variations in calculating &.

5.3.3 Coefficient of restitution

Coefficient of restitution, €, represents the loss of energy of an object upon impact on
a hard surface and can be quantified by simply taking a ratio between the velocity
of such an object after and before the impact. Assuming that the aerodynamic drag

during the free-fall and rebound phases can be neglected (Bartolo et al., 2005; Biance
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et al., 2006), € can be measured by taking a ratio between the rebound height and
the initial height according the following formula: ¢ = v, /v; = \/m, where h; is
the initial drop height of the droplet and h, is the maximum bounce height of the
primary rebounded droplet (figure 5.6). Under normal circumstances, all objects have
¢ < 1, which means that those objects lose a fraction of their energy upon impact.
Just like any other objects, a free-falling water droplet deforms and loses a fraction of
its energy as it hits a surface. As the droplet deformation becomes more pronounced
with the increase of Weber number, the energy loss of the droplet becomes more
significant. Therefore, a water droplet with a higher Weber number is expected to
have a lower coefficient of restitution.

As suggested by Biance et al. (2006), a bouncing droplet, and consequently ¢, can
be approximated by a spring-mass model. Using such approximation, the coefficient
of restitution scales as ¢ ~ We~/2. Although this model fits their experimental data
for the Leidenfrost drops, it does not agree with their experimental data for droplets
impinging on a micro-textured surface, which was claimed to be superhydrophobic.
In the case of drops on a micro-textured surface, € reaches a maximum value for
some intermediate We. This maximum value was found to be ¢ = 0.85, which
is significantly lower than that of Leidenfrost drops. There are at least two root
causes that may lead to such discrepancy: the water loss due to evaporation in the
case of Leidenfrost drop might be underestimated, and the fact that a non-ideal
superhydrophobic surface was used.

For the Leidenfrost drops, all rebounded droplets are arguably smaller than their
original size prior to impact. Given that the contact time of a water droplet to
bounce on a superheated plate is in the order of tens of a milliseconds, and the
droplet lifetime based on the evaporation rate in such condition is in the order of
seconds (Biance et al., 2003), droplets smaller than their capillary length may lose
about 3% of their volume during the impact. In addition, the temperature difference
between the superheated plate and the ambient air may induce an upward flow of hot
air from the surface of the plate that has to be taken into account in the measurement

of the impact and rebound velocity of the droplet. Such convection flow may also
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Figure 5.8. Log-log plot of € as a function of We of the droplet. € decreases as We
increases in all impact regimes. Here a; = 0.05 and ap = 1155.

increase the evaporation rate of the droplet before, during, and after the impact. For
larger droplets, where the surface to volume ratio is smaller, such loss in volume due
to evaporation may not be as severe as that for smaller droplets, and hence it could
be neglected.

In the case of drops on a micro-textured surface, there exists a non-negligible
adhesion force between the droplet and the surface, such that if the kinetic energy
of the droplet is too low or the size of the droplet is too large such a droplet will be
pinned to the surface and lose its ability to bounce (Richard and Quere, 2000; Biance
et al., 2006). Such adhesion force only exists when the water droplet is in intimate
contact with the surface asperities. The presence of a large-scale liquid-solid interface
infers the use of a non-ideal Wenzel state superhydrophobic surface in those studies.
Since their experimental data does not represent the actual impact behavior on an
ideal superhydrophobic surface, any further studies on an ideal superhydrophobic
surface should only be compared to the Leidenfrost drops.

According to Biance et al. (2006), the rate of decrease of € in the We < Wes

impact regime should be as high as that in the third impact regime. However, as
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observed experimentally, € decreases at a much smaller rate in the low and moderate
Weber number regime compared to that in the high Weber number regime. This
suggests that the loss of energy upon impact on an ideal superhydrophobic surface is
much lower than that on a superheated surface, i.e., Leidenfrost drop. In other words,
there are some non-negligible factors, e.g., water evaporation and convective flow of
hot air, that are responsible for this additional loss of energy. These non-negligible
factors should be taken into account in any future studies on the impact behavior of
a Leidenfrost drop.

As expected, € decreases as the increase of We, even in the We < We; impact
regime. In the We; < We < Wey impact regime, the rate of decrease of ¢ is
actually similar to that in the We < We; impact regime. In fact, the coefficient of
restitution decreases from € ~ 1 to € ~ 0.4 as Weber number increases from We ~ 1
to We =~ 70. A significant transition occurs at We,, such that € plummets at an
even faster rate in the We > We, impact regime. Such transition, which is shown
by an elbow right before We, in Figure 5.8, indicates a change in the recoverability
of droplet deformation. In the We < We, impact regime, the droplet undergoes a
recoverable deformation upon impact, and the fragmentation only occurs after the
droplet rebounds off of the surface. On the other hand, in the We > We,y impact
regime, the droplet undergoes an irrecoverable deformation upon impact, which is
demonstrated by the splashing phenomenon.

Phenomenologically, the coefficient of restitution in the first and second impact
regimes can be described by a scaling of € ~ We™/4, and in the third impact regime

by a scaling of ¢ ~ We™ /2,

These relations shows that the energy loss upon im-
pact is proportional to the deformation of the droplet and the loss of energy due to
irrecoverable deformation, i.e., droplet fragmentation due to splashing, is enormous
compared to that due to recoverable deformation. Although the ¢ approximation in
the first and second impact regime does not agree with the scaling law suggested by
Biance et al. (2006), such scaling is indeed observed in the We > We, impact regime.

As suggested by Biance et al. (2006), a bouncing water droplet on a non wettable

surface has a similar behavior as an elastic ball, thus ¢ can be approximated by a
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spring-mass model. Using this approximation, Biance et al. (2006) obtained a scaling
of e ~ We'/2 as the model for the coefficient of restitution. Although this model
seems to fit their experimental data for Leidenfrost case, it does not agree with their
experimental data for droplets impinging a non-wetted micro-textured surface. Such
discrepancy may be caused by the underestimation of water loss due to evaporation in
the case of Leidenfrost drop. Given the contact time of a water droplet to bounce on
a superheated plate is in the order of tens of a milliseconds, and the droplet lifetime
based on the evaporation rate in such condition is in the order of seconds (Biance
et al., 2003), all small droplets with sizes smaller than the capillary length will lose
about 3% of their volume during the impact. In addition, the temperature difference
between the superheated plate and the ambient air may induce an upward flow of hot
air from the surface of the plate that has to be taken into account in the measurement
of the impact and rebound velocity of the droplet. Such convection flow may also
increase the evaporation rate of the droplet before, during and after the impact.

Because of this discrepancy, a better model to approximate the coefficient of resti-
tution for a superhydrophobic surface that fits to our experimental data needs to be
proposed. It does make sense to develop a model for a bouncing water droplet based
on a spring-mass model. However, as suggested by Pasandideh-Fard et al. (1996),
Kim and Chun (2001), Ukiwe and Kwok (2004), and Vadillo et al. (2009), the effect
of viscous dissipation has to be included in the model, even though all experiments are
done at a low viscosity regime. Here we propose a model for € that is developed from
a linear mass-spring-damper model. Using this model, the effect of viscous dissipa-
tion is not completely neglected, although it is small compared to the effect of surface
tension and inertia. Such a linear mass-spring-damper model has been successfully
implemented in the past to explain the bouncing behavior of free-falling linear solid
elastic balls (Falcon et al., 1998; Nagurka and Huang, 2006).

Based on a linear mass-spring-damper model, the equation of motion of the droplet

during the impact phase can be expressed as:

mi + ct + kx = —mg (5.2)
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where x represents the position of the droplet’s center of mass over time with respect
to the initial droplet’s center of mass right when the droplet touches the surface
(Figure 5.9). It also means that the position of the surface is always at x = —d;/2.
The velocity and the acceleration of the droplet during the impact are represented
by # and I, respectively. The mass, viscous damping, and linear elastic stiffness of
the droplet are denoted by m, ¢, and k, respectively. The linear elastic stiffness k
scales as the droplet’s surface tension . However, the circumstances with the viscous
damping ¢ are more ambiguous since it may include viscous dissipation of the droplet
in the air, viscous boundary layer during the impact, and viscous dissipation due to
the interaction with the surface. In this study, the viscous damping ¢ represents the
global viscosity of the system, which includes all the viscous terms mentioned above.
Thus, ¢ can be scaled as the droplet’s bulk viscosity u times the length scale of the
droplet d;. Equation (5.2) is subjected to initial conditions x(0) = 0 and #(0) = —v;,
where v; is the impact velocity of the droplet.

Since in this case ¢/vkm < 1, the solution of Equation (5.2), after the imaginary

parts are removed, is given by:

cq U; c .
z(t) = [% — ;} exp{—%t} sin wt
mg c mg
+ exp{ 2mt} cos wt 7 (5.3)

where w is the natural frequency of the droplet described as following;:
1 k
w=—Vidkm — 2 ~\/— (5.4)
2m m

By order of magnitude approximation mg/k < cg/kw < v;/w. Therefore, equa-

tion (5.3) can be simplified as following:

V; (& .
t) ~ —— ——t t 5.5
o(t) ~ ~ 2 expl— -t} sin (5.5)

Contact time (t,) is defined as the time when the droplet start to rebound from the

surface, but still in contact with the surface, and can be estimated from the nontrivial
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solution of Equation (5.5) by setting x(t,) = 0. Such estimation is valid for all range
of We, even though the deformation of the rebounded droplet is considerably large at
We > Weq, due to the formation of Worthington jet or the occurrence of splashing
phenomena. Since x(t) indicates the position of the droplet’s center of mass, not its
centroid, x(t,) will be close to zero regardless of the shape of the rebounded droplet,

as long as the droplet is still in contact with the surface. Therefore, t, is given by:
T
t, = — 5.6
- (56)

The velocity of the droplet upon impact can be obtained by differentiating equa-
tion (5.5) as following:

(t) = 2::;;) exp{—ﬁt} sin wt
c
—; exp{—%t} coswt (5.7)

The velocity of the droplet at ¢t = t,., right before the droplet lifts off from the surface,
is then given by:

v & x(t) = v; exp{—zitr} (5.8)
m

As mentioned earlier, coefficient of restitution is defined as € = v, /v;. Accordingly,

Equation (5.8) can be written as:

C
E R exp{—%tT} (59)

Hence, ¢, is obtained by substituting Equation (5.4) into Equation (5.6), which
yields ¢, = wy/m/k. Since t, represents the typical inertial oscillation response time
of the droplet with mass m ~ pd® and linear elastic stiffness k ~ o (Reyssat et al.,

2010; Clanet et al., 2004; Schiaffino, 1997), the contact time can be approximated as:

d3
t, ~ )2 (5.10)
g
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Figure 5.9. A model for coefficient of restitution, €, can be obtained by representing
the droplet as a linear mass-spring-damper system during the impact phase. The
initial condition at ¢t = 0 is defined as the condition right when the free falling droplet
touches the surface, where the position of the droplet’s center of mass is equal to zero
and the impact velocity is —v;. At time t = t,, the droplet reaches its maximum
spreading diameter during the impact phase. At time ¢ = ¢,, the droplet starts to lift
off from the surface and begin the rebound phase.

The ratio between the viscosity and mass of the droplet is given by:

~ P

c
— A1
m  pd; (5.11)

SN

By substituting Equation (5.10) and Equation (5.11) into Equation (5.9), and
by taking into account the droplet’s volume ratio & = (d,/d;)?, the coefficient of
restitution can be approximated as ¢ ~ exp{—+/{u?/pod;}. In general, it can be

written in term of Reynolds and Weber numbers as:
e = ay exp{au/?Re 1 Wel/?} (5.12)

By fitting Equation (5.12) to the experimental data using least square method, the

coefficients a; and s were found to be a3 = 0.05 and ay = 1155 (Figure 5.8).
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Figure 5.10. Log-log plot of 3 as a function of We of the droplet. [ increases with the
increase of We all impact regimes. Each square marker represents the mean value of
multiple data points and error bars indicate the standard deviations from the mean.

5.3.4 Maximum spreading factor

The maximum spreading factor, (3, is defined as the ratio of the maximum spreading
diameter of the droplet during impact to the initial diameter of the droplet before
impact, and can be calculated using the following formula: = d,/d;, where d; is
the maximum spreading diameter of the droplet during impingement, and d; is the
initial diameter of the droplet (Figure 5.6). For splashing droplet at We > Wes, d;
is measured right before the droplet breaks into many smaller secondary droplets.
As previously stated, a free-falling water droplet deforms upon impact, and such
deformation becomes more pronounced with the increase of the kinetic energy of
the droplet. Since a stronger droplet deformation corresponds to a larger spreading
factor, one can expect that  increases with the increase of We.

As observed experimentally, S increases with the increase of We in all impact
regimes (Figure 5.10). The rate of increase of § in the We < We; impact regime
is similar to that in the We; < We < Wey impact regime, where the maximum

spreading factor increases from [ &~ 1.1 to 8 ~ 2.6 as Weber number increases from
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We ~ 1.7 to We ~ 76.7. Empirically, the maximum spreading factor in this impact

/5 A significant transition

regimes can be approximated by a scaling of 5 ~ We
occurs right before We,, such that S increases at a faster rate in the We > We,
impact regime.

In the We > We, impact regime, the maximum spreading factor can be approxi-

172 Such scaling, is in fact, the generalized scaling law

mated by a scaling of § ~ We
derived from a straightforward energy conservation approach. Using this approach,
the scaling of maximum spreading factor is obtained by calculating the radius of
the droplet when the initial kinetic energy of the droplet is converted completely
into surface energy (Chandra and Avedisian, 1991; Bennett and Poulikakos, 1993).
The agreement between this scaling and the experimental data presented here sug-
gests that a straightforward energy conservation approach may adequately predict
the droplet spreading behavior upon impact on a non-wetted surface in the medium
and high Weber number regime.

As expected, the scaling of 3 ~ Wel/%, as suggested by Clanet et al. (2004),
Bartolo et al. (2005), and Biance et al. (2006), fails to capture the droplet spreading
behavior in all impact regimes. Note that this scaling law was proposed to counter the
straightforward energy conservation approach because of the presence of an internal
flow in the droplet during the impact. Such internal flow suggests that the initial
kinetic energy is not completely converted into surface energy even when the droplet
reaches its maximum spreading diameter, and thus S should be determined by the
balance between gravity and surface forces. However, as mentioned by Eggers et al.
(2010), these scaling laws are actually similar to each other in such a small range
of We, such that they cannot be reliably discriminated. In the low Oh and Ca
regime, where the effect of viscous and capillary forces is minimal, the maximum
spreading radius should not be dictated by a balance between gravity and surface
tension (Eggers et al., 2010).

In the large We and Re regimes, two different mechanisms to predict the maximum
spreading diameter have been assumed (Eggers et al., 2010). The first assumption

is that the effect of viscosity can be neglected such that the maximum spreading
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Figure 5.11. Log-log plot of § as a function of Re of the droplet. [ increases with
the increase of Re all impact regimes.

diameter only depends on the balance between kinetic energy and surface tension of
the droplet. The second assumption is that the viscous dissipation dominates surface
tension and the maximum spreading diameter is determined by the balance between
inertia and viscosity. Using the first assumption, the maximum spreading diameter
should scale as  ~ Wel/?, while using the second assumption, it should scale as
B ~ Re'/> (Clanet et al., 2004; Bartolo et al., 2005). It has been demonstrated above
that 3 ~ We'/? in the We > We, impact regime, confirming the validity of the first
assumption.

The second assumption, which is derived from an idea that the spreading behavior
is limited the effect of viscosity, may only be satisfied in the high Oh regime. Since
this current study was done in the very low Oh regime, the obtained experimental
data could not be used to confirm the validity of the second assumption. For the sake
of argument, /3 is plotted versus Re to show if the scaling of  ~ Re'/® is satisfied
(Figure 5.11). Although g does increase with the increase of Re, the scaling of
B ~ Re'/’ is not satisfied. In fact, empirical approximation of the experimental data
1/2

shows that the maximum spreading factor scales as § ~ Re'/“. Such poor prediction
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of 8 by the second assumption infers that the loss of kinetic energy of the droplet
during impact due to viscous dissipation is indeed minimal. Therefore, the scaling of
B ~ Re'/® may not be relevant for use in predicting the droplet spreading behavior
on a non-wetted surface in the small viscosity regime.

