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Abstract 

Graphene and carbon nanotubes have drawn much attention in the last decade, and 

functionalization of these materials is considered a great technique for manipulating them. 

In this project, we mainly investigated functionalized double-wall carbon nanotube and 

functionalized graphite. Due to the unique physical structure of double-wall carbon 

nanotubes (DWNTs), the outer tube can be chemically functionalized while the inner 

tube is left in pristine condition. The diameter of bare DWNTs is around 2-3 nm as 

measured by scanning tunneling microscopy (STM), but fluorinated DWNTs possess 

much larger diameters, from 3-10 nm, due to a stronger electronic interaction. In addition 

to imaging the as prepared material, the material was imaged after annealing at 

temperatures up to 1000 K. Due to the defluorination, the diameter is decreased to that of 

the initial bare DWNTs and atomic resolution of the lattice was recovered. In addition, it 

was possible to observe the initial and final structures on the same nanotubes and the 

evolution of their associated defect structures. Lastly, Raman spectroscopy was employed 

to confirm the defluorination by revealing the recovery of the radial breathing mode 

which disappeared upon fluorination. Also, we investigate the epoxidation mechanism on 

graphite surfaces with STM and Raman spectroscopy, and our results indicate that the 

functionalzation occurs on the edges, not on the basal plane as reported previously. 
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Chapter 1. 
Introduction 

1.1 Motivation 

Carbon plays a significant role in nanotechnology, and scientists have been studying this 

element for centuries. Out of all the different forms of carbon, graphene and carbon 

nanotubes have become of great interest. These materials possess very interesting 

electronic, chemical, and mechanical properties, and there have been a great number of 

reports about their new properties and possible applications of these materials. 

Carbon nanotubes (CNTs) are nearly perfect one-dimensional material which can be 

either semiconducting or metallic. CNTs are already in use in the industry, and the 

intense interest in CNT has led to another interesting material graphene, which is 

basically one-atom thick layer of graphite. Graphene has been considered one of the most 

probable ways to make ultrafast transistors that silicon has not been able to reach because 

graphene offers the possibility of fast electron transport without yielding a heat 

dissipation problem, as well as maintaining similar properties regardless of its size. The 

main aspect in this project is understanding the functionalization of these materials from 

both a chemical and electronic perspective since functionalization is necessary to create 

structures from these materials. 

Research on the nanoscale can be quite challenging, and it is difficult to build 

experimental tools that let us measure properties at these length scales. Both scanning 

tunneling microscopy and Raman spectroscopy serve as excellent tools for studying these 
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materials. Scanning tunneling microscope offers the highest spatial resolution possible 

among all microscopes, and we can directly observe individual atoms or molecules. 

Raman spectroscopy is one of the most popular methods to discover chemical 

information of molecules and nanoscale solids. When these two approaches are combined 

together, we can obtain both physical and chemical information of the same materials. 

1.2 Outline 

In Chapter 2, the principles of scanning tunneling microscope and confocal Raman 

spectroscopy will be briefly discussed, and Chapters 3 and 4 will give general basic 

explanation on carbon nanotubes, graphite, and graphene. The experimental results and 

the discussion of the results will follow in Chapters 5, 6, and 7. Chapter 5 will show our 

experimental results on bare double-wall nanotubes, and Chapter 6 will cover epoxidized 

graphite. Finally, experimental studies of functionalized single-wall nanotubes and 

double-wall nanotubes will be discussed in Chapter 7, and the future direction will follow 

in Chapter 8. 
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Chapter 2. 
Instrumentation 

2.1 Introduction to Scanning Tunneling Microscopy 

Scanning tunneling microscopy (STM) was developed by Gerd Binnig and Heinrich 

Rohrer in 1981 (2). As its name implies, STM takes advantage of the quantum 

mechanical tunneling effect. Generally, STM works on conducting surfaces with higher 

resolution than any other microscopy. A piezotube holds a metal STM probe tip, and as a 

voltage is applied to the piezoelectric regions (x piezo, y piezo, and z piezo) the STM tip 

can move on the xy plane due to the expansion/contraction of piezoelectric transducers. 

The STM tip is positioned a few angstroms above the sample surfaces with a gap in 

between, and a bias voltage is then applied to induce a tunneling current across the barrier. 

The tip-sample distance is controlled by the feedback that keeps the tunneling current at 

specific value so when the tunneling current is lower or higher than the reference value 

the tip is repositioned to restore the measured current to the preset value. An image is 

constructed from the 2-dimensional array whose entries representing the height of the 

STM tip as it is scanned laterally and then vertically across the surface. STM does not 

directly measure the physical height of the surface topography; it measures the electronic 

states of the sample near the Fermi level. Therefore, highly conductive materials can 

show up higher than its real physical height. The tunneling current It is 

where 

_yJ2m(U-E) 
K~ n 
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is the decay constant where z, U, and E are the tip-sample distance, the tunneling barrier, 

and the energy of electrons, respectively. Typical value for KIS about 1 A"1, and this 

implies 1 A change in tip-sample distance will result in tunneling current change roughly 

by an order of magnitude. This high sensitivity of tunneling current on the tip-sample 

distance gives us extremely good 3-dimensional resolution. Atomic scale resolution of 

down to ~0.2 A has been achieved with high reproducibility. Also, the tip-sample 

interaction enables one to manipulate individual molecules or atoms. When imaging with 

STM or any other scanning probe microscopes, we have to be mindful about the large tip 

effect which causes tip convolution. Some surface structures can have smaller diameter 

than the tip diameter. In this case the tip cannot image the correct diameter of the 

structure, and the image just represents the shape of the tip. 

Figure 2.1.1. Tip convolution of a nanotube due to the effect of a broad tip. 

Nanotubes are very narrow cylindrical materials with diameters in the order of 1 nm, so it 

is hard to cut a tip that can image the width of nanotubes correctly. In this case, we have 

to interpret the height as the diameter because the height is not affected by the large tip 

radius. Sometimes STM tips can be split into multiple tip ends, and in this case the same 

image will appear multiple times. 
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2.2 Confocal Raman Spectroscopy 

Conventional micro-Raman spectroscopy has been used extensively to study the physical 

and chemical properties of many materials. Micro-Raman spectroscopy usually applies 

visible or near-infrared laser to a target material and collects scattered light. Very small 

portion of the incident light interacts with phonons and scatters with different 

wavelengths than the incident light. To observe this inelastic scattering, monochromator 

filters out any scattered light with wavelength near the original excitation wavelength. 

