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Random networks of one-dimensional conductive nanomaterials are unique 

structures that exhibit nominal properties useful in flexible thin-film electronics; 

however, a greater understanding of these properties is necessary to enable high 

performance device functionality.  This thesis presents a comprehensive investigation 

into the various mechanisms that determine certain characteristics of random networks 

composed of either carbon nanotubes or silver nanowires.  In Chapter 1 we outline the 

motivation and structure of the dissertation.  In Chapter 2, we explore the properties of 

carbon nanotube spray-coatings, and their application as conductive electrodes for 

various devices.  In this chapter, an ink composed of originally grown nanotubes with a 

tailored wall number is demonstrated to enable spray-coatings with conductivities 

reaching 2100 S/cm, which is the highest conductivity for spray-coated carbon nanotube 

random networks from surfactant-free inks.  In Chapter 3, we introduce a synthesis 



 

 

technique to form a new nanostructure of boron-doped few walled carbon nanotubes 

directed at lowering the bulk resistivity of the nanotube growth yield.  An investigation 

into the structure, morphology, and composition of the boron-doped nanotubes is 

conducted and compared to undoped few walled nanotubes from the previous chapter.  In 

Chapter 4, we explore the properties of random networks of originally grown Ag NWs 

and their application towards transparent conducting electrodes for thin-fi lm solar cells.  

The impact of transmission haze in transparent conducting electrodes is investigated, 

which provides evidence that the current performance metric of transparent conducting 

electrodes is insufficient at evaluating their performance in thin-film solar cell devices.  

In Chapter 5, we expound upon our evidence that transmission haze is a beneficial 

property for transparent conducting electrodes in thin-film solar cells by introducing a 

novel Ag NW paper hybrid network that form a transparent conducting electrode with 

exceptional properties. The combined high transmittance, low sheet resistance, and high 

transmission haze measured and studied in this new Ag NW paper structure suggests that 

is the highest performing transparent conducting electrode for thin-film solar cells.  In 

Chapter 6, we consider the impact of this dissertation on the current thin-film technology.  

Future experiments that may supplement the results in this thesis were also suggested in 

this chapter. 
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factor of Ag NWôs with different diameters (60nm and 150nm). 

 

Figure 4.13: Simulation of the normalized scattered field intensity versus scattering angle 

from the axis normal to the silver nanowire with diffuse scattering represented by acute 

angles (0-90° and 270°-360°) and backscattering represented by obtuse angles (90-270°) 

for (a) TE polarization and (b) TM polarization and (c) average of TE and TM for 60 nm 

and 150 nm diameter silver nanowires. (a) and (b) are in log scale and (c) is in linear 

scale for clarity. 

 

Figure 4.14: (a) The transmittance spectrum for the various films formed from vacuum 

filtration of Ag NW dispersions with large diameters (~150 nm), and b) the transmittance 

spectrum for the various films formed from vacuum filtration of Ag NW dispersions with 

small diameters (~60 nm). 

 

Figure 4.15: (a) Comparison of experimental transmittance data for a small diameter (~60 

nm) Ag NW TCE film with Rs = 45 Ý/sq and a large diameter (~150 nm) Ag NW TCE 

film with Rs = 35 Ý/sq, and b) haze factor comparison between the same small diameter 

and large diameter Ag NW TCE films. 

 

Figure 4.16) A schematic of a typical thin-film solar cell stack. 
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Figure 4.17: The synthesis setup for a fabrication of CZTS nanorods. In a typical 

synthesis, copper(II) acetylacetonate (0.261g, 1mmol), Zinc acetate (0.091g, 0.5mmol), 

Tin(IV) acetate (0.177g, 0.5mmol) and TOPO (1.353g, 3.5mmol) were mixed with 10mL 

of 1-octadecene in a three-neck round-bottom flask and evacuated at room temperature 

for 30-45mins. The solution was then heated to 240-260°C under an argon atmosphere. 

At 150- 160°C, a mixture of 0.25mL 1-dodecanethiol and 1.75mL t-dodecanethiol was 

quickly injected into the flask which resulted in an immediate color change from dark 

green to wine red and then finally to brown. After injection, the reaction was allowed to 

proceed for 15-30 minutes with continuous stirring. The nanorod growth was terminated 

by a removal of the heating mantle and at 80°C, 2ï4 ml anhydrous toluene were added to 

the mixture to quench the reaction. 

 

Figure 4.18: TEM images of CZTS nanorods at different magnifications demonstrating 

varying degrees of self-alignment (a, b), and a HRTEM image of a CZTS nanorod 

demonstrating the atomic crystalline structure. 

 

Figure 4.19: A plot of the CZTS concentration in solution versus the absorbance of that 

solution at 500 nm, and a linear fit of the regression.  The slope of the linear regression is 

calculated to be Ŭ = 0.02, which is the absorption coefficient as calculated by this plot. 

 

Figure 4.20: A plot of the (Ŭhɜ)^2 versus hɜ that demonstrates a linear fit intercepting the 

x-axis at approximately 1.43 eV. 

 

Figure 4.21: TEM images of a thin-film composed of CZTS nanorods coated onto a 

molybdenum sputtered soda lime glass substrate, which is then annealed at 500 °C for 

10-15 min in a selenium environment.   

 

Figure 4.22: SEM-EDS spectra at different locations on annealed CZTS thin-film layers, 

with corresponding SEM images with the scan location marked and tables of the atomic 

compositions at each scan. 