As stated earlier, many previous studies have been conducted in the past (Chandra
and Avedisian, 1991; Pasandideh-Fard et al., 1996; Kim and Chun, 2001; Ukiwe and
Kwok, 2004; Vadillo et al., 2009; Li et al., 2010; Eggers et al., 2010; Lee and Lee,
2011) to find a mathematical model that could reliably describes . These studies
show that an accurate model can be made based on the energy conservation approach
and by taking the effect of viscous dissipation and surface wettability into account.
Based on the energy conservation approach, a balance of energy between phases of

drop before, during, and after the impact can be written as follows:

KE1+SE1 == KE2+SE2+W12 (513@)

KEy+ SEy — Wy = KE3 + SEs (5.13b)

where K Fy and SFE; are the droplet’s kinetic energy and surface energy, respectively,
during the free fall phase right before the impact; K F, and SFE, are the droplet’s
kinetic energy and surface energy, respectively, at the instant of maximum spread
during the impact phase; K E3 and SFEj3 are the droplet’s kinetic energy and surface
energy, respectively, during the rebound phase right after the impact. The loss of en-
ergy due to viscous dissipation when the droplet spreads and retracts on the surface
during the impact are denoted by Wis and Was respectively. At the instant of maxi-
mum spread, the droplet’s kinetic energy can be assumed to be negligible (K Ey = 0)
because the velocity of the droplet is basically zero at that exact moment. Equa-
tion (5.13a) represents the energy balance between the total of the droplet’s energy
during the free fall phase right before it impacts the surface and the sum of droplet’s
energy when it reaches its maximum spreading diameter and the energy consumed
to spread the droplet on the surface. Equation (5.13b) represents the energy balance

between the sum of the droplet’s energy when it reaches its maximum spreading di-



141
ameter and the energy consumed to retract the droplet on the surface and the total of
the droplet’s energy during the rebound phase right after it lifts off from the surface.
Since it can be assumed that the loss of energy due to viscous dissipation during
the spreading and retraction phase is equal, Wiy = Was = W, Equation (5.13a) and

Equation (5.13b) can be written in a single equation as following:
KE, + SE, = KEs + SE3 4+ 2W (5.14)

where the kinetic energy of the droplet during the free fall and rebound phases is
given by
KE, = mpdiv?/12 (5.15a)

KE3 = mpdv? /12 (5.150)

and the surface energy of the droplet during the free fall and rebound phases is given
by
SE, = rdio (5.16a)

SE; = nd’c (5.16b)

Equation (5.14) can be simplified by substituting v, and d, with v; and d; using
the relation given by the volume ratio & = (d,./d;)® and the coefficient of restitution

e = v, /v;. Hence, it can be written as:

302 d3ev?
—W'Olévz + wdi*o = 7@0@“1% + w23 dio + 2W (5.17)

By substituting Equation (5.15a) and Equation (5.16a) into Equation (5.17), W can
be expressed as:

W= %[(1 —2)KE, + (1 -¢/?)SE) (5.18)

where the volume ratio (£) is described in Equation (5.1) and the coefficient of resti-
tution () is described in Equation (5.12). According to Ukiwe and Kwok (2004),

the droplet’s surface energy when it reaches its maximum spreading diameter can be
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expressed as:

SEy = modsls + %U(ds —15)%(1 — cos ) (5.19)

where [, and 6, are the thickness and the equilibrium contact angle of the droplet
when it reaches its maximum spreading diameter. Experimental data show that the
thickness of the droplet when it reaches its maximum diameter decreases rapidly with
the increase of Weber number. At a small Weber number, We < Wey, the droplet’s
thickness is still comparable to the maximum diameter of the droplet. However, at
a moderate Weber number, We; < We < Wey, the droplet’s thickness becomes an
order of magnitude smaller than its maximum diameter. At an even larger Weber
number, We > We,, the droplet’s thickness is found to be [ < d,, and can no
longer be observed. Hence, as suggested by Pasandideh-Fard et al. (1996), Vadillo
et al. (2009), and Lee and Lee (2011), it is reasonable to neglect the first term of
Equation (5.19). As mentioned earlier, the static contact angle of the droplet on
the superhydrophobic carbon nanotube array is about 171° and the contact angle
hysteresis is about 3°, which suggests that the equilibrium contact angle of the droplet
during the impact is about 171°(£3°). Consequently, the last term of Equation (5.19)
can be approximated as mod?/2. The energy balance between phases of the drop

before and during the impact can then be written as:

pd;v? d 1 o T 3o 1 2/3
EU0 1= = 4 —[(1-&2)—pdv? + =(1 — &% 5.20

After simplification, 5 can be expressed as:

B = [%(1 + 26 )We + %(1 + £¥/3)]1/2 (5.21)

where ¢ is described in Equation (5.1) and ¢ is described in Equation (5.12).
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5.4 Concluding Remarks

In conclusion, this work presents for the first time a complete characterization of
water droplet impact behavior on a Cassie state nanostructured superhydrophobic
surface. Here, such surface was made of chemically modified carbon nanotube arrays.
In addition to its extraordinarily high static contact angle, as well as extremely low
contact angle hysteresis and roll-off angle, this surface exhibits a continuous trapped
air cushion at the interface between water and the surface. This air film is indeed a
signature of an ideal Cassie state superhydrophobic surface.

Three different impact regimes have been experimentally identified while another
impact regime is proposed. These regimes are partitioned by three critical Weber
numbers, two of which have been experimentally observed. The first impact regime,
which was found at We < Wey, is when the impacting droplet recedes right after it
reaches its maximum spreading diameter, and subsequently rebounds off of the surface
completely. The second impact regime, which was found at We; < We < Wey, is
when the rebounding droplet creates a Worthington jet and forms several smaller
secondary droplets. The third impact regime, which was found at Wey < We < Wes,
is when the impacting droplet breaks into many smaller secondary droplets once
it reaches its maximum spreading diameter, and subsequently the primary droplet
rebounds off of the surface. The fourth impact regime, which is proposed to be
found at We > Wegs, is when the impacting droplet breaks into a myriad of smaller
droplets and the primary droplet can no longer be distinguished from the secondary
ones. The first and second critical Weber numbers are found at We; ~ 10! and
Wey ~ 102, respectively, and the third critical Weber number is hypothesized to be
found at Wes ~ 103. Further studies to confirm this hypothesis and to understand
the underlying mechanism of droplet segmentation still need to be done.

The volume ratio between the primary and the secondary droplets, &, is found to
decrease with the increase of Weber number in all impact regimes other than the first
one. In the first impact regime, ¢ is found to be always unity since the droplet remains

intact during and subsequent to the impingement. In the second impact regime, &
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starts to decrease as the rebounded droplet begins to split due to the formation of a
Worthington jet. In the third impact regime, ¢ continues to decrease as the droplet
breaks into many smaller secondary droplets upon impact. The volume ratio in the
second and third impact regimes can be approximated by a scaling of € ~ We=/® and
& ~ We™l, respectively. A more rigorous study needs to be conducted to correlate
the number of secondary droplets formed by the splashing phenomenon to the Weber
number, and to quantify the volume of each secondary droplet.

The loss of energy due to droplet deformation upon impact is quantified as the
coefficient of restitution, €. In the first and second impact regimes, the coefficient
of restitution can be approximated by a scaling of ¢ ~ We~1/4. In the third impact
regime, the coefficient of restitution can be approximated by a scaling of € ~ We™1/2.
Interestingly, the scaling law suggested by Biance et al. (2006) only agrees to the
current experimental data in the third impact regime. This suggests that there are
some non-negligible factors responsible for additional loss of energy that have be
taken into account in any future studies on the impact behavior of a Leidenfrost drop.
Further studies to develop a logical mathematical model based on these experimental
data has to be done in the future.

The droplet spreading behavior on a surface upon impact is quantified as the
maximum spreading factor, 5. In the first and second impact regimes, the maximum
spreading factor can be approximated by a scaling of 3 ~ We'/?. In the third impact
regime, the maximum spreading factor can be approximated by a scaling of § ~
Wel/2. This scaling of 8 ~ Wel/? is, in fact, the generalized scaling law derived from
a simple energy conservation approach and has been originally proposed by Chandra
and Avedisian (1991) and Bennett and Poulikakos (1993). Unsurprisingly, the scaling
laws of 3 ~ Wel/* and 8 ~ Re'/?, as suggested by Clanet et al. (2004), Bartolo et al.
(2005), and Biance et al. (2006), do not agree with the obtained experimental data.
Therefore, such scaling laws may not be relevant for use in predicting the droplet

spreading behavior on a non-wetted surface in a low viscosity regime.
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Chapter 6

Carbon Nanotube Arrays as
Electrodes for Electrochemical
Double Layer Capacitor

6.1 Introduction

Demand and consumption of global energy is continually increasing across a world
whose population will grow to nearly 9 billion people in the next couple of years. It
is poised to continue its steady increase in the next several decades. The climate
change and the decreasing availability of fossil fuels has hastened the development
of satisfying sustainable and renewable energy technologies. Since electrical energy
storage systems such as batteries and capacitors are considered the most critical link
between the ever increasing renewable energy supply and demand, a lot of work has
been done to improve their efficiency and performance. Further, the advancement of
micro/nano-electro-mechanical devices for telecommunication and biomedical appli-
cations initiates the demand of reliable lightweight electrical energy storage systems
with small form factors. In order to fulfil all these requirements, development of
new materials with exceptional specific surface area and excellent electrochemical
properties has become the focus of much research effort.

Electrical energy can be stored either chemically, e.g. batteries, or physically,
e.g., capacitors. Chemically, the electrical energy is converted into chemical energy

via Faradaic reduction and oxidation (redox) reactions. Although in principal the
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energy conversion from electrical to chemical and vice versa is thermodynamically
reversible, practically such conversion often involves some degree of irreversibility
due to electrode-electrolyte interphase changes during the charging and discharging
processes (Conway, 1999). Therefore, the charge/discharge rates of batteries are
very low and their cycle-life is limited to only several thousand cycles. However,
depending on the types of batteries, they can have a very high gravimetric energy
density of up to 200 Wh/kg (Liu et al., 2010). In contrast to batteries, capacitors
physically store electrical energy via non Faradaic electrostatic process. Because of
the absence of phase changes due to redox reactions, the charging and discharging
processes are highly reversible. Therefore, capacitors in general have an exceptional
cyclability, which leads to a very stable behavior over a very long cycle-life and a very
high charge/discharge rates. However, the gravimetric energy density of capacitors is
typically very low, because it is limited by the accessible surface area of the electrodes.

Great efforts have been made in the last few decades to combine the high energy-
storage capability of conventional batteries and the high power-delivery capability of
conventional solid state capacitors, resulting in the invention of electrochemical double
layer capacitors (EDLCs). EDLCs are electrical energy storage devices that utilize
highly reversible electrostatic accumulation of ions of the electrolytes on the surface of
the active electrode materials. When an EDLC is charged, cations accumulate on the
surface of the negatively polarized electrode creating a capacitor-like electrical double
layer separation. Similarly, electric double layer is also formed on the surface of the
positively polarized electrode due to the accumulation of anions. When an EDLC is
discharged, cations and anions of the electrolytes can be transported back from the
surface of the electrodes in a very fast response time (Figure 6.1). Therefore, EDLCs
are capable of providing short high-energy bursts that neither batteries nor solid state
capacitors can provide efficiently, with a remarkably long cycle-life (Conway, 1999;
Simon and Gogotsi, 2008). Such capability has been used to provide high power pulses
for a few seconds, for a wide range of applications including electric transportation
technology, emergency backup power, consumer electronics such as laptops or cell

phones, medical electronics, and aircraft and spacecraft systems such as evacuation



Figure 6.1. Schematic of an electrochemical double layer capacitor.

slides and communication devices (Miller and Simon, 2008; Miller and Burke, 2008).

The gravimetric specific double layer capacitance (Cg) of an EDLC is dictated by
the dielectric constant of the electrolyte (e.), the accessible surface area of the elec-
trodes (A), and the mass of active electrode materials (m) according to the following

relation:
€e0A

Ce (6.1)

 dgm
where g¢ is the vacuum dielectric constant and dg is the electrical double layer sep-
aration thickness. Based on Equation 6.1, light weight active electrode materials
with high accessible surface area are the key component to achieve a high gravimetric
specific capacitance. Among many available materials that can be used as active
electrode materials, carbon electrodes are considered the best option due to their ex-
cellent conductivity. In addition, carbon is lighter than most elements, and definitely
lighter than industrial metal. However, the surface area of bulk carbon electrodes is
considered too small to be used effectively as active electrode materials (Figure 6.2.a).

Bulk carbon electrode can be activated to improve their accessible surface area.
These activated carbon based materials, known as activated carbon (AC), have been
the most widely used active electrode materials in commercially available EDLC (Fig-
ure 6.2.b). AC based electrodes are known to have a very high specific surface area,
up to 2000 m2/g (Simon and Gogotsi, 2008; Lu et al., 2011), due to their tremendous
network of micropores (pore size: j2 nm). However, the electrolyte accessibility of
micropores dominated network is considerably poor, such that electric double layer

cannot be formed on most of the micropores. Thus, AC based EDLC usually exhibits
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unsatisfactory capacitance, which is about 10-20% of the theoretical values (Liu et al.,
2010).

Carbon active electrode materials can be activated using several known oxidation
methods such as liquid-phase or gas-phase oxidations, and plasma treatments. Liquid-
phase oxidations are carried out by exposing these materials to strong acids and
oxidants, including potassium chlorate (KClO3), potassium permanganate (KMnO4),
sodium nitrate (NaNO3), phosphoric acid (H3PO4), nitric acid (HNO3) and sulfuric
acid (H2SO4). It is important to note that, in addition to the highly corrosive nature
of these chemicals, the oxidation processes usually involve the generation of toxic and
explosive gasses (Marcano et al., 2010). Liquid-phase oxidations are also considered
impractical for activating carbon electrode materials, because the capillary forces
induced by these liquid chemicals upon drying are very likely to collapse most of
the micropores. Therefore, gas-phase oxidations and plasma treatments are more
favorable for use in activating carbon electrode materials. Gas-phase oxidations using
oxygen (02), ozone (O3) or carbon dioxide (CO2) gas, as well as water vapor (H20) at
an elevated temperature are considered a safer, more convenient, and more practical
way compared to their liquid-phase counterparts, especially in large industrial-scale
production.

To further improve the performance of EDLC, CNT can be used to replace AC as
the active electrode materials. Compared to AC, CNT has a relatively lower specific
surface area, since their porous network is dominated by mesopores (pore size: 2-
50 nm) and macropores (pore size: 50 nm). However, the presence of mesopores
and macropores and the lack of micropores makes the entire surface of CNT easier
to access by ions of the electrolyte. Hence, intrinsic capacitance of CNT is typically
higher than that of AC (Figure 6.2.c). In addition, the electrical conductivity of CNT,
as well as its thermal and mechanical properties, are known to be much superior than
those of AC (Jorio et al., 2007). Among diverse types of CNTs, vertically aligned
CNT arrays oriented perpendicularly to the current collectors are considered the
most suitable active electrode materials for EDLC. Since the physical properties of

CNT arrays, such as packing density, number of walls, and length can be varied by
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Bl Current collector 1 Electrolyte

Figure 6.2. Schematic of different types of carbon electrodes for EDLC: (a) bulk
carbon, (b) activated carbon, (¢) CNT arrays. (d) Comparison between CNT arrays
and activated carbon (d).

changing the growth conditions, the porosity of CNT arrays can be tuned such that
their porous network is dominated by mesopores whilst maximizing their specific
surface area. The volumetric specific surface area of CNT arrays can be extremely
high due to their tremendously high aspect ratio of up to 320 millions. Further, the
electronic transport along the main axis of CNT arrays is almost perfectly ballistic,
which means that the electrons flow directly into the current collector with minimal
scattering (Figure 6.2.d). In addition, a low contact resistance between the CNT
arrays and the current collector can be maintained, such that the overall IR drop can

be lowered to achieve an even higher power density than that of the AC based EDLC.
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6.2 Materials and Methods

CNT arrays used in this study are grown using thermal CVD technique on cata-
lyst coated silicon substrates. The detail of CVD growth methods can be read in
Chapter 2.1.1. These as-grown CNT arrays are then transferred onto 0.1 mm thick
titanium foil current collectors (MTI Corporation MF-Ti-Foil-700L-105). To obtain
good ohmic contacts between CNT arrays and the current collectors, the top surface
of the as-grown CNT arrays is coated with 40 nm platinum-palladium alloy with a
ratio of 80:20 prior to the transfer process by sputter coating technique. The coating
technique itself is similar to the metal coating technique used prior to SEM imag-
ing. The detailed methods for platinum-palladium sputter coating can be read in
Chapter 2.3.1. Subsequently, a thin layer of conductive adhesive (Epoxy Technology
EPO-TEK E3081) is manually spread by hand on the top surface of each CNT array.
Care has to be taken to ensure the uniformity of the epoxy layer. These CNT arrays
are then flipped and placed onto the titanium foil current collectors, then placed in
a vacuum oven to cure the adhesive layer. Once the adhesive layer is fully cured,
the growth substrates are removed from the CNT arrays using razor blades. Other
techniques to obtain a good ohmic contact between CNT arrays and the current col-
lectors are described by Kumar et al. (2006) and Fu et al. (2010). It is also possible
to grow VACNTSs directly on conducting metal substrates, such as nickel, tungsten,
and aluminium foil. However, the fabrication process for such direct growth typically
involves either the plasma enhanced CVD (PECVD) or low pressure CVD (LPCVD)
method, which is impractical for use in this study (Yoon et al., 2004; Signorelli et al.,
2009).