Different chemical species scatter the incident light with different wavelength shifts, and 

this is how Raman spectroscopy can provide chemical information of a sample that is 

Raman-sensitive. However, Raman scattering from out of focal point can go to the 

detector, in which case Raman spectrum includes information that is not desired. In 

confocal Raman spectroscopy, an aperture with a tiny pinhole is placed where the 

scattered light from the target would focus, so that all of the out-of-focus light will be 

blocked. Only the scattered light from the target will be able to reach the detector. 

Confocal Raman spectroscopy significantly improves the ability to image small structures 

correctly (3), and it leads to an enhancement in resolution in Raman mapping. 
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Figure 2.2.1. Diagram for confocal Raman spectroscopy. 
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Chapter 3. 
Carbon Nanotubes 

3.1 Introduction 

Carbon exists in three main allotropes: diamond, graphite, and fullerenes. Carbon atoms 

in diamond are bonded together in sp3 tetrahedral bondings while other allotropes have 

sp2 trigonal bondings. A carbon nanotube (CNT) is an elongated version of the fullerene. 

CNTs have been one of the most extensively researched materials since their discovery in 

1991 by Sumio Iijima (4). Due to their unique electronic, physical and chemical 

properties, there have been numerous reports indicating possible applications of CNTs. A 

CNT is one or multiple seamlessly wrapped graphene sheets in a cylindrical. If it contains 

only one cylindrical layer of graphene, it is called single-walled nanotube (SWNT) 

otherwise it is considered a multi-walled nanotube (MWNT). Its electronic properties, 

however, are different from that of graphene. Depending on the wrapping angle, a CNT 

can be either metallic or semiconducting. CNTs show ballistic transport of electrons, and 

this makes CNTs a good candidate for applications which require low-power and with 

little heating. Also, the CNT is an extremely strong fiber with a very high Young's 

modulus (5). There have been extensive studies on CNTs for developing nano-electronic 

devices (6-8), electrochemical devices (9-12), and field emission devices (73), just to 

mention a few. Synthesis of CNTs is usually performed by one of three main methods: 

carbon-arc discharge, laser ablation of carbon, or chemical (CVD) decomposition 

methods (14). Since the electronic properties of CNTs strongly depend on their atomic 

structure, it is very important to develop experimental methods that determine the relation 

between them. 
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3.2 Single-walled Nanotube (SWNT) 

The atomic structure of SWNTs was first observed with STM in 1998 (15, 16). The 

wrapping angle that determines the electronic properties of SWNTs is uniquely identified 

by the helicity (or chirality). To identify the helicity of a SWNT two primitive vectors ai 

and a2 are assigned just like in graphene lattice. The two relative points that will be 

connected when the graphene sheet is rolled up make the chiral vector C, and C can be 

represented by the linear combination of the basis vectors ai and a2 as shown in Figure 

In Figure 3.2.1 a), vector T indicates the tube axis and vector H indicates the chirality 

direction. The angle between T and H is the chiral angle </>. Armchair tubes (n, n) and 

zigzag tubes (n, 0) are the only two symmetrical shapes of SWNTs, and all the others are 

chiral tubes with 0" < (/> < 30°. The boundary condition in the circumferential direction is 

given as 

C'k = 2nq 
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where k is a wave vector and q is an integer (7 7). Therefore, only certain values of k are 

allowed, and the dispersion relation with the allowed k values predicts that the tubes with 

n-m = 31 will be metallic, and otherwise they will be semiconducting. This calculation 

has been verified experimentally by Wildoer et al.(16) using atomically resolved STM 

images and scanning tunneling spectroscopy (STS). 

Since SWNTs are good examples of 1-dimensional (ID) systems (18-21), electrons are 

confined in ID lattice, and their density of states (DOS) will exhibit the van Hove 

singularities (vHSs). Due to the trigonal warping effect, vHSs of SWNTs depend on both 

the diameter (dt) and chiral angle (^) (22, 23). Thus, each SWNT has a unique transition 

energy of electrons (£"„) between vHSs of the valence band and the conduction band, and 

this fact allows us to use optical experiment to observe vHSs of SWNTs indicating 

specific chiralities. Approximately, the electronic transition energy £„ is inversely 

proportional to dt; E?n= 2y0ac-c/dt, EM
n = 6y0ac-c/dt where ylt and ac-care the tight-

binding parameter (2.89 eV) and the closest interatomic distance (1.44 A) respectively 

(24). In Es/Mu, the superscript indicates semiconducting (S) or metallic (M), and En 

indicates the energy gap between fully occupied valence bands and empty conduction 

bands where i = 1 is the lowest, i = 2 is the 2nd lowest, and so on. STS can be used to 

probe vHSs of an SWNT, but the interaction between the tip and the SWNT perturbs ID 

electronic structure which results in incorrect vHS energy values (15, 16). Confinement 

of electrons in 1D induces strong enhancement in the associated Raman signal when the 

incident energy of the photons matches to Eu (25-28). When probing ID characteristics of 

SWNTs, resonant Raman spectroscopy (RRS) is a good experimental method because it 
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does not affect ID electronic structures of SWNTs significantly. Joint density of states 

(JDOS) is the DOS as a function of photon energy instead of energy centered on the 

Fermi energy. Thus, JDOS is convenient to use in Raman studies because JDOS will 

show vHSs when the incident photon energy is close to the difference in vHSs of 

conduction band and valence band. In SWNTs, the G band spectra around 1580 cm"' and 

radial breathing modes (RBMs) in the range of 100-500 cm"1 are the first-order Raman 

modes. In the RBM, all carbon atoms in CNTs vibrate in radial direction with the RBM 

frequency coRHM. Since the mass of carbon atoms is proportional to the tube diameter dh 

coRBM is inversely proportional to dt; that is,a>IWM =aIdt. The value of a depends on the 

type of substrate and the sample form (i.e. bundled CNTs or isolated CNTs have different 

values.) (29, 30). By locating coRBM, the range of chiralities can be narrowed down 

because they have to satisfy the relationship between the dt and a>RBM, and then by using 

this selected d,'s we find out which tube corresponds to the incident laser energy Eiaser. In 

Figure 3.2.2, the tubes in the chosen window can exhibit Raman signal, and (14, 8) is 

most likely the chirality of the SWNT that the Raman signal is coming from. 
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Figure 3.2.2. Kataura plot : van Hove 
Singularities in JDOS scheme. 
Determination of the SWNT chirality 
after dt range is obtained (30). The 
exciatation energy used in all 
experiments of this project is 1.579 eV 
(785 nm). 