 

Figure 5.1: A schematic detailing the derivation of wood fibers from trees as well as the 

hierarchical structure of these wood fibers, which enables cellulose nanofibers and 

microfibers to be extracted from the cell wall of the wood fibers. 

 

Figure 5.2: A schematic depicting the random network of nanofibrillated cellulose (NFC) 

with approximate diameters less than 15 nm as illustrated in the inset TEM image. 

 

Figure 5.3: A schematic of how an opaque porous network of wood fibers with diameters 

between 10-50 ‘m is transformed into a transparent substrate with significant diffuse 

scattering. NFC with diameters between 5-30 nm fill the space within the wood fiber 

network to create a denser hybrid network from the two cellulose structures that reduces 

the surface reflection and enhances the transmission through the paper substrate. 

 

Figure 5.4: A schematic illustrating the transformation of a network of microscopic 

cellulose fibers into a densely packed network by altering the fiber structure. 
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Figure 5.5: (a) The morphology of original bleached sulfate wood fibers under an optical 

microscope. Inset is a 0.25 wt% original bleached sulfate wood pulp suspension. (b) The 

morphology of TEMPO-oxidized wood fibers under an optical microscope. Inset is a 0.25 

wt% TEMPO-oxidized wood fiber suspension. SEM images of unzipped TEMPO-

oxidized wood fibers (c) and (d) nanofibers on the cell wall of TEMPO-oxidized wood 

fiber. 

 

Figure 5.6: An image of transparent paper produced from TEMPO-oxidized wood fibers 

with a diameter of 20 cm. 

 

Figure 5.7: SEM images of the surface of (a) an untreated regular paper substrate and (b) 

the transparent paper substrate, with the inset magnifying the scale bar to 100 ‘m. 

 

Figure 5.8: The total transmittance of the transparent paper, nanopaper, and PET 

substrates. 

 

Figure 5.9: The total diffuse scattering of the transparent paper, nanopaper, and PET 

substrates measured in Figure 5.9. 

 

Figure 5.10: A schematic illustrating how the angular distribution of the diffusely 

scattered light is measured, with a rotating detector measuring the intensity of light every 

two degrees from ωπ — ωπЈ to the perpendicular axis of the substrate surface. 

 

Figure 5.11: A polar plot demonstrating the angular distribution of light diffusely 

scattered by transparent paper for multiple incident angles on the substrate surface by the 

illumination source. 

 

Figure 5.12: Images of the transmission haze effect on 532 nm light transmitted through 

(a) PET, (b) glass, and (c) transparent paper onto a target held at a fixed distance from the 

substrate surface. 

 

Figure 5.13: A plot demonstrating the total diffuse light scattering through a transparent 

paper substrate with varying thicknesses. 

 

Figure 5.14: A plot demonstrating the total transmittance of light through transparent 

paper substrates with thicknesses correlating with Figure 5.14. 

 

Figure 5.15: A stress versus strain curve for transparent paper and a regular paper 

substrate. 

 

Figure 5.16: A schematic demonstrating the change in the number of interfacial bonds 

between a curved wood fiber and a TEMPO-oxidized flattened cellulose fiber. 
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Figure 5.17: Schematic of Ag NW network embedded in a nanopaper surface on the 

transparent paper.  (a) Nanofibrillated cellulose was filtered through TEMPO-treated 

paper to form a smooth surface, (b) with a novel lamination process, a filtered Ag NW 

network is embedded in the smooth NFC surface, and (c) the final structure is a uniform 

Ag NW network embedded onto the surface of transparent paper. 

 

Figure 5.18: The transmittance curve for the paper substrate before a Ag NW network is 

embedded into the surface. 

 

Figure 5.19: Optical image of Ag NW transparent paper. 

 

Figure 5.20: An SEM image of Ag NWs with a diameter of 100 nm. 

 

Figure 5.21: Top view of Ag NW transparent paper demonstrating embedded Ag NW 

network. 

 

Figure 5.22: An SEM image of the cross-section of Ag NW transparent paper. 

 

Figure 5.23: Total transmittance versus wavelength of Ag NW paper. 

 

Figure 5.24: Figure of merit versus total transmittance for previous TCE reports, ITO, 

and our Ag NW transparent paper. 

 

Figure 5.25: The tabulated results for the tape test measurement on the Ag NW paper 

TCE sample.  The initial sheet resistance of the sample was measured at 13 ɱȾsq, which 

increased to 25 ɱȾsq after manually pressing scotch tape down on the sample and pealing 

it off a total of ten times. 

 

Figure 5.26: The total diffuse transmission haze for (a) ITO on glass, (b) transparent 

paper, and (c) Ag NW paper. 

 

Figure 5.27: Diffuse scattering angular distribution with arbitrary y-axis units for (a) ITO 

on glass, (b) transparent paper, and (c) Ag NW paper. 