In this study, the gravimetric specific double layer capacitance of multiple sets of
CNT arrays with various degrees of oxidation are examined. The degree of oxida-
tion of the CNT arrays is increased by exposure to a longer period of UV /ozone or
oxygen plasma treatment and decreased by exposure to vacuum annealing treatment.
Both dry oxidation and vacuum annealing treatments are performed subsequent to

the CNT arrays transfer process. After the transfer process, the entire CNT array-
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Figure 6.3. Effect of wettability of CNT arrays to the effective surface area of the
electrode-electrolyte interface of EDLC when hydrophobic (a) and hydrophilic (b)
CNT arrays are used as the electrodes.



152

titanium current collector assembly is exposed to either dry oxidation or vacuum
annealing treatment. The detailed methods for UV /ozone and oxygen plasma treat-
ments can be read in Chapter 2.2.1, and those for vacuum annealing treatment can
be read in Chapter 2.2.2. As their degree of oxidation is varied, the wettability of
CNT array electrodes is also changed. CNT array electrodes with higher degrees
of oxidation are more hydrophilic, while CNT array electrodes with lower degrees
of oxidation are more hydrophobic. Hydrophobic CNT arrays are expected to have
lower specific capacitance due to their small effective electrolyte-electrode interface
area (Figure 6.3). On the other hand, hydrophilic CNT arrays are expected to have
higher specific capacitance due to their large effective electrolyte-electrode interface
area. Detailed discussions of the relation between degree of oxidation and wettability
of CNT arrays can be read in Chapter 3.

Two separate experiments are performed to elucidate the effect of oxidation to
the specific capacitance of CNT arrays in both aqueous alkaline and nonaqueous elec-
trolytes. For the aqueous alkaline electrolyte, 6 M potassium hydroxide (KOH) in
water is used. For the nonaqueous electrolyte, 1 M tetraethylammonium tetrafluo-
roborate electrolytes (Et4NBF4) in propylene carbonate (PC) is used. Prior to the
experiment, the entire CNT array electrode-titanium current collector assembly is
soaked in the electrolyte for one hour at room temperature. This soaking step is
necessary to ensure all available mesopores and macropores on the CNT surface are
fully accessed by the electrolyte. This CNT array electrode-titanium current collec-
tor assembly is then immediately placed in a split flat test cell (MTI Corporation
EQ-STC) and filled with the electrolyte.

According to Equation 6.1, the dielectric constant of the electrolyte is another
key component to achieve a high specific capacitance. Since it is assumed that all
ions are in the solvated state, the dielectric constant of the electrolyte is dominated
by the dielectric constant of the solvent. Typically, protic solvents, such as water,
hydrogen cyanide, and formic acid have a very high dielectric constant due to the
existence of strongly structured hydrogen bonds. On the other hand, aprotic solvents

such as propylene carbonate, acetonitrile and dimethyl formamide typically have a
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lower dielectric constant than that of the protic solvents, although it is still higher
than that of the unstructured solvents due to the presence of strong dipole-dipole
interactions. Water, for instance, has dielectric constant of 80 at 25 °C, while PC has
dielectric constant of 64 at the same temperature.

From a capacitance point of view, use of aqueous alkaline usually leads to a higher
specific capacitance than in organic electrolytes. However, at high operating poten-
tial, discharge of H2 from the solvent is very likely to happen. Thus, to prevent
decomposition due to the electrolysis of water (E° = 1.23 V), the operating potential
for aqueous electrolytes is limited to 1 V (Simon and Gogotsi, 2008; Miller and Simon,
2008; Stoller et al., 2008). From an energy density and power density perspective,
use of nonaqueous solvents is more favored due to the lack of electrochemically active
hydrogen atoms, such that a higher operating potential of 2.5-3.5 V is achievable.
Among a few available nonaqueous electrolytes that can be reliably used to obtain
a high value of specific capacitance, as well as energy density and power density, a
mixture of Et4NBF4 in PC is the most common choice. Although Et4NBF4/PC
electrolytes are currently more expensive than their aqueous counterparts, they offer
a better stability at a higher operating voltage and at a larger temperature range.
Et4NBF4/PC electrolytes are also considered to be relatively safe due to their low
toxicity and volatility nature.

The capacitive behavior of CNT array electrodes with various degrees of oxida-
tion is studied using cyclic voltammetry in a two electrodes configuration. In a two
electrodes configuration, CNT arrays serve as both anode and cathode. A separator
film is then sandwiched between the anode and cathode to prevent direct electri-
cal contact between them (Figure 6.3.c). However, this separator film has to have
enough porosity to allow ions to flow through. In this study, 25um thick polyethylene
films (MTT Corporation EQ-bsf-0025-60) are used as the separator films. The cyclic
voltammetry characterization is performed using a potentiostat (Biologic SP-200).
Cyclic voltammetry is basically a cyclic measurement of potential-dependent current
when the potential is varied linearly across the potential window at a constant scan

rate. The potential window for experiments in 6 M KOH electrolyte is limited to 1V,
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while for experiments in 1 M Et4NBF4/PC electrolyte, it is limited to 2.5V to prevent
a faradaic reaction with CNT array electrodes and titanium current collectors. The
entire cyclic voltammetry characterization is conducted at a scan rate of 100mV/s.

The specific capacitance of CNT array electrodes with various degrees of oxidation
is measured using galvanostatic charge-discharge cycles in a two electrodes configu-
ration. The galvanostatic charge-discharge cycles are performed using a potentiostat
(Biologic SP-200) at a constant current density, and the response potential is recorded
and plotted against time. The specific capacitance measurement is conducted at a
constant current density of 54/g. Note that the current density and specific capaci-
tance are determined and measured based on the mass of CNT array electrodes only.
The mass of current collectors, separators, electrolytes, and packaging are not taken
into consideration. The cyclic lifetime of CN'T based EDLC is also measured using
galvanostatic charge-discharge cycles at a constant current density of 54/g. The per-
formance of CNT based EDLC in terms of their energy density and power density
is calculated from the specific capacitance and IR drop obtained by galvanostatic

charge-discharge cycles analysis.

6.3 Results and Discussion

6.3.1 Capacitive behavior of oxidized CNT in KOH

Capacitors, in principle, are free from Faradaic redox reactions. Therefore the plot
of current against potential obtained from cyclic voltammetry analysis (called cyclic
voltammogram) of ideal capacitors is perfectly rectangular. Unlike ideal capacitors, it
is very unlikely for an EDLC to exhibit a pure capacitive behavior that is completely
free from Faradaic behavior. However, the Faradaic behavior of a good EDLC is
typically minute and not obvious. A bigger problem that always occurs is the pres-
ence of a nonzero equivalent series resistance (ESR). ESR can be considered as the
total resistance of the EDLC that includes the electrolyte resistance, charge transfer

resistance, and contact resistance. The electrolyte resistance depends on the dielec-
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tric constant of the electrolyte, while charge transfer resistance is influenced by the
compatibility between electrodes and the electrolyte. Contact resistance is the resis-
tance between electrodes and current collectors, and has to be minimized during the
fabrication process. Because of the presence of Faradaic processes and the nonzero
ESR, the shape of cyclic voltammogram of an EDLC is typically trapezoidal with
non-constant current during the linear potential sweep, especially at the beginning
and the end of the scan.

The cyclic voltammograms of CNT arrays in 6M KOH in two electrodes configura-
tion show a smooth and symmetrical shape over a potential range of 0-1 V. In general,
this behavior can be observed from CNT arrays with low oxygen content. The cyclic
voltammograms for CNT arrays with a very low O/C ratio of 3% are featureless (Fig-
ure 6.4.a). Such featureless voltammograms indicate the absence of Faradaic reaction
during the charge and discharge cycles. A linear increase of response current during
the linear potential sweep indicates the nonzero finite ESR of the CN'T arrays. Note
that the response current recorded from these CNT arrays is extremely low, in the
order of 107 mA. Such low response current can be associated with the extremely
low capacitance and tremendously high ESR of these CNT arrays. Since these CNT
arrays are actually superhydrophobic, there exists a thin layer of air at the interface
between their surface and the electrolyte. Such air layer inhibits electrons transfer
from the arrays and blocks charged ions to approach the surface of the CNT arrays
from the electrolyte.

Similar behavior is observed for CNT arrays with a slightly higher O/C ratio of
6%. The cyclic voltammograms for these CNT arrays are almost featureless, although
a small peak at 0.6 V can be observed (Figure 6.4.b). Compared to those of CNT
arrays with an O/C ratio of 3%, these cyclic voltammograms exhibit much higher
response currents. A higher response current can be attributed to the presence of
higher concentration of oxygenated groups on the surface of these CNT arrays. As
discussed in Chapter 3, the presence of polar oxygenated groups on the surface of CNT
improves its wettability in highly polar electrolytes. Interestingly, an increase of O/C

ratio by 3% is enough to increase the response current four orders of magnitude from
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Figure 6.4. Cyclic voltammogram of hydrophobic CNT arrays in 6 M KOH. These
CNT arrays have an O/C ratio of 3% (a) and 6% (b).
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Figure 6.5. Cyclic voltammogram of hydrophilic CNT arrays in KOH. These CNT
arrays have an O/C ratio of 12% (a) and 15% (b).
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107° mA to 107! mA.

Also note that, compared to those of CNT arrays with an O/C ratio of 3%, the
cyclic voltammograms of CNT arrays with an O/C ratio of 6% are less symmetric.
The response current recorded during charging periods has a steeper slope than that
during discharging periods. This suggests that the ESR of these CN'T arrays is higher
during the charging periods than during the discharging ones. This phenomena is
typically caused by the change in electroactive species on the surface of CNT arrays.
Such change can also be observed at a potential higher than 0.8 V. A dramatic
increase in the response current suggests the occurrence of potential-dependent redox
reactions where the relative quantity of electroactive species is dependent on the
potential. These electroactive species may be related to the presence of oxygenated
groups on the surface of CN'T arrays.

The cyclic voltammograms of CNT arrays with a much higher O/C ratio of 13%
also exhibit a smooth and almost symmetrical shape over a potential range of 0-1 V.
Unlike those of CNT arrays with O/C ratio of 6%, the cyclic voltammograms for these
CNT arrays are featureless (Figure 6.5.a). A very sharp transient response when the
potential sweep changes signs indicates a rapid charge storage and delivery kinetic of
these CNT arrays. A rapid charge storage and delivery kinetic can be attributed to
the good wettability of these CN'T arrays by the electrolyte. A better wettability also
results in the significant increase of the recorded response currents, which are now in
the order of 1 mA. Consequently, the capacitance of these CN'T arrays is expected to
be significantly higher than that of CNT arrays with an O/C ratio of 6%.

A totally different behavior is observed for CNT arrays with an even higher O/C
ratio of 21%. The cyclic voltammograms of these CNT arrays are no longer smooth
and symmetrical (Figure 6.5.b). In fact, the recorded response current increases
almost linearly as the increase of potential with a very steep slope. The large re-
sponse current hysteresis typically observed between charge and discharge cycles is
also diminished. These voltammograms suggest that the double layer capacitance
of these CNT arrays is lower than that of CNT arrays with lower O/C ratio. They
also imply that the ESR of these CNT arrays is significantly higher than that of
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CNT arrays with lower O/C ratio. This behavior may be attributed to the occur-
rence of potential-dependent redox reactions where the relative quantity of electroac-
tive species is dependent on the potential. As mentioned earlier, these electroactive
species may be related to the presence of oxygenated groups on the surface of CNT
arrays. Since a higher O/C ratio means a higher concentration of such oxygenated
groups, it is expected that the quantity of electroactive species involves during the

charging-discharging cycles is also higher.

6.3.2 Capacitive behavior of oxidized CNT in Et4NBF4 /
PC

The cyclic voltammograms of CNT arrays with an O/C ratio of 3% in 1M Et4NBF4/PC
in two electrodes configuration show a smooth and symmetrical shape over a poten-
tial range of 0-2.5 V. This behavior is similar to that observed from CNT arrays with
low oxygen content in 6M KOH. The cyclic voltammograms for these CNT arrays
are featureless (Figure 6.6.a). Such featureless voltammograms indicate the absence
of Faradaic reaction during the charge and discharge cycles. A slow transient re-
sponse when the potential sweep changes sign indicates a slow charge storage and
delivery kinetic of these highly hydrophobic CNT arrays. Such slow charge storage
and delivery kinetic can be attributed to the poor wettability of these CNT arrays by
the electrolyte. Although the O/C ratio of both CNT arrays is about the same, the
recorded response current in Et4NBF4/PC electrolyte is much higher than that in
KOH electrolyte. The recorded response current in Et4NBF4/PC electrolyte is about
five orders of magnitude higher than that in KOH electrolyte. Such a discrepancy
can be attributed to the better compatibility between highly hydrophobic CNT arrays
and propylene carbonate. Although propylene carbonate is very polar, with a dipole
moment of 4.9 D, the lack of strongly structured hydrogen bonds makes it more
compatible with the highly nonpolar CNT arrays. Such compatibility can be seen
from the lack of air film at the interface between the bulk surface of CNT arrays and

propylene carbonate. Unlike water, propylene carbonate does wet the highly nonpo-
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lar CNT arrays, even at room temperature. Although these CNT are not completely
wetted by propylene carbonate, the absence of liquid-vapor-solid interface improves
the response current by several orders of magnitude.

Similar behavior is observed for CNT arrays with a slightly higher O/C ratio
of 6%. The cyclic voltammograms for these CNT arrays are also featureless (Fig-
ure 6.6.b). Compared to those of CNT arrays with an O/C ratio of 3%, these cyclic
voltammograms exhibit slightly higher response currents. A higher response current
can be attributed to the presence of a higher concentration of oxygenated groups on
the surface of these CNT arrays. As discussed in Chapter 3, the presence of polar
oxygenated groups on the surface of CNT improves its wettability in highly polar
electrolytes. A higher response current can also be attributed to the increase of the
number of mesopores and macropores of CNT arrays due to the oxidation process.
An increase of the number of mesopores and macropores leads to an increase of ef-
fective interface surface area between the CN'T and the electrolyte. The correlation
between oxidation process and the surface area of CN'T arrays can be read in Chap-
ter 4. Note that CNT arrays with an O/C ratio of 6% exhibit a sharper transient
response when the potential sweep changes sign than the CNT arrays with an O/C
ratio of 3%. This sharper transient response indicates a faster charge storage and
delivery kinetic, which can be attributed to a better wettability of these CN'T arrays
by the electrolyte. Also note that, compared to those CNT arrays with an O/C ra-
tio of 3%, the cyclic voltammograms of these CNT arrays are less symmetric. The
response current recorded during discharging periods has a steeper slope than that
during charging periods. This suggests that the ESR of these CNT arrays is higher
during the discharging periods than during the charging ones. This phenomena is
typically caused by the discharge of electroactive species from the surface of CNT
arrays.

The cyclic voltammograms of CNT arrays with a much higher O/C ratio of 13%
also exhibit a smooth and featureless shape over a potential range of 0-2.5 V. Similar to
those of CNT arrays with O/C ratio of 6%, the cyclic voltammograms for these CNT

arrays are also not perfectly symmetric (Figure 6.7.a). The response current recorded
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during charging periods has a steeper slope than that during discharging periods. This
suggests that the ESR of these CNT arrays is higher during the charging periods than
during the charging ones. This phenomena is typically caused by significant changes
in the quantity of electroactive species on the surface of CNT arrays during the
charging period. A very sharp transient response when the potential sweep changes
sign indicates a rapid charge storage and delivery kinetic of these CNT arrays. A
rapid charge storage and delivery kinetic can be attributed to the good wettability
of these CNT arrays by the electrolyte. A better wettability also results in a slight
increase of the recorded response currents. An increase of response current with
negligible increase of slope implies that the electrochemical characteristic of CNT
arrays is dominated by their capacitive behavior (Lufrano and Staiti, 2004; Chen
et al., 2002). Consequently, the capacitance of these CNT arrays is expected to be
slightly higher than that of CNT arrays with an O/C ratio of 6%.

A totally different behavior is observed for CNT arrays with an even higher O/C
ratio of 17%. The cyclic voltammograms of these CNT arrays are no longer smooth
and symmetrical (Figure 6.7.b). In fact, the recorded response current increases
almost exponentially as the increase of potential with a very steep slope, suggesting
the occurrence of potential-dependent redox reactions where the relative quantity
of active redox species is dependent on the potential. The large response current
hysteresis typically observed between charge and discharge cycles is also diminished.
These voltammograms suggest that the double layer capacitance of these CNT arrays
is lower than that of CNT arrays with lower O/C ratio. They also imply that the ESR
of these CNT arrays is significantly higher than that of CNT arrays with lower O/C
ratio. This behavior may be caused by the occurrence of strong potential-dependent
redox reactions during charging and discharging cycles. As mentioned earlier, it is
very likely that the oxygenated groups adsorbed on the surface of CNT are involved

in these Faradaic redox reactions.
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Figure 6.8. Galvanostatic charge discharge cycle of CNT arrays with different oxida-
tion levels in KOH electrolyte.