DWNTs comprise two seamlessly rolled graphene sheets and are the simplest types of 

MWNTs, so DWNT is a nano-scale analogue of a pair of concentric cylinders. DWNTs 

possess several unique properties. The outer tubes can be functionalized while the inner 

tubes are kept pristine. Also since DWNTs contain two separate tubes, they have higher 

Young's modulus than SWNTs. There are several synthesis methods for DWNTs. As 

used previously for synthesizing SWNTs, CVD can also be used for DWNTs synthesis. 

The diameter of DWNT has a wide range, but its diameter can be controlled to be about 

the same as that of SWNT by annealing a nano-peapod which is a SWNT filled with 

fullerenes (31, 32). By filling SWNTs with fullerenes enriched with l3C, it is possible to 

synthesize radioactive DWNTs (32). Due to the unique physical structure, DWNTs can 

1 5 9 0 f (16,7) /(14,8) 

1.570 

+ (12,1). 

1.550 
0.50 

3.000 

0 0 0 0 WMfalinuft «* n « 9 ri o—.—« 1 » i—»_J 

0.4 0.6 0.8 1.0 1.2 
l/dt [1/nm] 

3.3 Double-walled Nanotube (DWNT) 
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find their applications in building nanoscale coaxial cable/capacitors or field emission 

transistors, etc. The inter-wall distance of MWNTs is reported to be approximately the 

same as the inter-layer distance of graphite, 3.4 A (4, 33, 34), but other studies have 

reported that it can range from 2.75 A to 4.7 A (35, 36). The electronic properties of both 

the inner tubes and the outer tubes have been studied theoretically (37), but there has 

been no direct experimental observation on the relationship between the inner tube 

chirality and its electronic properties. In their theoretical study using density functional 

theory, Moradian et al. reported that electronic properties of each tube in DWNTs can be 

different from the one in the separated SWNTs even though they possess the same 

chiralities (37). Bandow et al. first studied Raman signal of DWNTs synthesized from 

heating nano-peapods at 1200 °C (31). RBM peaks of both inner tubes and outer tubes 

were observed and the measurements of inner and outer tube diameter are in good 

agreement with the transmission electronic microscope (TEM) data. The inter-wall 

distance measurement was measured to be about 7% larger than that of graphite 

interlayer distance. 

3.4 Functionalization of Carbon Nanotubes with Fluorine. 

Functionalization of CNTs has been the subject of intensive study due to the low 

solubility of bare tubes in most solutions. Adsorption of foreign atoms also modifies the 

chemical, mechanical and electronic properties of the CNTs, and thus it is possible to 

improve specific properties of CNTs through chemical functionalization. It has been 

reported that functionalization of SWNTs significantly increases the solubility of CNTs 

(38-41). Other applications of functionalized CNTs include carbon nanocomposites (5), 
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and chemical sensors (42). The most preferred location of functionalization would be the 

ends rather than the sidewalls because of the dangling bonds that exist at the open ends 

(43). Due to the extreme electronegativity and the strong reactivity of F"1 ion, fluorine 

compounds offer great opportunities for functionalization with various materials 

including carbon-based materials. Mickelson et al. reported the first sidewall 

functionalization of SWNTs with fluorines by flowing gaseous fluorinating agent in the 

chamber that contains SWNTs (39), and Kelly et al. first characterized these fluorotubes 

with STM (44). The electric conductivity of the fluorotubes decreases due to the covalent 

bondings between C and F. Figure 3.4.1 shows STM images of a fluorinated SWNT and 

aDWNT. 

a) 

b) 

Figure 3.4.1. a) An STM image (860 A by 180 A) of fluorinated SWNT (44). The shadow 
image appears due to the multiple tip. b) An STM image (2000 A by 400 A) of a DWNT. 

Due to the modification of the electronic structure upon adsorption of fluorine on the 

sidewall, CNTs appear to be banded in the circumferential direction, and these bands 

form abrupt boundaries as shown by dark regions roughly perpendicular to the tube axis. 

Similar banding structure can be observed in most fluorotubes. Kelly et al. suggested two 

possible bonding mechanisms for this banding structure. 
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Figure 3.4.2. a) 1,4 fluorination. (left) and 1,2 fluorination (right), b) Mixture of both, c) 
Side-wall fluorination on (10,10) SWNT (44). 

Full fluorination of CNTs would have 2C:1F, and the two possible fluorination 

mechanisms are represented in Figure 3.4.2. 1,4 isomer is a little more energetically 

favored over the other. However, it is more likely that they exist together. In 1,4 fluorine 

isomers, functionalized columns are separated by one non-functionalized column, but 

sometimes successive functionalized columns are formed because this way the abrupt 

boundaries will be created as shown in Figure 3.4.1. 
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Chapter 4. 
Graphite and Graphene 

4.1 Introduction 

Graphite consists of carbon layers, and each layer is called graphene. These layers are 

stacked in an AB sequence, and weak van der Waals interaction exists between layers 

due to the delocalized 7r-orbitals. The bonding force is weak perpendicular to the layers 

but strong parallel to the layers. Within each layer, carbon atoms form covalent metallic 

bondings, so graphite is a very good electric and thermal conductor within the layer but a 

poor conductor perpendicular to the layers. Due to the weak intra-layer bonding force, 

graphene layers easily slide with respect to other layers making graphite an excellent 

material for pencil leads. Highly ordered pyrolytic graphite (HOPG) which is a 

crystalline form of graphite has an atomically flat surface. This makes HOPG a suitable 

substrate for scanning probe microscopy. A well ordered fresh surface appears just by 

cleaving the surface with tape, and the atomic structure is easily visible with STM. 