 

Figure 5.28: Light absorption dependence of a structure including either a TCE with 

varying optical properties and an absorber layer (a) a 1 ‘m thick Si film, (b) a 50 nm 

thick GaAs film, and a 50 nm thick CdTe film.  Light absorption in these absorbers for a 

highly transparent ITO TCE and our Ag NW paper TCE are compared as well. 
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Chapter 1: Background 

1.1 Introduction to Random Networks of One-Dimensional Materials 

Networks of randomly arranged one-dimensional nanomaterials offer fertile 

grounds to grow new thin-film devices with exceptional features.  These random 

networks exhibit unique properties at small thicknesses (< 1‘m) that diverge from those 

characteristic of solid thin-films.  It is demonstrated that porous three-dimensional 

networks of one-dimensional nanomaterials induce more light scattering interactions, 

exhibit lower light absorption, and withstand higher strain than solid thin-films with a 

similar thickness.  Random networks of conducting nanomaterials may also exhibit low 

sheet resistance and be hybridized with other nanomaterials to augment certain 

properties.  Conductive random networks are therefore unique structures with immense 

applications in thin-film flexible electronics; however, a greater understanding of their 

properties is necessary to fully enable high performance thin-film devices.  This thesis 

presents a comprehensive investigation into the various mechanisms that determine the 

characteristics of random networks of one-dimensional nanomaterials.   As a result, some 

unique device functionalities with novel properties are also demonstrated in this work. 

1.2 Properties of the Conductive Random Network  

The electrical, optical, and mechanical properties of a random network of one-

dimensional nanomaterials are determined by three parameters: 1) the nanomaterial 

composition, 2) the nanomaterial geometry, and 3) the morphology of nanomaterials 
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within the random network.  Figure 1.1 illustrates a random network of silver nanowires 

(Ag NWs) and Figure 1.2 illustrates a random network of carbon nanotubes (CNTs).   

 

Figure 1.1) A scanning electron microscope (SEM) image taken by a Hitachi SU-70 

SEM of Ag NWs grown with a seed-mediated growth process, dispersed in a methanol 

ink solution, and then vacuum filtered into a random network. 

 

 

Figure 1.2) An SEM image taken by a ZEISS (LEO) 1550VP SEM of CNTs grown with 

a chemical vapor deposition process spray-coated into a random network with an 

airbrush.  
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1.2.1 Electrical properties of random network 

Conductive one-dimensional nanostructures may form a percolative network for 

charge transport that exhibits very high conductivity at low thicknesses.  Each individual 

nanostructure acts a metaphorical ñhighwayò to efficiently transport charge along a 

confined pathway, which subsequently combine to form a web of conducting channels 

that enable volumetric flow of charge.  These channels may be straight nanostructures 

such as Ag NWs seen in Figure 1.1 or nanostructures with high degrees of curvature such 

as CNTs seen in Figure 1.2.  The low thickness and high porosity of the conductive 

network promotes other additional beneficial features that are challenging to achieve with 

solid thin-films, such as high flexibility or high total transmittance.  This thesis work 

seeks to understand the impact factors that determine the formation of highly conductive 

random networks of Ag NWs or CNTs in conjunction with other desirable unique optical 

or mechanical properties. 

1.2.2 Optical properties of random network 

 In conjunction with a high conductivity, random networks of one-dimensional 

nanostructures may exhibit nominal optical properties.  Silver nanowires in particular are 

widely demonstrated to form random networks that exhibit high total transmittance and 

simultaneously a low sheet resistance; however, a unique optical property achievable by 

these networks is the diffuse light scattering or transmission haze.  The length and 

diameter of individual Ag NWs affect their extinction coefficient and thus dictate their 

scattering interactions with incident electromagnetic waves, but any understanding of the 

transmission haze through a random network of Ag NWs or its impact on device 

functionality is limited.  This thesis work seeks to emphasize the importance of 
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transmission haze in thin-film devices by more fully characterizing and understanding the 

diffuse light scattering behavior through networks of Ag NWs. 

1.2.2 Mechanical properties of random network 

The geometry of one-dimensional conducting nanomaterials is best defined by 

their aspect ratio (length:diameter), which not only impacts the electrical and optical 

properties of a subsequent random network but also the mechanical strength and 

flexibility of the interwoven channels.  The high flexibility of random networks of CNTs 

and Ag NWs have been thoroughly studied and reported in current literature, and thus 

will not be primarily investigated in this work.
[2-4, 57, 111, 163, 164]

  It is noteworthy, however, 

that the unique optical and electrical properties of these conductive random networks may 

be adjoined by their inherent flexibility as well to promote unique device applications. 

1.3 Applications of a Conductive Network 

Thin-fil m electronics are emerging as a new frontier towards various lightweight, 

economical, yet high performance devices.   Figure 1.3 demonstrates some examples for 

popular electronic devices that utilize thin-film technology to become lighter and more 

flexible. 

 

Figure 1.3) Examples of flexible thin-film devices that may utilize random networks of 

one-dimensional nanostructures, such as thin-film solar cells, flexible batteries, and 

flexible touchscreens. 
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The devices in Figure 1.2 require conductive layers that may withstand significant 

repeated mechanical strain and conform to non-planar geometries.  Random networks of 

CNTs or Ag NWs meet these criteria due to the high flexibility of the interwoven 

network of conducting nanostructures.
[1-5]

   Carbon nanotubes may be assembled into 

random networks to form electrodes that are applicable in a variety of devices such as 

current collectors in flexible low-cost batteries.  Introducing CNT structures with lower 

intrinsic resistivity and networks with a higher homogeneity of dispersed CNTs will 

enhance the conductivity of the resulting electrode and thus improve the overall 

performance of the dependent devices.  Flexible transparent conducting electrodes 