6.3.3 Effect of oxidation on the specific capacitance

Oxidation processes have been known for decades as some of the most credible meth-
ods to increase the specific surface area of carbon electrodes. When an oxidation
process is performed on carbon electrodes, oxygen atoms attack the defect sites on
the surface of the materials, resulting in the removal of impurities and modification
of their porous structures. Oxygen is readily physisorbed by carbon structures as
molecular oxygen whenever they are exposed to air or any oxygen containing gas. In
addition, chemisorptions of oxygen during the oxidation process result in the pres-
ence of oxygenated groups on the surface of the materials. AC electrodes are typically
made by selective oxidation of carbon rich organic precursors, resulting in a substan-
tial increase of surface area and a better pore size distribution. Further, the presence
of oxygenated groups on the surface of AC electrodes have been known to improve
their electrochemical characteristics (Simon and Gogotsi, 2008).

Similarly, the oxidation process on CNT arrays should affect their electrochemical

characteristics. The effect of oxidation on the specific capacitance of CNT array
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Figure 6.9. Galvanostatic charge discharge cycle of CNT arrays with different oxida-
tion levels in Et4NBF4/PC electrolyte.

EDLC for both KOH and Et4NBF4/PC electrolyte can be observed by plotting their
specific capacitance against their O/C ratio. As mentioned above, presence of polar
oxygenated groups on the surface of CNT arrays should improve their wettability in
highly polar electrolytes. On the other hand, presence of such groups has also shown
to negatively affect the ESR (Figure 6.5.b and Figure 6.7.b), the self-discharge, and
cyclability characteristics, as well as the ion adsorption behavior of the CNT arrays.

Works by Hirsch (2002) and Lee et al. (2010) have shown that the specific capaci-
tance of the CNT arrays can be increased dramatically by the presence of oxygenated
groups which increase the number of contact sites with ions of the electrolytes (Lee
et al., 2010; Hirsch, 2002; Aria and Gharib, 2011). It has also been known that highly
oxidized CNT arrays have higher surface areas and better pore size distributions than
the non-oxidized ones. The relation between surface areas and O/C ratio of CNT ar-
rays can be read in Chapter 4. A combination of better wettability and better pore
size distributions amplifies the total area of the electric double layer and ultimately
enhances the specific capacitance of oxidized CNT arrays.

In this study, the specific capacitive of active electrode materials is measured
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using galvanostatic charge/discharge analysis at a constant current density, where the
response potential is recorded and plotted against the time. For an ideal capacitor,
the shape of potential versus time curve is perfectly triangular, with constant slopes
showing a perfect capacitative behavior. Since, in reality, the ESR is always nonzero,
the charge/discharge curves of an EDLC are typically curved. An IR drop can be
seen obviously from the charge/discharge curves when the ESR is significantly high.
It is possible for a CNT array EDLC to have a high ESR. As mentioned earlier,
factors that influence ESR of an EDLC include internal resistance of active electrode
materials, contact resistance between active electrode materials and current collectors,
wettability of active electrode materials by the electrolytes, and conductivity of the
electrolyte. Since the internal resistance of CNT arrays is typically very low, such
a high ESR may be attributed to a poor wettability by the electrolyte and a poor
contact to the current collector.

The shape of potential versus time curves of CNT arrays with low oxidation level
in KOH electrolyte is almost perfectly triangular, with constant charging and dis-
charging slopes (Figure 6.8). For CNT arrays with an average O/C ratio of about
5.5%, a full charge and discharge cycle at a current density of 5 A/g can be com-
pleted in about three seconds. In addition to their near perfect triangular shape,
their galvanostatic curves also exhibit non obvious IR drops, indicating the presence
of a non zero but negligible ESR. In fact, their IR drop is measured to be just about
tens of millivolts. Similar behavior is also observed from CNT arrays with an average
O/C ratio of about 13.5%. Not only are their galvanostatic curves almost perfectly
triangular, their IR drop is also measured to be about tens of millivolts. These CNT
arrays complete a full charge and discharge cycle at a current density of 5 A/g in
about 13 seconds. In contrast, the shape of potential versus time curves of CNT
arrays with high oxidation levels in KOH electrolyte is no longer triangular and their
charging and discharging slopes are no longer constant. This implies that Faradaic
redox reactions are involved during the charging and discharging cycles. For CNT
arrays with an average O/C ratio of about 21%, an obvious IR drop can be observed

from their galvanostatic curves. In fact, the IR drop of these CNT arrays is measured
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to be between 300-400 mV. Undoubtedly, such a large IR drop decreases the perfor-
mance of these CN'T arrays by limiting their effective operating potential to about
60-70% of their original operating potential.

Similar behavior can be observed from CNT arrays in Et4NBF4/PC electrolyte.
The shape of potential versus time curves of CNT arrays with an average O/C ratio
of 5.5% is almost perfectly triangular, with constant charging and discharging slopes
(Figure 6.9). However the galvanostatic curves of CNT arrays exhibit noticeable
IR drops of 100-200 mV, which are about an order of magnitude higher than that
in KOH electrolyte. Such high IR drops may be caused to the higher electrolyte
resistance of the Et4NBF4/PC electrolyte. These CNT arrays complete a full charge
and discharge cycle at a current density of 5 A/g in about 50 seconds. Surprisingly,
the shape of potential versus time curves of CNT arrays with an average O/C ratio
of 13% is no longer triangular and their charging and discharging slopes are no longer
constant. This implies that Faradaic redox reactions are involved during the charging
and discharging cycles even when their oxygen content is still quite low. However,
their average IR drop is still considered reasonable. In fact, their average IR drop
is measured to be about 250 mV, which is comparable to that of CNT arrays with
lower O/C ratio. This IR drop is considered reasonable, although slightly higher than
that reported by previous studies (Kumar et al., 2006; Niu et al., 1997; Futaba et al.,
2006). Since it takes about 80 seconds for these CNT arrays to complere a full charge
and discharge cycle, their capacitance is expected to be higher than that of CNT
arrays with lower O/C ratio. Similar non-triangular galvanostatic curves can also be
observed from CNT arrays with an average O/C ratio of 22%. Although the shape of
potential versus time curves of these CNT arrays are similar to that of CNT arrays
with lower O/C ratio, their IR drop is significantly higher. Indeed, the IR drop of
these CNT arrays is measured to be between 800-900 mV, which is about 30% of
their original operating potential.

Gravimetric specific capacitance can be calculated directly from the galvanostatic
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Figure 6.10. Specific capacitance vs oxygen/carbon ratio in KOH.

charge/discharge curves using the following equation:

1

“o = (avjdm

(6.2)

where the scan rate (dV/dt), is measured from the slope of the discharge curves.
Electrodes with a steeper slope exhibit a lower specific capacitance, while ones with
mild slope exhibit a higher gravimetric capacitance. Since the discharge slope of
CNT arrays in KOH electrolyte is much steeper than that in Et4NBF4/PC electrolyte
(Figure 6.8 and Figure 6.9), it is expected that the specific capacitance of CNT arrays
in KOH electrolyte is lower than that in Et4NBF4/PC electrolyte. Such a difference
in discharge slope is apparent even though the potential range for both electrolytes
is different. As mentioned earlier, the potential for CNT arrays in KOH electrolyte is
swept between 0-1 V|, while the potential for CNT arrays in Et4NBF4/PC electrolyte
is swept between 0-2.5 V.

In KOH electrolyte, the gravimetric specific capacitance of CNT arrays with an
average O/C ratio of 3% is measured to be about 0.003 F/g at a current density of
5 A/g. As expected, the specific capacitance of CNT arrays increases along with the
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increase of the O/C ratio of the CNT arrays. In fact, the specific capacitance of CNT
arrays increases very quickly at an O/C ratio below 10% (Figure 6.10). Their specific
capacitance increases by three orders of magnitude to about 7 F/g, just by doubling
the O/C ratio to 6%. As the O/C ratio of the CNT arrays reaches 8.5%, their specific
capacitance has improved to almost 30 F/g. However, such a rapid increase of specific
capacitance seems to hit a ceiling and start to plateau at an O/C ratio of about 10%.
At an O/C ratio of 14%, their specific capacitance reaches its maximum at about 32
F/g.

Interestingly, the specific capacitance of CNT arrays in KOH drops significantly
as the O/C ratio goes higher than 15%. At an O/C ratio of about 21%, their specific
capacitance is measured to be about 12 F/g. Such a drastic decrease in specific
capacitance is very counter intuitive since the wettability of CNT arrays by aqueous
solvent with an O/C ratio of 21% is as good as that of CNT arrays with an O/C
ratio of 14% (Figure 6.10), as described in Chapter 3.3.3. Further, surface area
measurement using BET and Langmuir analysis also indicates an increase of surface
area with the increase of O/C ratio. In fact, the surface area of CNT arrays with an
O/C ratio of 21% is about 50% higher than that of CNT arrays with an O/C ratio
of 15%. Details on the relation between O/C ratio and BET and Langmuir surface
area measurement can be read in Chapter 4.3.4.

In Et4NBF4/PC electrolyte, the gravimetric specific capacitance of CNT arrays
with an average O/C ratio of 3% is measured to be about 29 F' /g at a current density of
5 A/g. This specific capacitance is significantly higher than that measured in KOH
using CNT arrays with the same O/C ratio. Similar to the behavior observed in
KOH electrolyte, the specific capacitance of CNT arrays in Et4NBF4/PC electrolyte
increases with the increase of the O/C ratio of the CNT arrays, although the increase
rate seems to be linear (Figure 6.10). Their specific capacitance increases to about
48 F /g when the O/C ratio is doubled to 6%. As the O/C ratio of the CNT arrays
reaches 8.5%, their specific capacitance improves to almost 62 F/g. And when the
O/C ratio of the CNT arrays reaches 12.5%, their specific capacitance reaches its

maximum at 83 F/g.
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Figure 6.11. Specific capacitance vs oxygen/carbon ratio in Et4NBF4.

Similar to the behavior observed in KOH electrolyte, the specific capacitance of
CNT arrays in Et4NBF4/PC drops significantly as the O/C ratio goes higher than
15%. At an O/C ratio of about 17%, their specific capacitance is measured to be as
low as 25 F/g. Such a decrease in specific capacitance continues at an even higher
O/C ratio, such that when the O/C ratio of the CNT arrays reaches 22% their
specific capacitance reaches an even lower value of 12 F/g. This finding is indeed
surprising since these values are much lower than that of lowly oxidized CN'T arrays.
Interestingly, this sudden drop in specific capacitance occurs near the threshold of
reversible-irreversible oxidation. Detailed discussion on this threshold can be read in
Chapter 3 and Chapter 4.

For CNT arrays with a very low O/C ratio, their capacitive behavior is dominated
by the non-Faradaic electric double layer behavior. However, a nonzero O/C ratio of
these CNT arrays also means that Faradaic redox reactions are also involved during
the charging and discharging cycles, although their contribution is limited. As the
O/C ratio of the CNT arrays increases due to a prolonged oxidation process, the

contribution of Faradaic redox reactions relative to the non-Fardaic electric double
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layer to the overall capacitance also increases. Oxygenated groups, whether acidic,
basic, neutral, or amphoteric oxides, may act as pseudocapacitive materials attached
to the surface of CNT. Oxygenated groups, such as hydroxyl (C-OH) and carbonyl
(C=0), are known to be electroactive and may involve in redox reactions of oxygen

as follows (Lee et al., 2010; Hsieh and Teng, 2002; Pan et al., 2010; Lee et al., 2012):

C-OH & C=0 + Ht + ¢ (6.3)

C=0+e & C-O" (6.4)

CNT arrays with an excessive surface concentration of oxygenated groups due to
overoxidation are most likely to exhibit high rates of self-discharge (Pandolfo and
Hollenkamp, 2006). During the charging process, dissociation of -OH groups may
occur, leading to the formation of -H or -O free radicals. These free radicals may
generate molecular H2, O2, or H202, which are typically involved in self-discharge
processes. Moreover, these oxygenated groups are also known to be active catalysts
for electrochemical decomposition of electrolytes (Hsieh and Teng, 2002; Pandolfo
and Hollenkamp, 2006), resulting in a high leakage current and a high charge transfer
resistance. Furthermore, overoxidized CNT arrays are expected to have a lower elec-
trical conductivity than the pristine ones, due to the disappearance of their 7m-bond
network. Detailed discussion about 7-bond network of oxidized CNT arrays can be
read in Chapter 4.3.1. A combination of low electrical conductivity of overoxidized
CNT arrays and a high charge transfer resistance of the electrode-electrolyte interface
results in a dramatic increase of ESR. The effect of a high ESR on the capacitive be-
havior of CNT arrays can be seen obviously from their skewed cyclic voltammogram,
where their resistive behavior becomes more dominant than their capacitive behavior
(Figure 6.5.b and Figure 6.7.b). All the above mentioned factors contribute to a sig-
nificant deterioration in capacitance for overoxidized CNT arrays, which is proven by
a decrease of specific capacitance of CNT array EDLC by about 20 F/g and 70F /g
as the O/C ratio increases by about 10% in KOH and Et4dNBF4/PC electrolytes

respectively.
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Figure 6.12. Capacitance retention vs number of cycles of CNT arrays with different
O/C ratios in both KOH and Et4NBF4/PC electrolytes.

6.3.4 Lifetime and performance

As mentioned earlier, capacitors, including EDLC, in principle have an excellent
stability to be used for millions of cycles at a very high charge/discharge rate. Such
capability arises from the absence of Faradaic redox reactions that eliminates the
electrode-electrolyte interphase changes. Although, in reality, limited Faradaic redox
reactions are involved, CNT array EDLC with a very low O/C ratio of less than
5.5% are able to withstand more than 35,000 charge/discharge cycles in Et4NBF4/PC
electrolyte while only losing about 5% of their original capacitance. This cycle lifetime
is measured at a current density of 5 A/g (Figure 6.12). Note that there exists a
transient condition where the capacitance of these CNT arrays increases for the first
tens of thousands of charge/discharge cycles. The capacitance of these CNT arrays
starts to decrease once their maximum capacitance is reached, which takes place after
they are being cycled for about 15,000 - 20,000 charge/discharge cycles.

A slightly lower capacitance retention capability is exhibited by the optimally oxi-
dized CNT array EDLC with an average O/C ratio of about 12.5%. These CNT arrays
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are able to withstand more than 35,000 charge/discharge cycles in Et4NBF4/PC at
a current density of 5 A/g, while only losing 10% of their original capacitance (Fig-
ure 6.12). Considering the value of their initial capacitance, a decrease of capacitance
by 10% after being cycled for more than 35,000 charge/discharge cycles is definitely
acceptable. Unlike the CNT arrays with a very low O/C ratio, these CNT arrays do
not exhibit a transient condition. Therefore, their initial capacitance is indeed their
maximum capacitance. This transient condition is typical for non-wettable electrode
materials with a complex porous network and a large number of micropores. Several
thousands of charge/discharge cycles are needed for the electrolyte to completely wet
the entire surface of the CNT arrays with a very low O/C ratio.

The capacitance retention capability of CNT array EDLC in KOH electrolyte is, in
general, worse than that in Et4NBF4/PC electrolyte. Regardless of their O/C ratio,
these CNT arrays are not capable of withstanding more than 30,000 charge/discharge
cycles without losing more than 20% of their original capacitance (Figure 6.12). In
fact, CNT array EDLC with an average O/C ratio of about 5.5% can only withstand
17,000 charge/discharge cycles before losing 20% of their original capacitance. Even
worse, CNT array EDLC with an average O/C ratio of about 13.5% can only with-
stand 18,000 charge/discharge cycles before losing 20% of their original capacitance.
Such fast degradation in capacitance is actually expected from these CNT arrays,
since the -OH groups from the KOH electrolyte may get chemisorbed by the cathode
during the charging periods and may not be completely desorbed during the dis-
charging period. This irreversible chemisorption process increases the concentration
of oxygenated groups of the CNT arrays, similar to an oxidation process, such that
their O/C ratio increases as they undergo prolonged charge/discharge cycles.

This phenomenon can be actually observed from the increase of specific capaci-
tance of CNT arrays with a very low O/C ratio as the number of cycles increases.
Unlike the transient condition observed from the same CNT arrays in Et4NBF4/PC
electrolyte, such an increase of specific capacitance is faster. The specific capacitance
of CNT arrays with an O/C ratio of about 5.5% in KOH electrolyte reaches its max-

imum value after being cycled for less than 10,000 charge/discharge cycles. Their
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Figure 6.13. Effect of oxidation on the energy density and power density of CNT
arrays in KOH and Et4NBF4/PC electrolytes.

specific capacitance quickly decays a few thousands of cycles later in a similar rate as
that of optimally oxidized CN'T arrays in KOH electrolyte. For the optimally oxidized
CNT arrays in KOH electrolyte, their specific capacitance is relatively constant for
about 5,000 cycles, after which a decrease in specific capacitance is observed. This
finding shows that the oxygenated groups involved in Faradaic redox reactions may
negatively affect the cycle lifetime of CNT array EDLC. Although these CNT array
EDLC have a poor cyclability, their cycle lifetime is still much longer than that of
typical batteries.