4.2 Lattice Structure 

In each layer of HOPG, carbon atoms are arranged in a honeycomb (hexagonal) shape. 

Each layer is offset with respect to the both neighboring layers as shown in Figure 4.2.1. 

Every A-site of each layer is directly above and below another A-site of the adjacent 

layers, and every B-site of each layer sits above and below the center of the hexagonal 

ring. The atomic structure has been observed with STM (45), but only B-sites are visible 

in STM images because of the interaction between neighboring layers. The closest 
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distance between carbon atoms is 1.42 A, but due to the hidden A-sites in STM images, 

the distance between apparent nearest neighbors shows up as 2.46 A. 

Figure 4.2.1. a) Lattice structure of graphite, b) A-
sites and B-site (46). Only B-sites will be visible in 
STM due to the inter-layer interaction (46). (c) 
Atomic scale STM image of graphite. (Vh= - 0.1 V, /, = 
0.15 nA) Carbon atoms are arranged in triagonal 
shape rather than in hexagonal shape. 

4.3 Moire Pattern 

A moire pattern (or a giant lattice) is an interference pattern created when two grids are 

overlaid at an angle or when the layers have different periodicity. The resulting pattern 

will have similar shape as the original grids, but it will have a much larger periodicity 

which depends on the misoricntation angle. Weak inter-layer interaction of HOPG can 

cause such misorientation, and this will modify the electronic states at the Fermi level. 

Several researchers have reported moire patterns on HOPG surface (47, 48), and this 
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pattern can be explained by the modulated electronic states of the top layer due to the 

misorientation relative to the underlying layers. STM can only image the top layer, and 

the direct imaging of the bottom layer is not possible with STM, but the misorientation 

angle 6 can be obtained from 

D = d l[2sm(612)] 

where D and J are the periodicities of the moire pattern and the atomic scale STM image, 

respectively (47). Figure 4.3.1 and Figure 4.3.2. show the schematic model and the actual 

STM image of a moire pattern. 

Figure 4.3.1. A schematic structure of moire pattern. The resulting pattern is similar to the 
original graphite lattice (48). 

17 



Figure 4.3.2. a) STM image of normal graphite surface containing different layers. 
Moire pattern is visible on the right side of the image, b) The boxed area in a) is zoomed 
in. The peak to peak distance of the moire pattern is D = 4 nm, and this periodicity 

4.4 Graphite Compound 

Functionalized graphite consists of two different forms: surface compounds (attachments 

or substitutions on the surface), and intercalation compounds. Graphite reacts with 

various functional groups, and the functionalization can significantly modify the 

electronic structure of graphite. In the case of surface compounds, functional groups are 

attached either on the basal plane or on the edge. Since the edge atoms have dangling 

valence bonds, it is generally much easier to functionalize graphite on the edges rather 

than on the basal plane. Oxidation, which is also used as a CNT cutting method (49), is 

one of the interesting surface functionalization methods. Experimental studies on average 

substitution levels, oxygen species, and reduction conditions have been performed on 

graphite (50-52). Oxidation of graphite occurs through epoxy or hydroxyl functional 
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groups. Li et al. claimed that epoxy group can functionalize graphite on the basal plane 

resulting in visible straight fault lines as shown in Figure 4.4.1. (53). 

Graphite intercalation compounds (GIC) have foreign species between layers, and it 

usually increases the inter-layer distance. In GIC, the lattice structure of the original 

graphite is preserved, but the flatness of the layers will be affected because the carbon 

atoms will form tetrahedral sp3 bondings with the intercalating materials. And due to the 

change in the bonding mechanism, GIC compounds in some cases become insulators. 

The layer spacing of GIC compounds would increase further upon heating up to 80 times 

the original inter-layer distance, which is called exfoliation (54, 55). After the intercalates 

vaporize due to the heating, the ^-bonding between layers will break and gas pocket will 

fill in. If the heating is not excessive, the exfoliation will be reversed with cooling. 

Usually the exfoliation process is performed with about 20 um microcrystalline graphite, 

and the exfoliation will soften the original material without altering the in-plane lattice 

structure. Recently, Stankovich et al. reported that exfoliation of graphite can be applied 

to composite materials (56). Also, it has been reported that the solubility of graphite 

flakes can be significantly increased by exfoliating graphite oxide (57). 
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Figure 4.4.1. Line defects on HOPG due to the oxidation are visible with an optical 
microscope (53). 

4.5 Graphene 

Graphene is a single graphite layer. Even though this 2-dimensional carbon layer has 

been extensively studied to understand graphite, fullerenes, and CNTs, it was believed 

that this layer would be extremely difficult to be isolated. In 2004, Novoselov et al. 

successfully separated a single graphene layer from 3-dimensional graphite by repeated 

pealing with tape (58). The cleaved graphene crystallite was good enough to observe 

ballistic transport and quantum hall effect (59, 60). There has been enormous research 

interest in graphene since its discovery because graphene shows the linear dispersion 

relations as opposed to metals or semiconductors which have parabolic dispersion 

relations. This unique property of graphene has triggered enormous research efforts in 

developing ballistic field effect transistors. Also graphene can be a good material for 

spintronics applications due to its weak interaction between the electron spin and the 

nuclei (61). 
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Chapter 5. 
Investigation of Double-walled Nanotubes 

5.1 Introduction 

Since DWNT is the simplest form of MWNT, understanding the electronic transport of 

DWNT is the first step for MWNT application. There has been much controversy on how 

much inner tubes would contribute to the electric conduction in DWNTs because the role 

of the inter-wall interactions has not yet been clearly understood determined yet (62-68). 