(TCEs) may be formed from random networks of Ag NWs for application in displays, 

touch-screens, and solar cells.  The optoelectronic characteristics of these TCEs must 

exhibit a low sheet resistance with a high optical transmittance in order to maximize the 

device performance.  The optoelectronic properties of a TCE in a solar cell is of 

particular importance because transmittances lower than 90% and sheet resistances higher 

than 10 ɱȾίή results in significant power losses.
[6]

  An additional optical property that 

impacts the power output of thin-film solar cells is diffuse light scattering or transmission 

haze through the TCE, which enhances light absorption in solar cells by extending the 

path length of light through the critical conversion layers.  Since transmission haze 

through random networks of Ag NWs is inadequately characterized or understood, new 

studies are needed to illuminate the mechanism of diffuse light scattering through Ag 

NW TCEs in order to account for it in the performance evaluation for solar cells.   This 

thesis work seeks to improve both the performance and the scalability of thin-film 
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devices that incorporate these conductive random networks by simultaneously 

understanding and improving their electrical and optical properties.  

1.4 Solution-based Scalable Manufacturing 

There are many fabrication techniques to process the nanostructures into random 

networks, but solution-based methods are the most versatile and low-cost.  Figure 1.4 

illustrates various solution-based processes to fabricate thin-films.  These processes rely 

on inks of nanomaterials dispersed in a solution that may be quickly deposited into 

precise patterns or uniform areas to form devices on a range of substrates.  Thin-film 

devices formed from inks thus enable a rapid assembly of electronic devices on a myriad 

of substrates useful for various applications.  It is critical to ensure an efficient dispersion 

of nanostructures in solution during the ink formation and to promote a uniform ink 

coating with good adhesion to the substrate by tuning the printing parameters.  In this 

manner, solution-based fabrication methods may form random networks with ideal 

electrical, optical, and mechanical properties while improving the scalability of high 

performance thin-film devices.  In this thesis we seek to understand the unique electronic 

and optical properties of random networks composed of either CNTs or Ag NWs formed 

from ink-based coating techniques in order to enable the fabrication of thin-film devices 

with better performance from scalable manufacturing processes.  
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Figure 1.4) Examples of solution-based deposition techniques that may fabricate random 

networks of one-dimensional nanomaterials from inks; these examples include spray 

coating, inkjet printing, spin coating, Meyer-rod coating, vacuum filtration, and dip 

coating.  Each of these techniques may quickly assemble conductive random networks 

from inks containing dispersed one-dimensional conductive nanostructures onto a myriad 

of substrate surfaces. 

 

1.5 Thesis Structure 

This thesis work investigates random networks formed from different one-

dimensional nanostructures.  The fundamental properties of the random networks 

composed of these nanomaterials are studied and optimized to enable unique device 

functionalities with high performance.  Figure 1.5 diagrams the hierarchical structure of 

this dissertation.  



 8 

 

 

Figure 1.5) Flow-chart illustrating chapter titles of this dissertation, and the distribution 

of research foci towards different random networks. 

 

In Chapter 2, we explore the properties of carbon nanotube spray-coatings, and their 

application as conductive electrodes for various devices.  Carbon nanotubes are one-

dimensional structures that may be fabricated through scalable methods and exhibit 

unique fundamental properties.  Spray-coated CNT films offer a simple and printable 

solution for fabricating low-cost, light-weight, and flexible thin-film electronics.  Current 

nanotube spray inks require either a disruptive surfactant or destructive surface 

functionalization to stabilize the dispersions at the cost of the electrical properties of the 

deposited film.  It is demonstrated that high purity few-walled carbon nanotubes 

(FWNTs) may be stabilized in isopropanol after surface functionalization, and that 

optimizing ink stability dramatically enhances the conductivity of subsequent spray-
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coated thin films.  We consequently report a surfactant-free FWNT ink that enables 

spray-coated thin films with conductivities reaching 2100 S/cm, which is the highest 

conductivity for printed CNT networks without using a surfactant.  Zeta-potential 

measurements are used here to quantify the nanotube ink dispersion quality.  These 

measurements demonstrate a direct positive correlation with the spray-coated film 

conductivity, the key metric for high performance printed electronics. 

In Chapter 3, we introduce a new synthesis technique to form boron-doped 

FWNTs directed at lowering the bulk resistivity of the nanotube growth yield, and their 

use in conductive electrodes is investigated.  A new synthesis procedure that introduces 

boron into the carbon lattice during a FWNT growth is investigated and demonstrates 

successful subsitutional boron doping through electron energy loss spectroscopy (EELS) 

measurements.  The growth yield of boron doped FWNTs (B-FWNTs) fabricated under 

various solution injected CVD conditions is investigated and compared with Raman 

spectroscopy and thermogravimetric analysis (TGA).  An investigation into optimizing 

the purification of the B-FWNT growth yields is also conducted with Fourier transform 

infrared spectroscopy (FTIR), TGA measurements, and SEM images.  Separate ink 

solutions were prepared from FWNTs and B-FWNTs, and spray-coated to compare their 

sheet resistance.  Differences in the ink and spray-coating properties for pristine and 

surface-functionalized B-FWNTs are also investigated.  