The performance of CNT array EDLC can be represented by their gravimetric
energy density (Eg) and power density (Pg). The gravimetric energy density (Eg)
stored by EDLC depends on the its specific capacitance and is given by the following

Fo = %CG (%)2 (6.5)

relation:

where V is the operating potential of EDLC. The gravimetric power density (Pg) of
EDLC is independent of its specific capacitance. However, it depends on the ESR
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and is given by the following relation:

Py mLR (%)2 (6.6)

where R is the equivalent series resistance (ESR) measured from the IR drop of EDLC.
Therefore, a threefold increase in operating potential achieved using nonaqueous elec-
trolytes will result in an order of magnitude increase in stored energy for the same
capacitance value.

Using Equation 6.5 and Equation 6.6, the specific capacitance and ESR of CNT
array EDLC can be translated into gravimetric energy density and power density. As
the O/C ratio of the CNT arrays increases, their gravimetric energy density increases
due to an increase of the specific capacitance. However, at the same time, their
gravimetric power density decreases due to an increase of ESR. In Et4NBF4/PC
electrolyte, the energy density is tripled from about 6 Wh/kg to about 18 Wh/kg
as the O/C ratio of CNT arrays increases from 2.2% to 12.6%. At the same time,
the power density of these CNT arrays decreases from about 52 kW /kg to about 31
kW /kg (figure 6.13). A similar behavior, but in a much more dramatic fashion, is
observed when the energy density and power density are measured in KOH electrolyte.
The energy density increases by four orders of magnitude from about 0.1 mWh/kg
to about 1 Wh/kg as the O/C ratio of CNT arrays increases from 2.5% to 13.4%.
Surprisingly, the power density of these CNT arrays is only halved, from about 73
kW /kg to about 41 kW /kg. Note that energy density and power density are measured
at a current density of 5 A/g and only the mass of CNT arrays is taken into account.

For the overoxidized CNT arrays, their gravimetric energy density decreases with
the increase of their O/C ratio due to a drastic decrease of their specific capacitance.
Similarly, their gravimetric power density decreases due to an excessive increase of
their ESR. In Et4NBF4/PC electrolyte, the energy density decreases by an order of
magnitude to about 3 Wh/kg as the O/C ratio of CNT arrays increases to 22%. At
the same time, the power density of these CNT arrays decreases to about 9 kW /kg

(Figure 6.13). A much more dramatic decrease in gravimetric power density is ob-
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served when it is measured in KOH electrolyte. Their power density decreases by
an order of magnitude to about 3 kW /kg when the O/C ratio of these CNT arrays
increases to 21%. For the same decrease of O/C ratio, their energy density is halved
to about 0.4 Wh/kg. These results imply that the maximum performance of CNT
array EDLC is reached when they are optimally oxidized, and overoxidation always
result in a big decrease of performance.

The findings presented above show that CNT array EDLCs offer many advan-
tages compared to other electrical energy storage systems (Figure 6.14). The opti-
mally oxidized CNT array EDLCs in Et4NBF4/PC have a gravimetric energy density
comparable to lead acid batteries and a gravimetric power density comparable to elec-
trolytic capacitors. Clearly, both their gravimetric energy density and power density
are higher than those of previously reported electrochemical capacitors (Fernandez
et al., 2008; Simon and Burke, 2008; Yoon et al., 2004; Niu et al., 1997; Pandolfo and
Hollenkamp, 2006; Du et al., 2005; Shah et al., 2009). However, to better compare this
performance to the currently available electrical energy storage systems, the mass of
the entire components, including electrolyte, current collectors, separator, and pack-
aging, has to be taken into account in the calculation of gravimetric energy density
and power density. Since in this study the electrolyte, current collectors, separator,
and packaging are not optimized, their mass cannot be used in the calculation. Using
the currently available fabrication techniques commonly used in mass production of
battery and EDLC, the overall mass of the complete system, including electrolyte,
current collectors, separator, and packaging, is about 10-12 times the mass of the
active electrode materials (Fernandez et al., 2008; Simon and Burke, 2008). After di-
viding by 12, the optimally oxidized CNT array EDLCs in Et4NBF4/PC electrolyte
have a typical gravimetric energy density of 0.1 Wh/kg at a gravimetric power density
of 3 kW /kg.

The performance of CNT array EDLC may be further improved by incorporat-
ing pseudocapacitive materials onto the CN'T. Pseudocapacitive materials, including
metal oxides and conducting polymers, have been extensively studied in the past

to increase the gravimetric specific capacitance of AC. Ruthenium oxides (Ru0Oz2),
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Figure 6.14. Ragone plot of oxidized CNT arrays in KOH and Et4NBF4/PC elec-
trolytes compared to other electrical energy storage systems.

cobalt oxides (Co304), and manganese oxides (MnO2), and titanium dioxide (TiO2)
are the most common metal oxides to be used along with CNT due to their unique
oxidation states that are accessible at relatively low potential and simplicity in fab-
rication process (Simon and Gogotsi, 2008; Pan et al., 2010). Conducting polymers
such as polyaniline (PANI), polypyrrole (PPy), and polythiophene (PT) have been
used in many electrochemical applications because of their compatibility with CNT
and inherent high specific capacitance (Simon and Gogotsi, 2008; Pan et al., 2010).
However, because of the presence of Faradaic redox reactions, both metal oxides and
conductive polymers cannot be cycled fast enough and often suffer from lack of sta-
bility (Nam et al., 2008; Mi et al., 2007).

Improvement to the performance of CNT array EDLC may also be achieved by
incorporating other microporous carbons onto the CNT and using ionic liquid elec-
trolytes. Tonic liquid electrolytes, such as 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)-
imide (EMIM-Tf2N), are non-volatile room-temperature solvent-free electrolytes with
large electrochemical window (Lu et al., 2011). A further improvement to the perfor-

mance of CNT array EDLCs may be achieved by optimizing their physical properties,
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especially their packing density. These compacted CNT arrays have a packing density
ten times higher than that of common as-grown VACNTSs (Futaba et al., 2006).

6.4 Concluding Remarks

In conclusion, the findings reported herein show that the electrochemical properties
of CNT arrays are influenced by their oxygen adsorbates concentration. By varying
the O/C ratio of the CNT arrays, their capacitive behavior can be controlled. The
specific capacitance of these CNT arrays increases with the increase of their O/C
ratio in both KOH and Et4NBF4/PC electrolytes. An increase of O/C ratio by
about 10% improves their specific capacitance by about 30 F/g and 60 F/g in KOH
and Et4NBF4/PC electrolytes, respectively. This behavior is observed as long as their
O/C ratio is kept below 15%. CNT arrays with an O/C ratio higher than 15% exhibit
high resistive behavior and low capacitive behavior. These behaviors can be observed
from the decrease of specific capacitance of CNT arrays by about 20 F/g and 70F /g
as the O/C ratio increases by about 10% in KOH and Et4NBF4/PC electrolytes,
respectively.

Although the gravimetric energy density of CNT arrays EDLCs is relatively higher
than that of commercially available EDLC, it is still much lower compared to that of
batteries, especially lithium-ion batteries (Lee et al., 2012; Byon et al., 2012). There-
fore, it is unlikely for EDLC to substitute batteries as main electrical energy storage
devices. However, since EDLC in general have a much better cycle-life and gravimet-
ric power density, they can complement the operation of batteries in hybrid systems
(Miller and Simon, 2008). In such systems, an EDLC acts as a buffer to uptake and
deliver high power on demand that certainly cannot be handled by batteries. Thus,
the battery’s energy can be delivered at the capacitor’s rate (Conway, 1999).

These EDLC-battery hybrid systems are useful in many modern applications,
particularly for small mobile or wireless devices such as mobile phones, wireless sen-
sors, portable computers, and wearable drug delivery systems. These modern devices

do not require a lot of energy to be delivered continuously, but instead very short
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high-power, low-energy bursts. Using batteries for repeated delivery of high-power
bursts will quickly degrade the cycle-life of the batteries. Furthermore, most users do
not want to wait for hours to fully charge these devices. Hence, hybridization with
EDLC will improve the charging rate of batteries, as well as their cycle-life. EDLC-
battery hybrid systems can also be utilized in green transportation and renewable
energy applications. Using these systems, as opposed to purely battery-based energy
storage systems, the charging/discharging time of mid-sized electric cars may be cut
down from several hours to less than an hour. In addition, faster acceleration, higher
top speed, and better regenerative braking can all be accommodated by these hy-
brid systems. EDLC-battery hybrid systems will also allow an efficient production
of renewable energy from sun, wind, or ocean tides and currents, by stabilizing the
generated power before being stored.

At the moment, the biggest limiting factor in producing CNT array EDLC is their
extremely high price. However, CNT arrays are expected to be much cheaper in the
near future due to a significant increase in supplies. In addition, since no corrosive
liquids need to be used as the electrolytes, cheap lightweight materials such as alu-
minum, polypropylene, and polyimide can be used for current collectors, separators,
and cases, respectively. The small ecological footprint of CNT array EDLC and their
lack of toxic materials should be also highlighted. Finally, CNT array EDLC are
relatively safe since they do not have reactivity issues associated with lithium, such

as thermal runaway:.
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Chapter 7

Summary and Future Works

7.1 Summary

As mentioned in Chapter 1.2, the overarching goal of this thesis is to prove the
hypothesis that the wettability of CNT arrays can be precisely tuned by controlling
the amount of oxygenated groups adsorbed on their surfaces. The secondary goal of
this study is to use the CNT arrays in two applications that demonstrate two opposite
extremes of wettability of CNT arrays. The findings presented herein show that the
goal of this thesis has been achieved. The question whether or not the wettability of
CNT arrays can be precisely tuned by controlling the amount of oxygenated groups
adsorbed on their surfaces has been answered in Chapter 3. Several specific objectives
that have been formulated as guidance to achieve this primary goal have been achieved
in Chapter 3 and Chapter 4. Two applications demonstrating the opposite extremes
of wettability of CN'T arrays are presented in Chapter 6 and Chapter 7. The complete
summary of this thesis is described in detail below.

The findings reported herein show that the wetting properties of CNT arrays can
be tuned easily and precisely using a combination of UV /ozone and vacuum anneal-
ing treatments or oxygen plasma and vacuum annealing treatments. By varying the
exposure time of these treatments, the surface concentration of oxygenated functional
groups adsorbed on the CNT arrays can be controlled. CNT arrays with very low
amounts of oxygenated groups exhibit a superhydrophobic behavior. In addition to

their extremely high static contact angle, they cannot be dispersed in DI water, and
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their impedance in aqueous electrolytes is extremely high. These arrays have an ex-
treme water repellency capability such that a water droplet will bounce off of their
surface upon impact and a thin film of air is formed on their surface as they are
immersed in a deep pool of water. In contrast, CNT arrays with a very high sur-
face concentration of oxygenated functional groups exhibit an extreme hydrophilic
behavior. In addition to their extremely low static contact angle, they can be dis-
persed easily in DI water, and their impedance in aqueous electrolytes is tremendously
low. Since the bulk structure of the CNT arrays are preserved during the UV /ozone,
oxygen plasma, and vacuum annealing treatments, all CN'T arrays can be switched
repeatedly between superhydrophilic and superhydrophobic, as long as their O/C
ratio is kept below 18%.

The effect of oxidation using UV /ozone and oxygen plasma treatments is highly
reversible as long as the O/C ratio of the CNT arrays is kept below 18%. At O/C
ratios higher than 18%, the effect of oxidation is no longer reversible. This irreversible
oxidation is caused by irreversible changes to the CN'T atomic structure during the
oxidation process. During the oxidation process, CNT arrays undergo three different
processes. For CNT arrays with O/C ratios lower than 40%, the oxidation process
results in the functionalization of CNT outer walls by oxygenated groups. Although
this functionalization process introduces defects, vacancies, and micropores opening,
the graphitic structure of the CNT is still largely intact. In this regime, most of the
chemisorbed oxygenated groups are in the form of epoxide, hydroxide, or cyclic ether
groups. As discussed in Chapter 3, a low concentration of these oxygenated groups
can be removed by vacuum annealing treatment, such that the effect of oxidation is
reversible for O/C ratios lower than 18%. For O/C ratios between 18% and 40%,
the concentration of these oxygenated groups becomes extremely high, such that
they form stable pair structures that cannot be easily removed by vacuum annealing
treatment.

For CNT arrays with O/C ratios between 40% and 45%, the oxidation process
results in the etching of CNT outer walls. This etching process introduces large scale

defects and holes that can be seen obviously under TEM at high magnification. Most
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of these holes are found to be several layers deep, and in some cases a large portion
of the CNT side walls are cut open. Such large scale holes make the inner cavity of
CNT accessible from outside. Access to both inner and outer walls of CNT results in
a dramatic increase of surface area such that the surface area of the etched CNT is
about twice as large as the heavily functionalized, but not etched, CNT. In this O/C
ratio range, the densification process of CNT arrays also starts to occur.

For CNT arrays with O/C ratios higher than 45%, the oxidation process results in
the exfoliation of the CNT walls and amorphization of the remaining CNT structure.
This amorphization process can be implied from the disappearance of the C-C sp2
peak in the XPS spectra associated with the m-bond network. Such a process results
in the disintegration of graphitic structure of the CN'T side walls, which can obviously
be seen under TEM at high magnification. SADP of the amorphous CNT walls shows
an extremely weak line associated with (1120) plane and the lack of lines associated
with (0002) and (0004) planes. In this O/C ratio range, densification process of CNT
arrays continues to occur, although the etching process takes place at a much higher
rate than the densification process. Further increase of O/C ratios will most likely
result in the complete decomposition of the CNT walls.

In this thesis, the superhydrophobic CNT arrays have been used for the first time
to characterize the water droplet impact behavior on a Cassie state nanostructured
superhydrophobic surface. In addition to its extraordinarily high static contact angle,
as well as extremely low contact angle hysteresis and roll-off angle, the bulk surface
of the superhydrophobic CNT arrays exhibits a continuous cushion of trapped air at
the interface between water and the surface. This air film is indeed a signature of an
ideal Cassie state superhydrophobic surface.

Three different impact regimes have been experimentally identified, while another
impact regime is proposed. These regimes are partitioned by three critical Weber
numbers, two of which have been experimentally observed. The first impact regime,
which was found at We < Wey, is when the impacting droplet recedes right after it
reaches its maximum spreading diameter, and subsequently rebounds off of the surface

completely. The second impact regime, which was found at We; < We < Wey, is



183

when the rebounding droplet creates a Worthington jet and forms several smaller
secondary droplets. The third impact regime, which was found at Wey, < We < Wes,
is when the impacting droplet breaks into many smaller secondary droplets once
it reaches its maximum spreading diameter, and subsequently the primary droplet
rebounds off of the surface. The fourth impact regime, which is proposed to be
found at We > Wes, is when the impacting droplet breaks into a myriad of smaller
droplets and the primary droplet can no longer be distinguished from the secondary
ones. The first and second critical Weber numbers are found at We; ~ 10! and
Wey ~ 102, respectively, and the third critical Weber number is hypothesized to be
found at Wes ~ 103. Further studies to confirm this hypothesis and to understand
the underlying mechanism of droplet segmentation still need to be done.

The volume ratio between the primary and the secondary droplets, &, is found to
decrease with the increase of Weber number in all impact regimes other than the first
one. In the first impact regime, £ is found to be always unity since the droplet remains
intact during and subsequent to the impingement. In the second impact regime, &
starts to decrease as the rebounded droplet begins to split due to the formation of a
Worthington jet. In the third impact regime, £ continues to decrease as the droplet
breaks into many smaller secondary droplets upon impact. The volume ratio in the
second and third impact regimes can be approximated by a scaling of & ~ We™'/® and
& ~ We !, respectively. A more rigorous study needs to be conducted to correlate
the number of secondary droplets formed by the splashing phenomenon to the Weber
number and to quantify the volume of each secondary droplet.

The loss of energy due to droplet deformation upon impact is quantified as the
coefficient of restitution, €. In the first and second impact regimes, the coefficient
of restitution can be approximated by a scaling of ¢ ~ We~/4. In the third impact
regime, the coefficient of restitution can be approximated by a scaling of £ ~ We™1/2,
Interestingly, the scaling law suggested by Biance et al. (2006) only agrees to the
current experimental data in the third impact regime. This suggests that there are
some non-negligible factors responsible for additional loss of energy that have be

taken into account in any future studies on the impact behavior of a Leidenfrost drop.
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Further studies to develop a logical mathematical model based on these experimental
data has to be done in the future.