Recently, Moon et al. reported that the inner wall can contribute to the electron transport 

either by providing an extra channel or by interacting with the outer wall (69), in 

opposition to the previous studies that indicate the outer wall conducts most electrical 

transport current (64-66, 68). There have been numerous studies regarding the inner tube 

chiralities using resonant Raman spectroscopy, but there are not enough STM studies on 

the inner tube chiralities. Previously, scanning tunneling spectroscopy has been used to 

measure the inner tube chirality (70), but their results are questionable because they did 

not provide enough evidence that the experiment is not performed on the DWNT bundles. 

As with graphite, each layer in DWNT is bonded to each other through van der Waals 

force. Since these two layers will surely have different chiralities and diameters, the 

overlaid structure is thought postulated to produce some interference phenomenon, which 

isoften referred to as a moire pattern. This project was initially designed to image the 

moire pattern of a single DWNT and to perform Raman spectroscopy on the same tube to 

conclusively identify the chiralities of both the inner and outer nanotubes. 

5.2 Experimental 
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DWNTs that were synthesized by catalytic chemical vapor deposition method and 

subsequently purified by HC1 treatment and air oxidation at 500 °C were provided by 

Muramatsu et al. Solid DWNTs are not completely soluble without surfactants, and 

surfactants can interfere with STM imaging. Usually dimethyl formamide or 

dichloroethane are were used to prepare the soluble samples to deposit on the Au (111) or 

and mica surfaces. About 30-minutes of sonication will form colloidal DWNT 

solutionsuspensions; better isolation of DWNTs can be achieved through utilizing a 

probe sonicator, but this method will risks cutting the tubes and will be possibly causing 

lots of defects on the tube layer. For a majority of the samples, Au (111) is used over 

most substrates because its flat surface will make observing the atomic structure with 

STM relatively easier. When an indium tin oxide (ITO : mixture of In203 and SnCh) 

coated glass surface was used, the atomic structure was never obtained. Its likely due to 

its surface roughness which is much larger than gold. Usually, a droplet of the DWNT 

solution of roughly a controlled concentration of DWNTs sample is was deposited on 

either athe spinning substrate or non-spinning substrate which is was previously cut to an 

appropriate size and flame-annealed before using. For the confocal Raman spectroscopy, 

backscattering was used on the same samples that were scanned with STM were used. 

Usually the Omicron variable temperature UHV STM was used for the STM studies (77), 

while a WITec instrument was used for Raman spectroscopy (72). 

5.3 STM study of DWNTs 

When compared to STM operating in the ambient condition, UHV STM provides better 

images due to the low vacuum near 10"10 mB because there is no water vapor around the 
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STM tips. Somehow atomic images of DWNTs were not obtainableed in the ambient 

STM, so all STM studies data presented here on DWNTs were acquired with the UHV 

STM. The sample used in this experiment contains more than 99% DWNTs. Most tubes 

have diameters less than 2 nm as shown in the Figure 5.3.1. The outer tube and the inner 

tube have different diameters and thus different chiralities, and this will result in 

misorientation between the two layers. As explained in the previous section 4.3, if 

DWNTs possess about the same size inter-layer distance as graphite, the electronic 

structure of the outer wall will be modified by the inner wall due to the van der Waals 

interaction, and this will lead to the a moire pattern. CNTs have narrow relatively flat 

area due to the cylindrical shape, so practically the moire pattern is likely to be formed 

around the central region along the tube. Good atomic corrugation of the outer wall could 

be observed, but a moire pattern was not never observed with various scanning conditions 

presumably because of the high curvature of the structure. 

X[nm] 

Figure 5.3.1. (a) STM image of an isolated DWNT under Vh= 100 mV, /, = 0.1 
nA. (240 x 60 nm) (b) STM image with atomic resolution under Vb = -200 mV 
and /, = 0.1 nA (c) Cross-section of (a). 

5.4 Raman Study of DWNTs 
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Micro Raman spectroscopy has been used by numerous scientists to determine the 

chiralities of CNTs, and this method is based on the theoretical calculations that the first 

order Raman spectra of the RBM frequency of CNT is inversely proportional to the 

diameter (73). DWNTs will give two RBM peaks which form around 100 - 400 cm"1 

because there have towill be two resonance modes which corresponding to the inner tube 

and the outer tube. Since the diameter is inversely proportional to the RBM frequency 

(wRBM =cc/d), one can easily calculate the distance between the inner tubes and the 

outer tubes. Since CNTs are resonant only when incident photon energy E\aser matches En, 

the first-order Raman processes of only very few CNTs on the laser spot will be observed 

when the tubes are sufficiently dispersed across the substrate. Jorio et al. claimed that 

when there are about 1-10 SWNTs on a laser spot, the probability of finding a resonant 

tube is about 1-10 % (29). This will leads to a the conclusion that confocal Raman 

spectroscopy will reduce this probability considerably due to the reduced size of the laser 

spot. Figure 5.4.1 shows the Raman spectra of DWNTs. In analyzing the spectra, the 

calibration of the proportionality constant a plays an important role. The reported a 

values are : 223 nm-cm"1 from zone folding method (25), 218 nnrcm"1 from force 

constant model (74), 234 nm-cm"1 from local density approximation (75), 236 nm-cm"1 

from pseudopotential density functional theory (76), and 227 nm-cm"1 from elastic 

deformation model (77). These values predicted by different theories, however, do not 

consider the tube-tube interaction within CNT bundles, which actually upshifts the RBM 

frequency by -20 cm"1 for the tubes with ~1.35 nm (78). Also, Bandow et al. proved that 

the inter-tube interaction does not affect Raman features (79). Therefore, the corrected 

formula would be 
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CORBM - 20 cm1 + a/d 

In this project, we will employ the mean value 234 nm-cm"1 for a. This way there will be 

~5 % variance in a, and we will also have to consider about ~5 % change in the diameter. 

o 
<-> S 

263.6 1/cm 

168.2 1/cm 

^^^^^W^j/fv/ 

400 800 1200 1600 2000 
rel. 1/cm 

2400 2800 

Figure 5.4.1. Raman spectra of DWNT. ioRBM for both tubes are clearly visible. 