In Chapter 4, we explore the properties of random networks of Ag NWs and their 

application towards transparent conducting electrodes (TCEs).  As mentioned in Section 

1.3, thin-film optoelectronic devices require flexible electrodes with a high transmittance 

and low sheet resistance.  The contemporary performance metric of TCEs is thus 
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evaluated by its transmittance and sheet resistance.  Through a discussion on the 

percolation theory, the structural and morphological characteristics of a random Ag NW 

network with a low sheet resistance and a high transmittance are determined.  Based on 

this discussion and a review of previous reports, it is concluded that Ag NWs with a high 

aspect ratio dispersed in a uniform random network exhibits the highest transmittance at 

the lowest sheet resistance.  The nanowire synthesis, fabrication method of the Ag NW 

network, and post-fabrication processing methods that enable these properties are 

reviewed.  A discussion on light trapping in thin-film solar cells reveals that transmission 

haze is an equally important yet disregarded parameter in the performance evaluation of 

TCEs. The effect of the Ag NW diameter on the transmission haze values in the visible 

spectrum was investigated using films composed of either small diameters (~60 nm) or 

large diameters (~150 nm). Finite Difference Time Domain (FDTD) simulations and 

experimental transmittance data confirm that smaller diameter nanowires form higher 

performing TCE films according to the current figure of merit. While maintaining near 

constant transmittance and conductivity for each film, however, it is observed 

experimentally that films composed of Ag NWs with larger diameters demonstrate a 

higher haze factor than films with smaller diameters. This confirms FDTD simulations of 

the haze factor for single nanowires with similarly large and small diameters. This is the 

first record of transmission haze properties for Ag NWs that are simulated or 

experimentally measured, and also the first evidence that the current figure of merit for 

TCEs is insufficient at evaluating their performance in thin-film solar cell devices. 

In Chapter 5, we expound upon our evidence that transmission haze is a beneficial 

property for TCEs in thin-film solar cells by introducing a novel Ag NW paper hybrid 
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network that form a TCE with exceptional properties.  Transparent paper substrates with 

a smooth surface are introduced by extracting cellulose fibers with microsized and 

nanosized diameters from the hierarchical structure of paper fibers and integrating them 

into a random network.  The process of extracting these cellulose fibers is explained and 

a novel transparent paper that possesses both high optical transparency and high haze is 

investigated.   The transmittance and sheet resistance of the resulting Ag NW paper TCE 

were experimentally measured, and represent the highest reported figure of merit value 

for solution based TCEs according to conventional models.  It is demonstrated that the 

hybrid network exhibits good flexibility and a scratch-resistant Ag NW network.  The 

diffuse light scattering properties of the Ag NW paper was also thoroughly investigated 

through various techniques; the total transmission haze of the hybrid random network and 

the distribution of diffuse scattering angles through the surface of the network.  A 

simulation that relates the optical properties of TCEs with the light absorption in the 

conversion layers for various thin film solar cells demonstrates that the Ag NW paper 

induces greater light absorption than ITO in several thin-films common in solar cells.  

The combined high transmittance, low sheet resistance, and high transmission haze 

measured and studied in this new Ag NW paper structure suggests that is the highest 

performing TCE for thin-film solar cells.  

In Chapter 6, we consider the impact of this dissertation on the current thin-film 

technology.  We will also outline future works that may enhance our understanding of 

random networks and realize more unique functionalities for thin-film devices. 
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Chapter 2: Surfactant-Free Carbon Nanotube Inks for Spray 

Coatings with High Conductivity 
 

The carbon nanotube is an intensely studied nanostructure since its discovery in 

the 1990ôs by Iijima.
[7]  

Due to a similar intrinsic lattice structure to graphene, carbon 

nanotubes share many of the beneficial electrical, mechanical, and optical properties of 

graphene; however, their one-dimensionality enable their use in electrodes as conductive 

channels that form a percolation network.  Coupled with the low-cost and availability of 

carbon, carbon nanotubes make ideal nanostructures to form conducting networks that 

may act as charge carriers in batteries.
[8,9]

  The following subsections review the 

fundamental characteristics of carbon nanotubes, and the experimental process to form 

spray-coated networks from carbon nanotube solutions.  

2.1 Carbon nanotube properties 

2.1.1 Carbon nanotube structure 

Carbon nanotubes may be regarded as graphitic carbon lattice planes rolled into 

cylinders.  We see in Figure 2.1 the honeycomb hexagonal lattice of graphene with a unit 

cell described by vectors ╪ and ╪ where ὥ ςȢτφρ ᴠ.  When the graphitic sheet is 

rolled into a cylinder that seamlessly connects the two red lines in Figure 2.1, the lattice 

vector ╒ ὲ╪ ά╪ describes the circumference of that resulting nanotube.   
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Figure 2.1) The index (n,m) determines the chirality of the CNT and the circumference Ch.   

The geometrical outline on the hexagonal lattice that forms a (4,3) CNT is depicted by 

the red parallel lines that must be rolled into seamless contact with each other.  Examples 

of armchair and zigzag chiralties are also denoted on the hexagonal lattice.  This figure 

was printed from Hierold, C., et al., Carbon Nanotube Devices: Properties, Modeling, 

Integration and Applications. Advanced Micro & Nanosystems, Vol. 8, Wiley-VCH, 

2008
 [10] 

 

 

The direction of the chiral vector C is described by the chiral angle: 

ÃÏÓ—
╪Ͻ╬

ȿ╪ȿϽȿ╬ȿ Ѝ
.  (2.1). 

 

The diameter of the tube is given by the length of the chiral vector: 

Ὠ
ȿ╬ȿ Ȣ

Ѝὲ ὲά ά .  (2.2). 