The droplet spreading behavior on a surface upon impact is quantified as the
maximum spreading factor, 8. In the first and second impact regimes, the maximum
spreading factor can be approximated by a scaling of 3 ~ Wel/®. In the third impact
regime, the maximum spreading factor can be approximated by a scaling of § ~
Wel/2, This scaling of 8 ~ Wel/? is, in fact, the generalized scaling law derived from
a simple energy conservation approach and has been originally proposed by Chandra
and Avedisian (1991) and Bennett and Poulikakos (1993). Unsurprisingly, the scaling
laws of B ~ Wel/* and 8 ~ Re'/?, as suggested by Clanet et al. (2004), Bartolo et al.
(2005), and Biance et al. (2006), do not agree with the obtained experimental data.
Therefore, such scaling laws may not be relevant in predicting the droplet spreading
behavior on a non-wetted surface in a low viscosity regime.

In this thesis, dry oxidation methods are used for the first time to character-
ize the influence of oxidation on the capacitive behavior of CNT array EDLCs. The
capacitive behavior of CNT array EDLCs can be tailored by varying their oxygen con-
tent, represented by their O/C ratio. The specific capacitance of these CNT arrays
increases with the increase of their O/C ratio in both KOH and Et4NBF4/PC elec-
trolytes. An increase of O/C ratios by about 10% improves their specific capacitance
by about 30 F/g and 60 F/g in KOH and Et4NBF4/PC electrolytes, respectively.
This behavior is observed as long as their O/C ratio is kept below 15%. CNT arrays
with an O/C ratio higher than 15% exhibit high resistive behavior and low capacitive
behavior. These behaviors can be observed from the decrease of specific capacitance
of CNT arrays by about 20 F /g and 70F /g as the O/C ratio increases by about 10%
in KOH and Et4NBF4/PC electrolytes, respectively. Using Et4NBF4/PC electrolyte,
the energy density of optimally oxidized CNT array EDLCs is measured to be about
18 Wh/kg and their power density is measured to about 31 kW /kg. These optimally
oxidized CNT arrays are able to withstand more than 35,000 charge/discharge cy-
cles in Et4NBF4/PC at a current density of 5 A/g, while only losing 10% of their

original capacitance. Considering the value of their initial capacitance, a decrease of
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capacitance by 10% after being cycled for more than 35,000 charge/discharge cycles
is definitely acceptable.

7.2 Future Works

Although this thesis has answered all questions stated in Chapter 1.2, it also raises
many followup questions. Questions regarding the maximum number of oxidation and
reduction cycles that CNT arrays can withstand and whether or not this apparent
reversible oxidation process introduces defects and holes at the molecular levels are
yet to be answered. The detailed oxygen adsorption and desorption mechanisms
induced by UV /ozone, oxygen plasma, and vacuum annealing treatments need to
be studied further by time dependent in situ characterizations. In addition, the
effect of dry chemical modifications in general on other physical properties of CNT,
including their mechanical, electrical, thermal, and optical properties, still has to be
investigated.

For the superhydrophibc CNT arrays, their performance and durability still need
to be characterized fully. Here, the performance of superhydrophibic CNT arrays is
judged by the maximum hydrostatic pressure and temperature they can handle before
their liquid-vapor-solid interfaces disappear. Their durability is assessed by measuring
how long they can maintain their superhydrophobic capability while being completely
submerged in water. New research areas and applications that take advantage of
these superhydrophobic capability have to be explored. For instance, the use of
superhydrophobic CNT arrays as self cleaning surfaces in waste water systems, drag
reducing surface on marine vessels, and anti-icing surfaces on heat exchangers should
be explored in the future.

Similarly, for the superhydrophilic CNT arrays, their other physical properties,
including mechanical, thermal, and electrical properties, still need to be fully char-
acterized. New research areas and applications that take advantage of these super-
hydrophilic capability have to be explored. For instance, the use of superhydrophilic

CNT arrays as electrodes for capacitive deionizer and thermal interface materials for
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heat exchangers and thermal distillers should be explored in the future.
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Appendix A

Effect of Reversible Oxidation on
the Energy Gap and Structure of
CVD Graphene

A.1 Introduction

Graphene, a lattice of honeycomb-arranged carbon atoms tightly joined by sp2 bonds,
draws a lot of research interests due to its exceptional properties (Castro Neto et al.,
2009; Geim and Novoselov, 2007; Novoselov et al., 2004, 2005, 2006; Zhang et al.,
2005; Lee et al., 2008; Frank et al., 2007; Scarpa et al., 2009). Compared to other
conductive and semiconductive material, graphene has a superior carrier mobility and
lowest resistivity, making it a promising candidate for applications in nanoelectronics
(Castro Neto et al., 2009; Geim and Novoselov, 2007; Novoselov et al., 2004, 2005,
2006; Zhang et al., 2005). Nevertheless, the semimetal nature of graphene makes
it difficult to control its conductivity by means of a gate electrode (Oostinga et al.,
2007). A number of approaches, including the use of electric field (Oostinga et al.,
2007), uniaxial strain (Ni et al., 2008; Pereira et al., 2009), as well as nanometer-
wide ribbon (Han et al., 2007; Nakada et al., 1996; Ponomarenko et al., 2008), were
reported to be successful to open a band gap in graphene. Another possible approach
to introduce a band gap opening in graphene is to break its lattice symmetry by
introducing foreign atoms and organic dopant molecules (Bostwick et al., 2009; Balog

et al., 2010; Sessi et al., 2009; Gierz et al., 2008; Wehling et al., 2008; Luo et al., 2009;
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Leconte et al., 2010; Nourbakhsh et al., 2010; Kim et al., 2009; Alzina et al., 2010;
Gokus et al., 2009; Childres et al., 2011; Dong et al., 2009; Lu et al., 2008).

Among many known methods to introduce chemical functionalization, the oxi-
dation process has its own virtue for further investigations. The oxidation process
of carbon-based structures has been well-studied, and its implementation in large-
scale fabrication of microelectronic devices has been well streamlined and engineered.
The use of UV /ozone or oxygen plasma treatment to induce oxygen absorption in
graphene offers several advantages over well-known wet chemical oxidation methods:
both UV /ozone and oxygen plasma treatments do not utilize harsh chemicals, allow-
ing them to be used safely and conveniently. For instance, the well-known Hummer’s
method (Hummers and Offeman, 1958) and its modified versions (Park and Ruoff,
2009; Li et al., 2008; Sun et al., 2008; Becerril et al., 2008; Marcano et al., 2010)
use strong acids and oxidizing agents, and take a significantly long period of time
to complete. In addition, the dry oxidation methods allow site-specific oxidation
through the use of sacrificial layer masking, making them compatible with current
microfabrication processes.

Although many previous studies have reported the successful application of both
UV /ozone and oxygen plasma treatments in controlling the electronic properties of
graphene, they are so far limited to micromechanical exfoliated graphene on a SiO2
substrate (Nourbakhsh et al., 2010; Kim et al., 2009; Gokus et al., 2009; Childres et al.,
2011; Liu et al., 2013; Zhang et al., 2012). Surprisingly, the use of these treatments on
graphene grown epitaxially or by chemical vapor deposition (CVD) method has not
been explored. Epitaxial graphene and CVD graphene offer several advantages over
exfoliated graphene. The platform area and quality of both epitaxial graphene and
CVD graphene are typically several times larger and better than those of exfoliated
graphene (Li et al., 2009). Additionally, the shape of epitaxial graphene and CVD
graphene can be prepatterned using standard lithography techniques. Furthermore,
CVD graphene is known to be transferable onto a flexible substrate with negligible
structural damage (Kim et al., 2009; Lee et al., 2011).

Unlike exfoliated graphene on a SiO2 substrate, epitaxial graphene and CVD
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graphene have a strong interaction with their substrates that often complicates the
process to tailor the graphene electronic properties. Such strong interaction leads to
the formation of replica bands near the Fermi level and renders the graphene metallic
(Pletikosi et al., 2009; Murata et al., 2010). Despite this strong graphene-substrate in-
teraction, it is not impossible to introduce an energy gap opening to epitaxial graphene
and CVD graphene. In the past, exposure to hot atomic oxygen and hydrogen has
been successfully utilized to alter the electronic properties of epitaxial graphene on Ir,
Pt, and Ru substrates (Larciprete et al., 2012; Sutter et al., 2010; Vinogradov et al.,
2011; Starodub et al., 2010). However, the use of hot atomic oxygen and hydrogen ex-
posure is not very practical since it has to be performed at an elevated temperature
under an ultra-high-vacuum condition. A more recent study shows that hydrogen
plasma treatment can also be employed to open the energy gap of CVD graphene on
nickel by producing sp3 carbon hybridization (Castellanos-Gomez et al., 2012).

Here we demonstrate for the first time that an energy gap opening of CVD
graphene on nickel can also be induced by UV /ozone and oxygen plasma treatments.
This finding confirms that both UV /ozone and oxygen plasma treatments have the
same capability as hydrogen plasma treatments in converting carbon hybridization of
CVD graphene on nickel from sp2 to sp3 (Gunes et al., 2011). Similar to the previ-
ously reported findings on micromechanical exfoliated graphene on a SiO2 substrate,
the degree of energy gap opening of CVD graphene on nickel is found to be dependent
to the oxidation level, where a higher concentration of oxygen adsorbates leads to a
larger opening of energy gap. In this work, we also demonstrate for the first time
that such opening can be partially recovered by removing the oxygen adsorbates via
vacuum annealing treatment. Although such treatment does not completely restore
the original electronic properties of CVD graphene, it induces considerable oxygen
desorption such that another round of oxidation using UV /ozone and oxygen plasma
treatments can be applied to yield a similar energy gap opening. The finding pre-
sented herein is important because of the relevance of graphene-metal contact in

microelectronic devices.
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A.2 Materials and Methods

All graphene samples used in this study were grown by chemical vapor deposition
(CVD) on nickel coated SiO2/Si substrates (Graphene Laboratories Inc.) with an
average patch size of 3-10 pum. Prior to the experiment, all as-received graphene
samples were vacuum annealed in a nitrogen-filled vacuum oven (VWR Signature
Vacuum Oven) at a pressure and temperature of 2 torr and 250°C, respectively, for
24 hours to remove any moisture and molecular oxygen adsorbed during storage and
handling. Here, these samples are referred as the pristine CVD (CVD-P) graphene.
The presence of few-layers graphene after the initial vacuum annealing treatment was
confirmed by Raman spectroscopy (Renishaw M1000) obtained with excitation en-
ergy of 2.41 eV. These CVD-P samples were then assigned to two different sample
sets. One set was subjected to UV /ozone treatment (UVO) and the other set to
oxygen plasma treatment (O2P). UVO treatment was performed using a commer-
cial UV /ozone cleaner (Bioforce Nanosciences) at room temperature and pressure for
five minutes, while O2P treatment was performed using a commercial remote plasma
cleaner (Tepla M4L) under 20 Watts of RF power at a constant oxygen flow rate
of 20 SCCM and a chamber pressure of 500 mTorr for five seconds. Here, these
samples are referred to as UVO1 graphene and O2P1 graphene, respectively. Vac-
uum annealing treatment (VA), using the above mentioned parameters, was then
applied to these samples, which are denoted as UVO1-VA graphene and O2P1-VA
graphene, respectively. Both UVO and O2P treatments, as well as VA treatment were
then repeated. Here, these samples are denoted as UVO2 graphene, O2P2 graphene,
UVO2-VA graphene, and O2P2-VA graphene, respectively. Subsequently, each sam-
ple set was stored in a separate air tight container until microscopy and spectroscopy
characterizations were performed.

Atomic-resolution images of graphene were obtained using a scanning tunnel-
ing microscope (Digital Instrument Nanoscope I1la ECSTM) placed directly on the
building bedrock foundation to minimize mechanical vibration. These images were

acquired in constant height mode using Pt/Ir scanning tips (Veeco, Inc) which has
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a typical diameter of 0.25 mm. During the imaging process, a graphene sample was
placed on a flat sample stage and clamped from the top with a metal electrode that
creates a direct contact with the graphene film. Tunneling I-V and differential con-
ductance characteristics were obtained using the tunneling spectroscopy capability of
the same scanning tunneling microscope. Both forward and backward voltage sweeps
were performed to minimize the thermal drift during the imaging and measurement.
Multiple tunneling I-V spectra were collected from different regions of each graphene
sample. Differential conductance characteristic, dI/dV, was then calculated numeri-
cally by taking the first derivative of the tunneling current with respect to the bias
voltage. These characteristics were then presented in a two dimensional histogram
to show the most probable shape of differential conductance of the sample. A 1D
histogram was then extracted from this two dimensional histogram at zero differen-
tial conductance, dI/dV = 0. The energy gap was calculated from the full width at
half maximum (FWHM) of this one dimensional histogram. All scanning tunneling
microscopy /spectroscopy (STM/STS) imaging and measurements were conducted at
room pressure and temperature at a scan rate of 20.3 Hz and a stabilization voltage
and current of 100 mV and 65 pA, respectively.

Surface chemistry characterizations were assessed using x-ray photoelectron spec-
troscopy (Surface Science M-Probe XPS). A monochromatic 1486.6eV Al Ko was
used as the x-ray source and was directed at an angle of 35° to the sample surface.
The emitted photoelectrons were collected by a hemispherical analyzer positioned at
an angle of 35° to the sample surface. The oxygen to carbon atomic ratio (O/C ra-
tio) was calculated from low resolution survey spectra acquired at a binding energy
of 1-1000eV with a resolution of 1eV and a spot size of 800 pum. Higher resolution
detailed scans were collected on C 1s, O 1s, and Ni 2p regions with a resolution of
0.065eV and a spot size of 100 um. The C 1s, O 1s, and Ni 2p spectra were acquired
at a binding energy of 280-294eV, 526-540eV, and 845-870eV, respectively. Multiple
low resolution survey spectra and high resolution C 1s, O 1s, and Ni 2p spectra were
collected from different regions of each graphene sample. During the data collection,

the sample chamber was maintained at an ultra high vacuum condition with a base
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pressure below 5x10-9 torr. All photoelectron spectra were obtained using ESCA25
Capture software (Service Physics, V5.01.04) and analyzed using CasaXPS software
(Casa Software Ltd, V2.3.15). Deconvolution of the C 1s; O 1s, and Ni 2p high res-
olution spectra were performed using a Gaussian-Lorentzian peak shape fitting with

Shirley baseline correction.

A.3 Results and Discussion

A.3.1 Changes in atomic scale morphology probed by scan-

ning tunneling microscopy

The atomically-resolved image of CVD-P graphene samples obtained by scanning
tunneling spectroscopy (STM) exhibits a highly-symmetric hexagonal lattice struc-
ture with an atomic spacing of about 0.23 nm. Such structure is a typical signature
of a pristine graphene layer (Figure A.1) (Liu et al., 2013). The highly-symmetric
lattice structure exhibited by CVD-P graphene indicates that it is highly crystalline
and has an excellent quality. A faint Moire pattern seen on this image is a common
feature of suspended graphene on a nickel surface, and is caused by a mismatch be-
tween graphene and nickel lattices (Murata et al., 2010). A similar pattern has also
been observed on other metal surfaces (Pletikosi et al., 2009; Vinogradov et al., 2011).
No significant variation of Moire pattern across the sample surface suggests that the
probed regions have a uniform graphene layer thickness (Castellanos-Gomez et al.,
2012).

Similar hexagonal lattice structure can also be seen in the STM image of oxidized
graphene, suggesting that its graphitic structure is still practically intact even after
being exposed to oxygen plasma treatment for five seconds or to UV /ozone treatment
for five minutes. Although a mild distortion to the graphene structure is noticeable,
no extended etching front can be observed. This suggests that an intercalation-driven
etching process may not be present (Vinogradov et al., 2011; Starodub et al., 2010).
Randomly distributed bright spots can be observed in the STM image of the basal
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Figure A.1. Schematic (a) and STM image (b) of CVD-P graphene.
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plane of UVO1 and O2P1 graphene (Figure A.2). Such bright spots may be attributed
to the presence of oxygen adsorbates in the form of epoxide group (Vinogradov et al.,
2011; Hossain et al., 2012).

It has been previously reported that the adsorbed oxygen atoms prefer to form
epoxide groups on the graphene basal plane due to their stability at room temper-
ature and pressure (Leconte et al., 2010; Vinogradov et al., 2011; Samarakoon and
Wang, 2011). Since these bright spots can be found across the sample surface, it
suggests that the coverage of oxygen adsorbates introduced by oxygen plasma and
UV /ozone treatments is spatially, uniform without any preferential location on the
graphene lattice (Hossain et al., 2012). Interestingly, both UVO1 and O2P1 graphene
do not exhibit any Moire pattern. The disappearance of the Moire pattern has been
previously observed on oxidized graphene on Ir substrate, and is mainly caused by
structural transformation in graphene. This transformation is expected because of the
change in length of C-C bonds due to the geometrical conversion from the trigonal pla-
nar sp2 carbon hybridization to the tetragonal sp3 carbon hybridization (Vinogradov
et al., 2011; Samarakoon and Wang, 2011; Suggs et al., 2011; Muniz and Maroudas,
2010).