The first RBM peak corresponds to the outer tube, and the second RBM peak to the inner 

tube. Applying a = 234 nm-cm"1, we can calculate the average diameters of resonating 

tubes with the excitation as 1.58 nm and 0.96 nm for the outer tubes and the inner tubes, 

respectively. The Figure 3.2.2 shows that under 785 nm excitation only tubes within 

0.95-1.12 nm and 1.49-1.66 nm diameter range can resonate with the incident photon. 

With 785 nm excitation all RBM frequencies are either from metallic outer tubes (EM'//) 

or semiconducting inner tubes (ES22)- This calculation leads to 3.1 A inter-wall distance, 

which is only 7 % smaller than the inter-layer distance of graphite. In other spectra, the 

RBM frequency shift exhibits less than 7 cm"1 variance, but the inter-layer distance 

calculation remains the same within ± 0.1 A error. 
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5.5 Conclusion 

STM enables the direct observation of DWNTs and visible measurement of the diameter 

and the atomic structure. Ideally, we would expect to observe the a moire pattern on 

DWNTs, but we were not able to observe one. Observing this pattern would enable a 

completely novel way of measuring the chiralities of the inner tubes relative to the outer 

ones. On the other hand Raman spectroscopy takes advantage of the diameter-related 

resonance phenomenon of the CNTs in the radial direction, and calculates the distance 

and the chirality based on theoretical prediction. These two methods, which are 

performed separately in all previously reported studies, can compensate each other when 

they are performed on the same tube. 
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Chapter 6. 
Fluorination and Defluorination ofCNTs 

6.1 Introduction 

Fluorination of CNTs on the sidewall significantly modifies the electronic structure of 

CNTs, and this leads to various electrochemical applications with fluorotubes (80). The 

fluorination also can separate individual tubes from bundles when CNTs are dissolved in 

an alcoholic solvent. More interestingly, the fluorination can be reversed with heating. 

DWNTs are more stable thermally and chemically, and also stronger mechanically than 

SWNTs. Due to the unique structure of DWNTs, fluorination can be very interesting 

because only the carbon atoms in the outer wall participate in the fluorination while 

keeping inner tube pristine. This feature suggests that fluorinated DWNTs can be a 

versatile precursor for novel nanotube derivatives. Takhar et al. have observed with STM 

that desorption of fluorine with heating will cut SWNTs in the radial direction (81). For 

the case of DWNTs, this result suggests a possibility of observing the pristine inner tube 

when the outer walls are cut and separated. 

6.2 Experimental 

The same DWNTs used for the DWNT experiments in Chapter 5 were fluorinated by 

fluorine gas in a monel reactor for 2 hours at 200°C by Kuznetsov et al. (1) To confirm 

the existence of C-F covalent bondings, x-ray photoelectron spectroscopy (XPS) and 

attenuated total reflection Fourier transform infrared spectroscopy (ATR.-FTIR) have 

been used. Fluorinated DWNTs are dissolved in ethanol, and after sonicating the sample 

for ~10 minutes the colloid-like bundles of DWNTs were not visible, and the solution 
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became uniform. Usually ~3 uL of this solution was spun cast on either SiCh or Au (111) 

substrate to prepare samples with ~3 isolated tubes in 1 x 1 um area. To compare with 

DWNTs, SWNT samples were prepared in the same way. 

6.3 Fluorination of CNTs 

Fluorine atoms form covalent bondings with carbon atoms on CNTs. XPS analysis in 

Figure 6.3.1 confirms the existence of the C-F bondings. Incidient X-rays knock off Is 

electrons of target carbon or fluorine atoms; the kinetic energy of those freed electrons is 

then measured by a detector. The intensity peaks at 289.5 eV and 688.5 eV in Figure 

6.3.1 represent binding energies of electrons in F, C-C, and C-F bondings. 

C Is F Is 
1800 

b) 
7000; 

» 500CT 
3 
(A 

_1 I I l_ - I I U 

700 690 
Binding Energy (eV) 

680 295 290 285 280 

Binding Energy (eV) 
Figure 6.3.1. a) XPS spectrum from shared electrons in C-C and C-F bondings, b) XPS 
spectrum from Is orbital electrons in F. These XPS spectra were obtained by Kuznetsov 
et al. (/) 

The peak in Figure 6.3.1. a) consists of several peaks that represent different bonding 

structures. The deconvolution of the spectrum gives 6 peaks as in Figure 6.3.2. 
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Figure 6.3.2. XPS spectrum of DWNTs. Deconvolution of the peak gives 6 different 
peaks : (1) for sp2 carbon, (2) for sp3 carbon, (3) for semi-ionic C-F carbon, (4) for a 
nearly covalent C-F bonding, (5) for a covalent C-F bonding, and (6) for a covalent CF2 

bonding. This XPS analysis was performed by Kuznetsov et al. (1) 
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Figure 6.3.3. ATR-FTIR spectrum of fluoi mated DWNTs. ATR-FTIR experiment was 
performed by Kuznetsov et al. (1) 
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We have to recognize that a significant portion of carbon atoms form non-covalent 

bondings, but XPS spectra show that C-F covalent bondings compose the major part. 

Also, ATR-FTIR study on DWNTs verifies all the bonding types shown in XPS analysis. 

In average, one fluorine atom is attached to every 3 carbon atoms (C3F). 

6.4 Fluorination and Defluorination of SWNTs 

Fluorinated SWNTs have much larger diameter than bare SWNTs, and show banded 

structures in along the radial direction. The degree of banding depends on the size of 

contact area of a SWNT with the fluorine gas. Defluorination was performed by 

annealing the SWNT sample for 1 hour at -450 °C in a UHV environment. Figure 6.4.1 

shows a fluorinated tube both before and after defluorination. (SWNTs in Figure 6.4.1 

look very wide because of tip convolution, so to find the correct diameter we have to use 

the height in the cross-section.) Generally, the diameters of bare SWNTs appear to be less 

than 2 nm in typical STM images, but the diameter of the fluorinated SWNT in Figure 

6.4.1. a) is ~3.5 nm because STM measures the electronic structure of a surface in 

addition to the physical structure. This indicates that the fluorination alters the electronic 

structure of SWNTs considerably. After the defluorination, the diameter decreases to a 

normal value of a SWNT. The decrease in diameter of the defluorinated SWNT confirms 

the change of electronic states of the scanned SWNT. Also, as reported previously (82), 

the defluorination process cuts SWNTs, but the location where the tubes were cut was 

previously not understood clearly. However, by imaging the same tube before and after 

defluorination, it can easily be seen in Figure 6.4.1. a) and c) that the cutting occurs at 

notches where the diameter is smaller. The origin of this will be discussed shortly. 
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Figure 6.4.1. a) STM image of a fluorinated SWNT. This tube is lightly banded, b) Cross-
section of the fluorinated SWNT in a), c) STM image of a defluorinated SWNT. d) Cross-
section of the defluorinated SWNT in c). 