The translational vector that is directed perpendicular to the chiral vector may be 

summarized by a translational period a that is determined from the chiral indices (n,m) 

with p as their common divisor: 

╪
ᴘ
╪

ד
╪  (2.3) 
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where ᴘ = 3 if ὲ άȾσὴ is equal to an integer, and ᴘ = 1 otherwise.  The height of 

the rectangular unit cell of the carbon nanotube is thus determined by the magnitude of 

the translational vector and represents the translational period: 

ὥ
ᴘ

ὥ  (2.4). 

The number of carbon atoms in the unit cell of the nanotube nc may be determined by the 

ratio of the cylindrical unit cell surface area to the area of the hexagonal graphene unit 

cell:  

Ὤ
ᴘ

  (2.5). 

Equation represents the number of graphene hexagons in the rectangular unit cell of a 

carbon nanotube.  Since there are two carbon atoms in each graphene hexagon: 

ὲ
ᴘ

  (2.6). 

 The carbon nanotube diameter is also related to the quantity of concentric 

cylindrical cylinders that comprise the structure.  Nanotubes composed of one wall are 

referred to as single-walled carbon nanotubes (SWNTs) and typically have diameters less 

than 2 nm with lengths that reach into the millimeter range.
[11,12] 

 Nanotubes with multiple 

concentric walls in their structure are referred to as multi-walled carbon nanotubes 

(MWNTs) and exhibit a range of diameters that depend on the exact wall number of the 

MWNTs. 

2.1.2 Carbon nanotube electrical properties 

The Brillouin zone of SWNTs may be determined from the unit cell, which we 

may compare to the hexagonal first Brillouin zone of graphene displayed in Figure 2.2.  

The reciprocal lattice vector corresponds to the translational period a along the tube axis 
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(z-axis) with a continuous length Ὧ ς“Ⱦὥ.  The length of the reciprocal lattice vector 

along the circumferential axis may be calculated from a zone folding scheme, which 

gives the following condition: the wave vector ▓ must have a phase shift of an integer 

multiple of ς“ or else it will vanish by interference.   

 

Figure 2.2) Hexagonal Brillouin zone of graphene with the high- symmetry points ɜ, K, 

and M, and the reciprocal lattice vectors k1 and k2. This figure is printed from Reich, S. et 

al. Carbon Nanotubes: Basic Properties and Physical Concepts, Wiley-VCH, 2004.
[13] 

 

The length of the reciprocal lattice vector is thus: 

Ὧ
ȿ╒ȿ
Ͻή Ͻή  (2.7) 

where q represents an integer bounded by the number of atoms ὲ in the unit cell  (since 

four atoms are required to define a wavelength, ή ὲȾτ or ή ὬȾς).   
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Figure 2.3) (a) The band structure of graphene from hexagonal cones in the vicinity of 

the Fermi energy, which is cut into slices of allowed states when rolled graphene is rolled 

into carbon nanotubes.  The resulting band structure of the nanotubes is (b) 

semiconducting or (c) metallic.  (d) The determination of whether a tube is 

semiconducting or metallic may be made based on the chiral indices (n,m) of the 

nanotube.
[10] 

 

 

Since the reciprocal lattice vector length around the circumference is quantized by q, the 

first Brillouin zone possesses Ὤ allowed states along the tube axis demarked by parallel 

lines spaced 2/d apart in Figure 2.3(a).  These lines intersect the allowed wave vectors in 

the hexagonal first Brillouin zone, which determines whether the nanotube is metallic or 

semiconducting; if the allowed states do not intersect the K points there is a bandgap at 

the Fermi level and the nanotube is a semiconductor (Figure 2.3(b)), if the allowed states 

intersect the K points the nanotube is metallic (Figure 2.3(c)).  Since the line spacing of 
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the allowed states is ςȾὨ, the bandgap in semiconducting tubes depends on the diameter.  

The intersection of allowed states with the K points is determined by the chiral indices 

(n,m), as illustrated in the Figure 2.3(d).  If ὲ άȾσ is an integer then allowed kz states 

intersect the K points and the nanotube is metallic.  If ὲ άȾσ is not an integer the 

allowed kz states do not intersect the K points, and the nanotube is semiconducting. 

 

Figure 2.4) Ab initio calculation of electronic bandstructure for metallic and 

semiconducting nanotubes with varying chiralities, which demonstrates the close 

symmetry of the density of states (DOS) on either side of the Fermi energy.  This figure 

was printed from A. Rubio, Spectroscopic Properties and STM Images of Carbon 

Nanotubes, Appl. Phys. A 68, 275,1999.
[14] 

 

 

The band structure for carbon nanotubes is uniquely different than that for 

graphene.  The energy bands in a two-dimensional solid such as graphene appear as a 

step-function, where in one-dimensional solids such as nanotubes the bands diverge as 
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the inverse square of the energy.  A band diagram for metallic and semiconducting tubes 

is demonstrated in Figure 2.4.  The equation for the density of states of a carbon nanotube 

is: 

ὫὉȟὉ

ȿȿ
 ȟ        ȿὉȿ Ὁ  

π ȟ                      ȿὉȿ Ὁ

   (2.8) 

where E is the energy state and Eq is the permitted energy state as determined by the 

permitted wave vectors ▓Ͻ╒ ς“ή.  At Eq = 0 we arrive at g(E,0) = 1, which refers to 

metallic tubes and bands that cross at the Fermi energy.  All other Eq for which the 

density of states peaks, which are referred to as van-Hove singularities, correspond to the 

diameter of the nanotube: 

Ὁ
Ѝ

  (2.9) 

where i represents integers corresponding to metallic (1,3,6é) and semiconducting 

(1,2,4,5,7é) tubes.   