Although epoxide groups are known to be very stable at room temperature and
pressure (Leconte et al., 2010; Vinogradov et al., 2011), they can, in principle, be re-
moved at an elevated temperature due to their relatively low binding energy. Thermal
reduction treatment, i.e., vacuum annealing, has been demonstrated to be an effective
means to remove majority of the chemisorbed oxygen from the graphene basal plane
(Vinogradov et al., 2011; Hossain et al., 2012). A highly-symmetric hexagonal lattice
structure, similar to that of CVD-P graphene, can be seen in the STM image of the
vacuum annealed graphene. Bright spots, which may be attributed to the presence
of oxygen adsorbates, can no longer be observed on the basal plane of UVO1-VA and
O2P1-VA graphene (Figure A.3). Interestingly, a faint Moire pattern can be observed
again on UVO1-VA and O2P1-VA graphene, although it is not as pronounced as that
on CVD-P graphene. Such partial recovery of Moire pattern suggests that the distor-

tion to the graphene structure due to the formation of sp3 bonds has been practically
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Figure A.2. Schematic (a) and STM image (b) of UVO1 graphene.
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eliminated and the sp2 carbon hybridization has been largely restored (Vinogradov

et al., 2011).

A.3.2 Evolution of local density of states probed by scanning

tunneling spectroscopy

The effect of oxygen uptake on the electronic characteristic of graphene can be under-
stood by investigating its local electronic density of states (LDOS) before and after
the oxidation process. LDOS can be characterized easily using scanning tunneling
spectroscopy (STS), because it is proportional to the tunneling differential conduc-
tance characteristic (dI/dV) and can be obtained by taking the first derivative of
the tunneling current with respect to the bias voltage (Yeh et al., 2011). Neverthe-
less, obtaining dI/dV spectra that represent the characteristic of the whole sample
is not completely straightforward. Since the measured tunneling current depends
heavily on the specific configuration of the atoms involved in the tunneling process,
dI/dV fluctuates considerably from one location to another location in one sample
and from one sample to another sample. Thus, it is more reliable to deduce the
electronic characteristic of the sample by statistically analyzing the obtained dI/dV
spectra (Castellanos-Gomez et al., 2012). Using statistical analysis, the most proba-
ble characteristic of each set of sample can be determined (Castellanos-Gomez et al.,
2012).

The dI/dV spectra of CVD-P graphene exhibit a V-like shape with nonzero dif-
ferential conductance at zero-energy, which implies that its LDOS do not vanish at
the Fermi level. Such a characteristic deviates from that of a neutral free-standing
pristine graphene where its LDOS is zero at the Fermi level. This finding suggests
that CVD-P graphene has a metallic characteristic, which may be caused by a strong
hybridization between nickel and carbon bands (Murata et al., 2010). The dI/dV
spectra of the oxidized graphene show a deviation from that of CVD-P graphene
around the zero-energy region. Both O2P1 and UVO1 graphene exhibit an accumu-

lation of data points with zero differential conductance around the zero-energy region
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Figure A.3. Schematic (a) and STM image (b) of UVO1-VA graphene.
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starts to occur (Figure A.4 and A.5). These zero differential conductance data points
are almost normally distributed with a peak close to the zero-energy. Thus, the dI/dV
spectra of O2P1 and UVO1 graphene exhibit a U-like shape with a "flattening” of
the differential conductance around the zero-energy region. The occurrence of such
flattening indicates an opening of an energy gap in the LDOS, and suggests that the
electronic characteristic of O2P1 and UVO1 graphene has been transformed from zero
energy gap metallic to semiconducting (Leconte et al., 2010; Nourbakhsh et al., 2010;
Castellanos-Gomez et al., 2012; Pandey et al., 2008).

The opening of the energy gap in the LDOS can be partially closed by exposing
the oxidized graphene to vacuum annealing (VA) treatment. VA treatment has been
successfully used in the past to remove hydrogen and oxygen adsorbates from hydro-
genated and oxidized graphene (Zhang et al., 2012; Castellanos-Gomez et al., 2012;
Hossain et al., 2012; Elias et al., 2009; Acik et al., 2011, 2010). The dI/dV spectra of
0O2P1-VA and UVO1-VA graphene exhibit a V-like shape similar to those of CVD-P
graphene (Figure A.4 and A.5). However, unlike those of CVD-P graphene, the dI/dV
spectra of O2P1-VA and UVO1-VA graphene still exhibit an accumulation of data
points with zero differential conductance around the zero-energy region, although it
is negligible compared to those of O2P1 and UVO1 graphene. In addition, a larger
variation in dI/dV spectra of O2P1-VA and UVO1-VA graphene compared to that
of CVD-P graphene, indicates that the spatial fluctuation in LDOS of O2P1-VA and
UVO1-VA graphene is considerably larger than that of CVD-P graphene. Hence, it
can be deduced that, although VA treatment does reduce the energy gap opening,
it does not completely reverse the effect of oxidation. Once a CVD graphene has
been exposed to either UVO or O2P treatment, its metallic behavior can no longer
be recovered, even after being exposed to VA treatment.

The energy gap in the LDOS can be reopened by reapplying UVO and O2P
treatments to these graphene samples. Since the dI/dV spectra of O2P2 and UVO2
graphene are similar to those of O2P1 and UVO1 graphene, one may expect that
the electronic characteristics of these samples are similar. Compared to those of

O2P1 and UVO1 graphene, the dI/dV spectra of O2P2 and UVO2 graphene also
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Figure A.4. Evolution of STS spectra of CVD graphene that undergoes UV /ozone
and vacuum annealing cycles.
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exhibit a U-like shape with a flattening of differential conductance around zero-energy
region (Figure A.4 and A.5). The reappearance of such flattening suggests that the
energy gap of O2P2 and UVO2 graphene has been once again opened. As expected,
reapplication of VA treatment to these graphene samples again closes the energy gap
opening, indicated by the disappearance of a flattening of differential conductance
around zero-energy region. It is important to note that the dI/dV spectra of O2P2-
VA and UVO2-VA graphene have a considerably larger variation and U-like shape
than those of O2P1-VA and UVO1-VA graphene (Figure A.4 and A.5). This suggests
that there exist a maximum number of oxidation-reduction cycles that can be applied
to the CVD graphene after which its electronic characteristic is no longer tunable.

The opening of energy gap in the LDOS can be extracted from the dI/dV spec-
tra by plotting the zero differential conductance data points as a one dimensional
histogram around the zero-energy region, and calculating the full width at half max-
imum (FWHM) of this one dimensional histogram (Castellanos-Gomez et al., 2012).
After being exposed to UVO and O2P treatments, the energy gap of CVD graphene in-
creases from 0eV for CVD-P graphene to 0.11(£0.05)eV and 0.13(£0.06)eV for UVO1
and O2P1 graphene respectively (Figure A.6.a). Although VA treatment does not
completely close the energy gap opening, it does reduce the opening to 0.05(40.02)eV
and 0.07(%0.03)eV for UVO1-VA and O2P1-VA graphene, respectively. A second
exposure to UVO and O2P treatments reopens the energy gap to 0.13(£0.05)eV
and 0.15(£0.06)eV for UVO2 and O2P2 graphene, respectively. Similarly, a sec-
ond exposure to VA treatment reduces the energy gap opening to 0.06(+0.03)eV
and 0.03(£0.03)eV for UVO2-VA and O2P2-VA graphene, respectively. Note that
the value of the energy gap opening after the second cycle is slightly higher than
that after the first one. Although the difference between the first and second cycle
is not statistically significant, it suggests that the oxidation-reduction cycle using a
combination of UVO/O2P and VA treatments may not be completely reversible. An
intensive study to determine the maximum number of oxidation-reduction cycles that
a CVD graphene can handle is yet to be performed.

It is expected that the opening of energy gap in the LDOS is induced by the
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presence of defect sites introduced by oxygen adsorbates. These oxygen adsorbates
produce a strong disruption to the m-bond network that facilitates the electron mo-
bility and charge transport across the graphene basal plane (Leconte et al., 2010;
Childres et al., 2011; Ito et al., 2008). Since the degree of induced localization de-
pends heavily on the magnitude of such disruption and the spatial distribution of
defect sites, an increase of oxygen adsorbate concentration will certainly reduce the
electron mobility and lead to an opening in the energy gap (Luo et al., 2009; Leconte
et al., 2010; Childres et al., 2011). These defect sites also induce a localization effect,
where each of the oxidized sites acts as a strongly repulsive hard wall barrier, and
the degree of such localization is dictated by the spatial distribution and the concen-
tration of oxygen adsorbates (Luo et al., 2009). In addition, any alteration to the
m-bond network near the defect sites further distorts the electron-phonon couplings

and electron-electron interactions (Luo et al., 2009; Manes, 2007).

A.3.3 Changes in defects probed by Raman spectroscopy

Previous studies show that the p-doping level, electron-electron scattering rate, and
the total density of state of oxidized graphene are dictated by the defect density asso-
ciated with surface concentration of oxygen adsorbates (Leconte et al., 2010; Alzina
et al., 2010). At a very low concentration, the p-doping level and electron-electron
scattering rate increase as the defect density increases Nourbakhsh et al. (2010); Kim
et al. (2009); Childres et al. (2011). At a higher concentration of oxygen adsorbates,
a continuous decay and smoothing of the van Hove singularities becomes apparent,
and a further increase in concentration by a few percent leads into a significant drop
of conductance and carrier concentration, which may indicate an Anderson metal-
insulator transition (Leconte et al., 2010; Alzina et al., 2010).

The increase of defect site density induced by oxygen adsorbates can be verified by
Raman spectroscopy. Three distinct peaks of D band ( 1350cm-1), G band ( 1585¢m-
1), and G’ band ( 2695 cm-1) can be seen in the Raman spectra of CVD graphene

before and after oxidation (Ferrari et al., 2006; Reina et al., 2009; Dresselhaus et al.,
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Figure A.7. Raman spectra of CVD graphene before and after dry oxidation and
vacuum annealing cycles.

2010; Nourbakhsh et al., 2010; Dresselhaus et al., 2010). The intensity ratio between
the non-sp2 disorder-induced D band and sp2 symmetry G band, ID/IG, was mea-
sured to be 0.19 for the CVD-P graphene. After UVO and O2P treatments, this
ratio increases to 0.61 and 0.83 for the UVO1 and O2P1 graphene respectively. In
addition, a shoulder D’ peak ( 1620cm-1), associated with disorder-induced intraval-
ley resonance Raman scattering, becomes visible in the Raman spectra of UVO1
and O2P1 graphene (Figure A.7) (Nourbakhsh et al., 2010; Samarakoon and Wang,
2011). It has been theorized that the abovementioned disorder-induced Raman scat-
tering is caused by in-phase and out-of-phase stretching of epoxide groups bonded on

the graphene basal plane (Samarakoon and Wang, 2011).

A.3.4 Evolution of surface chemistry probed by X-ray pho-

toelectron spectroscopy

Since the presence of oxygen adsorbates introduces surface defects that ultimately

dictate the opening of energy gap in the LDOS, it is imperative to quantify the
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concentration of oxygen adsorbates involved during the oxidation-reduction cycle.
Here, the concentration of oxygen adsorbates is represented by its oxygen/carbon
atomic ratio (O/C ratio). The O/C ratio is calculated from the intensity of the
low resolution O 1s and C 1s peaks obtained by x-ray photoelectron spectroscopy
(XPS) (Ferrari et al., 2006; Hesse et al., 2005). After being exposed to UVO and
O2P treatments, the O/C of CVD graphene increases from 2.92(40.32)% for CVD-
P graphene to 15.45(£1.95)% and 13.06(£1.53)% for UVO1 and O2P1 graphene,
respectively (Figure A.6.b). Note that the O/C ratio of CVD-P graphene is not zero,
suggesting that a small amount of oxygen is adsorbed at the graphene boundaries
during the growth or storage phase and may not be easily removed. After being
exposed to VA treatment, the O/C ratio decreases almost to its original value of
3.6(£0.85)% and 3.03(40.76)% for UVO1-VA and O2P1-VA graphene, respectively.
A second exposure to UVO and O2P treatments increases the O/C ratio back to
15.83(£2.18)% and 13.55(£1.96)% for UVO2 and O2P2 graphene, respectively. A
second exposure to VA treatment decreases the O/C ratio once again to 4.67(4+0.51)%
and 3.27(£0.67)% for UVO2-VA and O2P2-VA graphene, respectively. Similar to the
value of energy gap opening, the value of O/C ratio after the second cycle is slightly
higher than that after the first one.

A direct correlation between the energy gap opening of graphene and the concen-
tration of oxygen adsorbates can be obtained by plotting them against each other
(Figure A.8). The correlation between the energy gap of graphene and its O/C ratio
is monotonic, regardless of the oxidation method used, which implies that the ob-
served energy gap opening is indeed induced by defects sites introduced by oxygen
adsorbates (Luo et al., 2009; Nourbakhsh et al., 2010; Pandey et al., 2008; Ito et al.,
2008). As mentioned above, an energy gap of 0.11-0.15eV can be obtained by expos-
ing the CVD graphene to either UVO or O2P treatment, such that they have an O/C
ratio of 13-16%. These energy gap values are found to be slightly lower than those
predicted by density functional theory (DFT) calculations on free-standing graphene
for the same range of O/C ratio (Nourbakhsh et al., 2010; Huang et al., 2012; Guo

et al., 2012). However, these energy gap values are found to be an order of magnitude
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Figure A.8. Energy gap vs oxygen/carbon ratio of CVD graphene induced by dry
oxidation and vacuum annealing cycles.

lower than those measured on graphene oxides derived from graphite flakes using wet
chemical oxidation method (Guo et al., 2012).

Note that the energy gap of O2P1 and O2P2 graphene is slightly higher than that
of UVO1 and UVO2 graphene, respectively, even though their respective O/C ratio is
lower. This suggests that the level of disorder in the structural symmetry of graphene
is more pronounced due to the physical reaction with the oxygen plasma (Nourbakhsh
et al., 2010; Kim et al., 2009). In fact, it has been known that plasma bombardment
induces irrecoverable modification to the graphitic structure by converting the carbon
hybridization from sp2 to sp3, which further eliminates the m-bond network and alters
the electron mobility and charge transport across the basal plane (Elias et al., 2009;
Hou et al., 2008).

Deconvolution of the C 1s XPS spectra of CVD graphene samples shows five
distinct peaks associated with C-C sp2 (284.54+0.1 eV, FWHM 0.9 eV), C-C sp3
(285.5+0.1eV, FWHM 1.3eV), C-O (286.54+0.1eV, FWHM 1.4eV), C=0 (287.440.2¢eV,
FWHM 1.4eV), and O-C=0 (289.1+0.4eV, FWHM 1.7eV) (Yang et al., 2009; Aria
and Gharib, 2011). In addition to an extremely strong C-C sp2 peak, the C 1s XPS
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spectrum of the CVD-P graphene shows a mild C-C sp3 peak, a very weak C-O peak,
and negligible C=0 and O-C=0 peaks. These C-C sp3 and C-O peaks may indicate
the presence of hydroxyl or other terminal functional groups, such as cyclic ether, at
the graphene edges (Figure A.9) (Hossain et al., 2012; Acik et al., 2011, 2010).

The O 1s spectra of CVD graphene samples show three distinct components as-
sociated with O-C=0 (531.5+£0.3eV, FWHM 1.4eV), C=0 (532.6+0.3eV, FWHM
1.3eV), and C-O (533.5+£0.3eV, FWHM 1.4eV) (Yang et al., 2009). In agreement
with its C 1s spectrum, the O 1s XPS spectrum of the CVD-P graphene shows a very
strong the C-O peak, a weak C=0 peak, and a negligible O-C=0 peak. The weak
C=0 peak may indicate the presence of a few carbonyl groups arranged in pairs at
the graphene edges (Acik et al., 2011). In addition, it also exhibits an additional O 1s
peak (535.2£0.7 eV, FWHM 1.9 V), which may be associated with physisorption of
molecular oxygen or moisture during storage and handling (Figure A.10) (Biesinger
et al., 2009).

Evidence of oxygen uptake by graphene during the UVO or O2P treatment can
be observed from a considerable increase in the intensity of C-O, C=0, and O-C=0
peaks (Figure A.9). Such increases are accompanied by an increase in the intensity
of C-C sp3 peak. In fact, the surface concentration ratio between C-C sp3 and C-C
sp2 increases from about 10.3% for CVD-P graphene to about 25.3% and 25.7% for
UVO1 and O2P1 graphene, respectively (Figure A.11.a). Similarly, the surface con-
centration ratio between total oxygenated groups and C-C sp2 increases from about
2.7% for CVD-P graphene to about 37.8% and 32.7% for UVO1 and O2P1 graphene,
respectively (Figure A.11.b). As mentioned earlier, structural transformation due
to the formation of sp3 bonds may lead to the disappearance of Moir pattern on
UVO1 and O2P1 graphene (Vinogradov et al., 2011; Samarakoon and Wang, 2011;
Suggs et al., 2011; Muniz and Maroudas, 2010). Although O2P treatment introduces
a lower concentration of oxygenated groups, it induces more C-C sp3 bonds than
UVO treatment. This suggests that some of the sp3 bonds are formed during the
O2P treatment by the physical bombardment of plasma (Nourbakhsh et al., 2010;
Kim et al., 2009; Elias et al., 2009; Hou et al., 2008). Since this phenomenon is very
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unlikely to happen when UVO treatment is used, the increase in concentration of sp3
bonds can be attributed to that of oxygen adsorbates.