The signature of fluorination and defluorination can be also found by Raman 

spectroscopy. Fluorinated SWNTs lose the RBM peak because the adatoms alter the 

chemical bonding structure between carbon atoms on the tube layer, which makes the 

radial breathing not as flexible as before. We can also observe the D-band, which 

indicates the existence of defects from fluorination. Once the fluorine atoms are 

thermally desorbed, we can see that the RBM peak is recovered. The remaining D-band 

signal indicates that defects still remain even after defluorination. 
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Figure 6.4.2. a) SWNT after fluorination. D-band can be seen at -1300 cm"1, 
b) SWNT after defluorination. RBM is recovered and D-band is still visible. 

We could not obtain atomic resolution on fluorinated tubes, but after the defluorination, 

atomic resolution was recovered on the defluorinated region. Figure 6.4.3. shows 

defected region after defluorination at -550 K for an hour. The defect could be the result 

of defluorination process, or it could be an undefluorinated region. The clear origin is 

unknown. 

Figure 6.4.3. 
(Left) Partially defluorinated 
SWNT. 

(Center) Atomic image from 
defluorinated region. 

(Right) Defected region. 

Imaging conditions : 
Vb = -0.\\, /, = 0.1 nA. 
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6.5 Fluorination and Defluorination of DWNTs 

Based on XPS analysis, the chemical composition of the fluorinated DWNT sample used 

in this experiment is C3F. Since only the outer tube is functionalized, the chemical 

composition of the outer wall is approximately C2F. Fluorinated DWNTs also show 

banding structures like SWNTs, and some appear only partially fluorinated. The direct 

observation of a DWNT before and after the defluoration process was not observed due 

to the drifting of STM tip, but the previous SWNT experiments indicate that when the 

fluorine on DWNTs is desorbed, the diameter observed by STM will decrease. 

Completely defluorinated DWNTs show the same diameter as bare DWNTs, which is 

approximately 2 nm as measured by STM. Defluorination results in tube cutting, as in the 

defluorination of SWNTs as shown in Figure 6.5.1. Sometimes only the outer tube is cut 

revealing the inner tube, or both the inner and outer tubes break at the same time. In 

Figure 6.5.1, the revealed inner tube has about 1.2 nm diameter and the defluorinated 

outer wall has about 2 nm, and this gives about 0.4 nm inter-tube spacing which is very 

close to the value obtained from Raman spectroscopy. 

Figure 6.5.1. a) Banded fluorinated DWNT. (26.9 x 141.6 nm) b) Defluorinated DWNT 
with revealed inner tube. Double imaging due to the double-tip effect. (45 x 151.1 nm) 
c) Cross-section of the revealed inner tube, d) Cross section of the defluorinated outer 
tube. 
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Also Raman spectroscopy is used to monitor fluorination and defluorination. A Raman 

spectrum from fluorinated DWNTs only show RBM corresponding to inner tubes, but 

after the defluorination the outer tube RBM is recovered. 

Outer tube RBM recovered. 
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Figure 6.5.2. (Left) Raman spectrum from fluorinated DWNTs. (Right) Raman spectrum 
from defluorinated DWNTs. 

6.6 Conclusion 

Sidewall functionalization with fluorine and defluorination of CNTs has been studied 

with STM and confocal Raman spectroscopy. The modified electronic structure around 

the Fermi level shows up as diameter increase and banding in the cross direction in STM 

images. Annealing fluorinated CNTs at over 550 K desorbs the fluorine adatoms, and 

during this process the fluorinated tube can break. For DWNTs, sometimes only outer 

tubes cut revealing the inner tube. 
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Chapter 7. 
Investigation of Chemically Functionalized 

Graphhite Nanoparticles 

7.1 Introduction 

Graphite and graphene are both very important materials in nano-scale science. One of 

the challenges in practical application is the low solubility of graphite in general organic 

solutions and water. Graphite consists of very cohesive graphene layers, and this causes 

the low solubility of graphite. The cohesive energy or the exfoliation energy of HOPG is 

experimentally determined as 61 meV per each carbon atom (83). Niyogi et al. reported 

the first soluble graphite using an oxidative exfoliation process (84). Oxidation seems to 

be the most promising method for resolving the low solubility of graphite, but there have 

not been enough studies on the structure of oxidized graphite. The oxidation of graphite 

will result in an epoxidized graphite surface with oxidants intercalating in between 

graphene layers (84), so we can easily expect that the electronic structure of the original 

surface will be altered. STM measures the electronic states of the surface around Fermi 

level, and this makes STM an ideal tool in studying the structure of the oxidized graphite. 

7.2 Experimental 

The epoxidation process was performed by Jayanta Chattopadhyay et al. (85). To prepare 

epoxidized graphite samples, commercially available synthetic graphite powder was 

immersed in the solution which is a mixture of KMn04-H2S04 (77% max, 1.15 g, 6.6 

mmol) and CH2CI2 (60 mL), which is exactly the same process as reported by Li et al. 

(53) The solution was stirred overnight and then was filtered through a 0.2 um 
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polyterafluoroethylene membrane and dried in vacuum at 80 °C. To prepare the samples 

for STM and Raman studies, the dried epoxidized graphite was dissolved in chloroform 

and one droplet of this solution was spun cast on Au (111) substrates. Also, the the same 

process was performed with HOPG as the target of oxidation. 

7.3 STM Study on Epoxidized Graphite 

Li et al. reported that the epoxidation process will result in unzipping of carbon atoms on 

the basal plane which shows visible defect lines in an optical microscope image (53). 