In applications for current collectors in batteries, or simply as conductive 

electrodes, metallic nanotubes are preferred to semiconductors.  The conditions that 

dictate what chiral indices pertain to metallic tubes predict a third of SWNTs in a 

nanotube growth yield will be metallic.  The structural symmetry of armchair nanotubes 

(n = m) enables the ballistic transport of charges.
[15]

  Since MWNTs consist of a range of 

diameters and chiralities coaxial to each other, the permitted energy states overlap and 

quench any band gaps formed by semiconducting tubes in the structure.  Multi-walled 

nanotubes with large wall numbers and diameters consequently exhibit metallic behavior; 

however, the charge flow across a MWNT remains on the outer most tube.  Nanotubes 
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with larger diameters do not exhibit ballistic transport and possess a higher density of 

scattering phenomena in the carbon lattice that dissipates the charge flow.  

2.1.3 Carbon nanotube optical properties 

Although there are many optical techniques to investigate the structure of carbon 

nanotubes, Raman spectroscopy is the primary method used in this thesis.   

 
Figure 2.5) A Raman spectrum of a single walled nanotube with a diameter of 1.38 nm 

with the characteristic wavenumbers where peaks representing the RBM, D-band, and G-

band are found. This figure is printed from A. M. Rao et al., Science, 1997.
[16] 

 

 

Raman spectroscopy measures the inelastic scattering of light by carbon nanotubes.  The 

mechanism of a scattering event is as follows: (1) an electron is excited from the valence 

energy band to the conduction energy band by absorbing a photon, (2) the excited 
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electron is scattered by emitting (or absorbing) phonons, and (3) the electron relaxes to 

the valence band by emitting a photon.
[17]

  A Raman scattering spectra is created by 

plotting the intensity of scattered light as a function of the loss in energy of the scattered 

frequency from the incident frequency, which diagrams the phonon frequencies of the 

material.  A typical Raman spectrum for a carbon nanotube sample is demonstrated by 

Figure 2.5.   

The most dominant features in Raman spectra of carbon nanotubes, as depicted in 

the Figure 2.5, are the radial breathing mode (RBM) peaks, the graphitic band (G-band), 

and the disordered carbon band (D-band) as well as the second overture of the D-band 

(Gô).  The RBM peaks correspond to the vibration of carbon atoms in the radial direction, 

and occur at frequencies between 120-350 cm
-1

 for SWNTs with diameters in the range 

of 0.7 nm < d < 2 nm.  For isolated SWNTs, the relation between the diameter and the 

RBM peak is reported as ‫ ςτψȾὨ.
[18]  

This relationship is not accurate for larger 

diameter SWNTs where the RBM peaks are weak, and for MWNTs where the atomic 

vibrations from the inner walls convolute the spectra in this frequency range.
  
The G-band 

represents the tangential mode vibrations of the carbon atoms within the hexagonal lattice 

along the nanotube, and may contain peaks around 1582 cm
-1

 that are characteristic of the 

graphitic structure of the nanotubes.  The D-band represents the disorder-induced mode 

in the graphitic lattice at 1350 cm
-1 
with its second harmonic Gô occurring at roughly 

twice the D-band frequency.  The ratio of the intensities of the D-band and the G-band (IG 

/ ID) quantifies a metric used to compare the graphitic quality of carbon nanotubes. 
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2.2 Carbon nanotube electrode fabrication 

2.2.1 Carbon nanotube synthesis 

The three primary methods to form CNTs are arc-discharge, laser ablation, and 

chemical vapor deposition (CVD).  The arc-discharge method for forming CNTs involves 

passing a high current through two graphitic probes to create a spark between them.  This 

causes carbon atoms to disintegrate from the probe discharging the spark due to the high 

temperatures, and reorder themselves into various carbon nanostructures including CNTs 

onto a catalyst between the probes.  The laser ablation method involves heating a 

graphitic target in a chamber with a pulsed laser.  This causes carbon atoms to 

disintegrate and reorder into carbon nanostructures including CNTs at cooler areas in the 

chamber.  Compared to these methods, CVD enables the greatest quantity of CNTs to be 

fabricated per each growth yield and limits the percent of carbonaceous impurities 

(fullerenes, graphene, and amorphous carbon) in the yield as well.  This is due to greater 

control over the carbon source decomposition and recrystallization into CNTs. 
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Figure 2.6) Chemical vapor deposition tube furnace setup for growth of carbon 

nanotubes described in this chapter.  The carbon feedstock gas (CH4), carrier gas (Ar), 

and ramping gas (H2) are controlled by digital flow meters that monitor the flow rates 

into the tube furnace.  The furnace hosts a quartz tube with a 2-inch diameter with three 

heating zones.  The exhaust from the tube furnace is channeled to a glove box ventilator 

in the laboratory. 