A stronger C-O peak suggests that the concentration of hydroxyl and epoxide
groups on the basal plane of UVO1 and O2P1 graphene is significantly higher than
that on CVD-P graphene. The apparent increase of intensity of the C=0 peak can
be associated with an increase of concentration of carbonyl groups on the graphene
basal plane or edges. A more pronounced O-C=0 peak suggests that both UVO and
O2P treatments also induce the formation of carboxyl terminating groups, stabilized
by electrostatic repulsive forces among themselves, at the graphene edges (Acik et al.,
2011). An epoxide group can be formed when an atomic oxygen radical produced by
plasma or ozone is bonded above the middle of a C-C bond (Samarakoon and Wang,
2011). It can also be formed when ozone is adsorbed as ozonide that subsequently
lost its molecular oxygen (Suggs et al., 2011). The presence of hydroxyl and carboxyl
groups on UVO1 and O2P1 graphene suggests that reactive hydroxyl radicals are
involved in the UVO and O2P treatments. These hydroxyl radicals may be generated
from moisture in the ambient air or physisorbed water molecules. A reaction between
these water molecules and atomic oxygen radicals produced by plasma or ozone gives
rise to peroxides, which upon homolysis yields free hydroxyl radicals (Gunes et al.,
2011; Acik et al., 2011). In contrast, the presence of hydroxyl and carboxyl groups
can be excluded when an oxidation process using hot atomic oxygen at an ultra-high-
vacuum is used (Vinogradov et al., 2011).

It has been previously reported that the adsorbed oxygen atoms prefer to form
epoxide groups on the graphene basal plane due to their lowest energy configuration
(Leconte et al., 2010; Nourbakhsh et al., 2010; Vinogradov et al., 2011; Samarakoon
and Wang, 2011). However, the O 1s XPS spectra of the UVO1 and O2P1 graphene
show that the ratio between each type of oxygenated groups adsorbed on the graphene
basal plane or edges is relatively equal (Figure A.10). When UVO treatment is em-
ployed, the relative concentration of each C-O, C=0, and O-C=0 group is about the
same. Similarly, when O2P treatment is utilized, the O-C=0 group is accounted for

36% of the total oxygenated groups, while the rest is split almost equally by C-O and
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C=0 group (Figure A.12.a, Figure A.12.b, and Figure A.13.a). This suggests that
some of the epoxide groups are converted to carbonyl and carboxyl groups during
UVO and O2P treatments. It has been known that epoxide groups have the ten-
dency to create pair structures which readily form two neighboring carbonyl groups
in a quinone-like configuration (Samarakoon and Wang, 2011; Acik et al., 2011). In
addition, the formation of a carbonyl group is often caused by a hydrogen atom mi-
gration induced by a weak hydrogen bond between two adjacent hydroxyl groups
(Elias et al., 2009). These carbonyl groups are then transformed to carboxyl groups
by a rapid reaction between them and hydroxyl radicals (Acik et al., 2011). Since car-
boxyl groups are relatively stable, a further reaction with atomic oxygen or hydroxyl
radical is very unlikely. Note that the relative concentration of carboxyl groups on
O2P1 graphene is slightly higher than that on UVO1 graphene, suggesting that O2P
treatment generates a higher amount of reactive hydroxyl radicals compared to UVO
treatment.

Although epoxide, carbonyl, and carboxyl groups are relatively stable at room
temperature and pressure, they can be, in principle, removed at an elevated tem-
perature (Leconte et al., 2010; Vinogradov et al., 2011; Acik et al., 2011). Thermal
reduction treatment, i.e., vacuum annealing, has been demonstrated to be an effective
means of removing the majority of the chemisorbed oxygen from the graphene basal
plane (Vinogradov et al., 2011; Hossain et al., 2012). Previous studies suggest that
the effectiveness of VA treatment depends on the temperature and dwell time, as well
as the total initial concentration and types of oxygen adsorbates (Acik et al., 2011,
2010). A moderate temperature of 250°C is known to be adequate for initiating the
removal of adsorbed hydroxyl, epoxide, carboxyl, and carboxyl groups (Acik et al.,
2010). The C 1s XPS spectra of UVO1-VA and O2P1-VA graphene show a signifi-
cant decrease in concentration of all oxygenated groups, as well as the C-C sp3 bonds
(Figure A.9). In fact, the surface concentration ratio between C-C sp3 and C-C sp2,
as well as total oxygenated groups and C-C sp2, decreases to about 15-16% and 7-8%),
respectively (Figure A.12).

The O 1s XPS spectra of UVO1-VA and O2P1-VA graphene indicate that most



213

a 100k ¥ UVO 1 1 1 1 i
& 75 -
o
© 50 -
R 25
Q
o Lk _
£ | | | |
@ 100F —o2pP .
O
+ 75 -
Q
O 50 _
Q L -
Q 2

oF 1 1 1 1 1 ]

CVD-P Oxidized Vac.Anneal Oxidized Vac.Anneal

o

100 ——uvo -
= 75k 4
fe
s s0fF -
o

O +0-C=
N

3]

T

]

T | | | —
i 100F —Oo2P N
o
+ 75 -
Q
O 50F -
? 25-E/E\E/H\E-
o

ok -

1 1 1 1 1
CVD-P Oxidized Vac.Anneal Oxidized Vac.Anneal

Figure A.12. Evolution of C-O and C=0 bonds concentration of CVD graphene
induced by dry oxidation and vacuum annealing cycles.



214

of epoxide and carboxyl groups are removed by VA treatment (Figure A.10), and C-
O groups are accounted for about 63-73% of the total remaining oxygenated groups
(Figure A.12.a). Nevertheless, it is interesting to note that the relative concentra-
tion of O-C=0 groups on O2P1-VA graphene is around 22% of the total remaining
oxygenated groups, which is about twice than that on UVO1-VA graphene (Fig-
ure A.13.a). In addition to differences in the initial concentration of carboxyl groups
between both graphene samples, such a discrepancy may also be caused by differences
in reproduction rate of carboxyl groups during the VA treatment. Different reproduc-
tion rate is possible since O2P1 graphene may have a higher relative concentration of
hydroxyl groups compared to UVO1 graphene. The extra hydroxyl radicals produced
upon decomposition of hydroxyl groups may have reacted with carbonyl groups to
form new carboxyl groups, offsetting the decomposition of carboxyl groups on O2P1-
VA graphene.

It has been known that desorption of hydroxyl groups starts at a temperature
of 75-100°C, while epoxide groups start to decompose at a slightly higher temper-
ature of 100-125°C (Acik et al., 2011; Bagri et al., 2010). However, most epoxide
groups are decomposed at a temperature of 225°C (Acik et al., 2011), leaving be-
hind a small amount of isolated epoxide groups (Bagri et al., 2010; Haubner et al.,
2010). Simultaneous desorption of adjacent hydroxyl and epoxide groups are often
followed by the formation of in-plane ether groups or out-of-plane carbonyl groups
(Acik et al., 2011; Bagri et al., 2010). Since carbonyl groups also start to decompose
at a temperature of 200°C (Acik et al., 2011), there is a competition between the for-
mation and decomposition of these groups during the VA treatment at a temperature
of 250°C. Such competition is further complicated by the transformation of carboxyl
groups to carbonyl groups, which is favorable due to the more stable configuration
of carbonyl groups, and the transformation of carbonyl groups to hydroxyl groups
during VA treatment (Acik et al., 2011; Bagri et al., 2010). Judging from the relative
concentration of C=0 groups after VA treatment, which is about 14-15% of the total
remaining oxygenated groups (Figure A.12), one can deduce that the decomposition

rate of carbonyl groups is higher than their formation rate at this temperature.
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Unlike the removal of hydroxyl and isolated epoxide groups that results in produc-
tion of H20 and O2, decomposition of ether groups is typically associated with the
production of CO and CO2 (Acik et al., 2011; Bagri et al., 2010). Since production
of CO and CO2 involves the removal of carbon atom from graphene basal plane and
edges, decomposition of ether groups often results in the formation of vacancies and
defects (Acik et al., 2011; Li et al., 2006). In contrast, production of H20 and O2
induces minimal defects to the graphene lattice structure (Bagri et al., 2010). Al-
though desorption of carbonyl and carboxyl groups often results in production of CO
and CO2 (Acik et al., 2011), desorption of carbonyl may occasionally produce H20
due to their intermediate transformation to hydroxyl groups during VA treatment
(Bagri et al., 2010; Haubner et al., 2010). Since the STM images of UVO1-VA and
O2P1-VA graphene show the disappearance of bright spots on the graphene basal
plane without any apparent vacancies or defects, it can be implied that minimal lat-
tice disorder is introduced during the VA treatment. This suggests that the majority
of oxygenated groups adsorbed on the graphene basal plane during UVO and O2P
treatments are in the form of hydroxyl groups and isolated epoxide groups. Carbonyl,
carboxyl, and perhaps ether groups are more likely to be adsorbed on the graphene
edges.

Similar oxygen adsorption processes are observed when these graphene samples
are re-exposed to UVO and O2P treatments. An increase in concentration of C-O,
C=0, and O-C=0 groups, as well as C-C sp3 bonds, can once again be observed
from the C 1s and O 1s XPS spectra of UVO2 and O2P2 graphene (Figure A.9 and
Figure A.10). The surface concentration ratio between C-C sp3 and C-C sp2, as
well as total oxygenated groups and C-C sp2, increases back to about 27-28% and
37-41%, respectively (Figure A.11). Just like after the first treatment, the relative
concentration of each C-O, C=0, and O-C=0 group is similar to that after the second
UVO treatment. However, after the second O2P treatment, the O-C=0 group is ac-
counted for 40% of the total oxygenated groups, while the rest is split almost equally
by C-O and C=0 group (Figure A.12.a, Figure A.12.b, and Figure A.13.a). This

noticeable difference in relative concentration of O-C=0 groups between UVO2 and



217

Normalized Intensity (a.u.)

UV/O,
O, plasma

Normalized Intensity (a.u.)

Vacuum
Annealing

Normalized Intensity (a.u.)

UV/O,
O, plasma

Normalized Intensity (a.u.)

Vacuum
Annealing

Normalized Intensity (a.u.)

Ni(OH),

1 1
855 850

1 1
865 860
Binding Energy (eV)

Figure A.14. Evolution of XPS Ni2p spectra of CVD graphene induced by dry oxi-
dation and vacuum annealing cycles.



218
O2P2 graphene highlights the difference in the availability of reactive hydroxyl radi-
cals between UVO and O2P treatments: O2P treatment generates a higher amount
of reactive hydroxyl radicals compared to UVO treatment.

As expected, a second exposure to VA treatment cycles back the concentration of
all oxygenated groups and C-C sp3 bonds (Figure A.9). The surface concentration
ratio between C-C sp3 and C-C sp2, as well as total oxygenated groups and C-C
sp2, falls back to about 16-17% and 8-9%, respectively (Figure A.11). Further, the
relative concentration of each C-O, C=0, and O-C=0 group on UVO2-VA and O2P2-
VA graphene is found to be similar to that on UVO1-VA and O2P1-VA graphene
(Figure A.12.a, Figure A.12.b, and Figure A.13.a). Note that the concentration
of oxygenated groups of UVO2-VA and O2P2-VA graphene is higher than that of
UVO1-VA and O2P2-VA graphene, which is higher than that of CVD-P graphene.
This indicates that VA treatment does not completely remove the oxygen adsorbates
introduced by UVO and O2P treatments. Previous studies show that a complete
oxygen removal is difficult to achieve, even at a very high annealing temperature
(Acik et al., 2011, 2010; Bagri et al., 2010). However, a complete oxygen removal
can be achieved by preventing the formation of stable carbonyl and ether groups
during the oxidation process. Hence, an oxidation process using hot atomic oxygen
at an ultra-high-vacuum appears to be completely reversible (Vinogradov et al., 2011;
Hossain et al., 2012).

It is important to note that the O 1s XPS spectra of UVO1 and O2P1 graphene do
not show any peaks associated with Ni-O bonds (Figure A.10). This indicates that
the first UVO and O2P treatments do not induce an oxygen uptake by the nickel
layer. Deconvolution of the Ni 2p3/2 XPS spectra of CVD-P graphene shows three
distinct peaks that indicate the presence of metallic nickel, with the main Ni metal
2p3/2 spectral component found at 532.5+0.5 eV (FWHM 1 eV), while the second
and third ones can be found at binding energy shifts of +3.65 eV (FWHM 2.6 eV)
and +6.05 ¢V (FWHM 2.8 eV), respectively (Figure A.14) (Biesinger et al., 2009).
Similarly, the Ni 2p3/2 XPS spectra of UVO1 and O2P1 graphene, as well as UVO1-
VA and O2P1-VA graphene, show three distinct peaks that indicate the presence
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of metallic nickel (Figure A.14). This confirms that the nickel layer is not oxidized
and remains in metal form after the first oxidation-reduction cycle. Therefore, it
can be implied that the change in the energy gap of CVD graphene observed in the
first oxidation-reduction cycle is not induced by the production of nickel oxide or
hydroxide during the oxidation process.

However, the nickel layer is no longer in metallic form after the second UVO
and O2P treatments. A multiplet associated with Ni(OH)2 can be seen in the Ni
2p3/2 XPS spectra of UVO2 and O2P2 graphene (Figure A.14), and is still apparent
even after exposure to VA treatment (Figure 6¢5). The appearance of such multiplet
indicates the appearance of nickel hydroxide layer after the second UVO and O2P
treatments, with a relative concentration of 3-4% (Figure A.13.b). Although its
relative concentration decreases slightly, this nickel hydroxide layer does not disappear
after being exposed to VA treatment. So far, the effect of nickel hydroxide production
to the energy gap opening of CVD graphene is still unknown. It is possible that the
change in energy gap of CVD graphene observed in the second oxidation-reduction
cycle is influenced by the production of nickel oxide or hydroxide during the oxidation
process. Nevertheless, an intensive study to determine the effect of nickel oxide or
hydroxide to the electronic properties of CVD graphene has to be performed in the

future.

A.4 Concluding Remarks

The work presented herein examines the energy gap and structural evolution of CVD
graphene on nickel layer under the influence of dry oxidation and vacuum anneal-
ing treatments. Among many available dry oxidation methods, oxygen plasma and
UV /ozone treatments are chosen because of their known advantages. These treat-
ments are employed to introduce oxygen adsorbates on CVD graphene. Vacuum
annealing treatment is then used to remove the adsorbed oxygen. The topography
and electronic properties of CVD graphene are probed using STM/STS. The differ-

ential conductance spectra of CVD-P graphene exhibit a nonzero differential con-
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ductance at zero-energy, implying its metallic behavior. Exposure to either oxygen
plasma or UV /ozone treatment leads to a larger flat region in the two dimensional
histogram around the zero-energy where the differential conductance is zero, suggest-
ing an energy gap opening. Such an opening can be reversed, although incompletely,
by exposure to vacuum annealing treatment.

The opening in the LDOS of oxidized graphene may be caused by the transforma-
tion of carbon hybridization from sp2 to sp3 due to the presence of oxygen adsorbates.
As probed using XPS, adsorption of oxygen takes place during UV /ozone and oxy-
gen plasma treatments. A noticeable increase in peaks associated with C-O, C=0,
and O-C=0 bonds suggests that a significant amount of oxygen is adsorbed as hy-
droxyl, epoxide, carbonyl, and carboxyl groups. Hydroxyl and epoxide groups are
mostly adsorbed on the graphene basal plane, while carbonyl and carboxyl groups
are adsorbed on the graphene edges. An increase in the peak associated with C-C
sp3 bond implies that the structural transformation of graphene is, indeed, caused by
the presence of these oxygenated groups. Subsequent exposure to vacuum annealing
treatment decreases the concentration of these oxygen adsorbates. Incomplete closing
in the energy gap may be caused by the incomplete removal of oxygen adsorbates.

Oxidation-reduction cycling using a combination of dry oxidation and vacuum
annealing treatments seems to be a plausible option to tune the electronic proper-
ties, in particular the energy gap, of CVD graphene. The energy gap is positively
correlated to the concentration of oxygen adsorbates regardless of oxidation method
used. Although the dry oxidation-vacuum annealing cycles are relatively reversible,
an oxygen uptake by nickel layer is observed in the second cycle. Nevertheless, the
results presented herein show that dry oxidation and vacuum annealing treatments

can be indeed used to vary the electronic properties of CVD graphene on nickel.
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