Because epoxy functional groups stretch the underlying two carbon atoms, the two 

underlying carbon atoms have to change the 2-D sp bonding structure to form the 3-D 

sp structure with an attached oxygen atom. First we tried to observe the atomic evidence 

of the epoxidation on the functionalized HOPG surface. HOPG has very small number of 

naturally occurring defects and if the epoxidation does occur on the basal plane, it would 

be easily observable on HOPG surface. However, after scanning many different spots we 

could only observe normal fine atomic structure of usual graphite surface as seen in 

Figure 7.3.1. Synthetic graphite synthesized by the method explained in the section 7.2 

contains 1 epoxide per 78 carbon atoms while original synthetic graphite contains 1 out 

of 110. Synthetic graphite has much larger contact area than HOPG, so HOPG is 

considered to have considerably lower concentration of epoxide. To further investigate 

the bonding mechanism of epoxidation of graphite, functionalized synthetic graphite and 

bare synthetic graphite are both studied with STM. Atomic image on bare synthetic 

graphite was not obtained because synthetic graphite is not as flat as HOPG as shown in 

Figure 7.3.2. 
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Figure 7.3.1. STM image of the epoxidized HOPG surface. There is noNo visible defective 
sp2 sites are apparent. 

Epoxide on graphite surface changes the surface roughness around the bonding location, 

and this will result in rougher surface texture for epoxidized graphite. 

Figure 7.3.2. a) STM image of synthetic graphite with epoxides. Flat regions are selected 
to compare with bare synthetic graphite, b) STM image of bare synthetic graphite. Color 
scale of both images were modified to enhance top views. 
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As STM images of both epoxidized graphite and bare graphite show in Figure 7.3.2, the 

surface looks rougher than the normal HOPG surface of similar scale. Therefore, several 

flat areas from each structure have been selected to perform root mean square roughness 

test. To perform this test, the identical STM tip has been used in both cases to minimize 

error from tip convolution effect because different tips possess different tip radii, which 

result in different lateral size on the STM images. The calculation of the average rms 

roughness of bare synthetic graphite did not show significant difference between two 

groups. The difference lies in the order of standard deviation. This result indicates that 

the functionalization is more likely to occur on the edge areas rather than on the basal 

plane. 

7.4 Raman Spectroscopy on Graphite Epoxide 

To confirm the creation of sp bondings after the epoxidation reaction, confocal Raman 

spectroscopy was applied on both synthetic graphite and HOPG before and after the 

reaction. As shown in Figure 7.3.2, synthetic graphite includes more step edges on the 

surface than HOPG does, so the laser spot on the synthetic graphite will excite more 

atoms on the edges. Raman spectrum of epoxidized synthetic graphite was compared to 

that of non-functionalized one. Both spectra in Figure 7.4.1 a) and b) show D-band 

located at -1310 cm" which is induced by inelastic scattering from defects. The fact that 

even non-functionalized graphite shows significant D-band explains why the atomic 

images of synthetic graphite were not obtained. Higher order of disorder on the graphene 

layer will give a stronger D-band signal. Raman signal from epoxidized graphite does 

show the stronger peak, which is as strong as G-band located at 1596 cm"1, and this 
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indicates that more sp3 bondings are formed as a result of epoxidation reaction. Raman 

data, however, do not show noticeable difference between HOPG and epoxidized HOPG. 

In both cases the excitation laser of same intensity was shot on the basal plane of HOPG 

and showed only G-band which is a Raman-active mode for sp bonding between carbon 

atoms. This indicates that the epoxidation reaction cannot create enough defects on the 

basal plane of HOPG. 

a) 

b) 

c) 

W^i^^ 

Figure 7.4.1. a) Raman spectrum of epoxidized synthetic graphite, b) Raman spectrum 
of bare synthetic graphite, c) Raman spectrum of epoxidized HOPG. Raman spectrum 
of bare HOPG looks identical to c). 

7.5 Conclusion 
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Epoxidation of graphite is a common oxidation pattern for graphite, and the solubility of 

graphite increases significantly after epoxidation. However, clear understanding of the 

bonding structure of epoxidation requires more study. It has been reported that the 

epoxidation occurs on the very basal plane of graphite, but our study with STM and 

Raman spectroscopy proves that only the carbon atoms on the edges participate in the 

reaction when graphite flake is used for functionalization. Also, TEM images show the 

epoxidation only on the edges (85). 
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Chapter 8. 
Conclusions and Future Direction 

We tried to investigate the inner tube chiralities with STM for a better understanding of 

the controversial electronic properties of DWNTs. Raman spectroscopy shows that 

DWNTs possess a very similar inter-layer distance as graphite, and this fact suggests that 

DWNTs will also show a moire pattern as graphite does. A moire pattern on a DWNT 

can provide crucial information on the chirality of the inner tube, but they were not 

obtained from DWNT samples due to the high curvature of the tube layers. If we manage 

to observe an identical SWNT (Observing both the inner and an outer tubes in a DWNT 

would be extremely difficult due to the resonance requirements, See section 3.2) with 

STM and Raman spectroscopy, however, we can understand both techniques much better 

and use this knowledge to understand DWNTs. 

Fluorination of CNTs alters the electronic structure of CNTs as observed by the increased 

diameters and banding structures in STM images, and this change can be reversed by 

heating at over -600 K. After defluorination, we can observe that both SWNTs and 

DWNTs are cut at domain boundaries, leaving some defects. Sometimes after 

defluorinating fluorinated DWNTs, we observe that only the outer tubes break, revealing 

the pristine inner tubes. This inconsistency indicates that the exact tube cutting 

mechanism requires more study before we can use this tube cutting method for future 

applications. 
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The functionalization techniques of graphene/graphite on the basal plane have been 

studied (53). The epoxidation on the basal plane of HOPG was reported, but our STM 

and Raman spectroscopy results have disproven previous studies showing that oxygen 

atoms are actually attached on the edges, not on the basal planes, disproving previous 

studies. The line defects observed by Li, et al. are most likely originating from oxygen 

adatoms on step edges between different layers. 
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