 

 

Chemical vapor deposition growth of CNTs is performed in a tube furnace where 

a carbonaceous gas source is fed to a catalyst with a carrier in a hot environment.  A 

schematic of a typical CVD setup is depicted in Figure 2.6.  The CVD growth process is 

most commonly described by a vapor-liquid-solid mechanism, although an exact 

description is still unknown.
[68-71]

  During the CVD process, solid metal catalysts melt 

into nanoparticles in the tube furnace upon heating it to the growth temperature in a 

hydrogen gas environment.  After reaching the growth temperature the carbon source is 

carried into the chamber by an inert gas.  The carbonaceous gas will then decompose 

through pyrolysis into carbon atoms that absorb into the melted catalyst particles.  Carbon 

atoms will continue to absorb into the catalyst particles until reaching a solubility limit at 

which carbon will then precipitate out.  The precipitating carbon atoms form sp
2
 bonds 

that nucleate CNT growth, which is energetically favorable since ideal nanotubes lack 

dangling bonds that exist in single graphene layers.  This growth continues until the 

carbon source is quenched and the temperature in the tube furnace is ramped down. 

The key parameters that affect the growth yield during CVD and the CNT 

properties may be separated into two categories: the catalyst properties and the growth 

conditions in the tube furnace.
[19]

  Typical catalysts are composed of Fe, Ni, or Co  due to 

high solubility of carbon in these metals at high temperatures and a high diffusion rate in 

these metals which enables carbon to quickly precipitate to the particle surface at its 
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saturation limit.  Molybdenum ions may also be added to supplement the production of 

carbon nanotubes by generating intermediate aromatic species from the carbon source 

that may contribute to nanotube growth.
[20] 

 Although the catalyst metals may be 

sputtered onto a surface to propagate unidirectional growth, a magnesium oxide (MgO) 

powder may be used as a support to disperse the metal ions and to provide greater surface 

area for the decomposition of carbon and consequently greater carbon nanotube yields 

during CVD.
[72]

  Although other porous supports may be used such as silica or alumina, 

MgO may be removed from the growth yield with a simple nitric or hydrochloric acid 

treatment while silica and alumina require a more dangerous treatment with hydrofluoric 

acid to be removed.   Catalysts that incorporate a MgO support follow a ñbase-growthò 

mechanism, where the CNTs propagate out of catalyst particles that remain rooted in the 

MgO support. 

The CVD growth parameters greatly affect the mechanism for which carbon 

decomposes and precipitates out of the catalyst particles.  Higher temperatures, higher 

gas flow rates, and larger ratios of source to carrier during gas flow attribute to higher 

decomposition rates of carbon.
[21]

  Higher decomposition rates of carbon typically 

attribute to the formation of single walled carbon nanotubes with smaller diameters.  This 

is because greater rates of carbon feeding to the catalyst stabilize smaller nucleation sites 

of precipitating carbon that are typically less energetically favorable than larger graphitic 

caps.  Larger rates of carbon decomposition also result in the formation of greater 

percentages of amorphous carbon or non-tubular graphitic species, which results in more 

extensive measures to extract CNTs from the CVD growth yield such as thermal or 

chemical purification methods.  The source gas also affects the rate of carbon 
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decomposition.  Methane (CH4) may be used as the CVD carbon feeding source gas for 

both multi-walled and single-walled nanotubes with distinct advantages in both growth 

procedures; methane generates fewer carbonaceous impurities than acetylene (C2H2) due 

to the less rapid production of carbon atoms and is safer than carbon monoxide (CO).  

The carbon nanotube syntheses included in the reports of this thesis use a CVD procedure 

with methane as the carbon source. 

2.2.2 Percolation theory  

The percolation theory predicts the following relationship between the 

conductivity of a film with respect to the density of conducting channels in the three-

dimensional network: 

„ᶿ ὔ ὔ  (2.10) 

where „ represents the three-dimensional conductivity, ‌ represents the conductivity 

exponent, N represents the density of conducting channels in the network, and Nc 

represents the critical density for percolation of charge across the three-dimensional 

network.
[22]

  For a random distribution of conducting channels, the critical density is 

given by: 

ὰ“ὔ τȢςσφ (2.11) 

where l is the length of each conducting channel.  We gather from Equation 2.10 and 

Equation 2.11 that efficient charge percolation across the conductive network is achieved 

by properly tuning the dimensions of the individual nanomaterials and by forming a high 

density of conducting channels.  Although the sheet resistance of the films with a 

nanomaterial density at the percolation threshold Nc is relatively high, increasing the 

number of channels beyond the threshold dramatically lowers it.
[23] 

 This behavior is 
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typical for networks where the contact resistance Ὑ across the conducting ñsticksò is 

significantly lower than the resistance  Ὑ across the junctions, such as with Ag NW and 

CNT networks.
[24]

  The relation between the conductivity and the channel density is 

theorized as Equation 1 with ‌ ρȢσ ς when the density of channels is ὔ ὔ

ςὔ.  The conductivity exponent ‌ depends on the ratio  as well as the length of the 

nanomaterials; larger  values and longer lengths form conductivity exponents that more 

closely approach ‌ ς.[24-26]
  As we see from Equation 2.11, longer channel lengths also 

decrease the critical number density Nc of nanomaterials necessary to interconnect them 

into a conductive network within a fixed electrode volume.  Thus the nanomaterial 

lengths the dictate the connectivity of the conducting channels across the network, which 

is described by the number of conducting channels and the number of junctions necessary 

to form a complete percolative network.   

An additional metric that further elucidates the impact the length has on the sheet 

resistance of a percolative nanomaterial network is the area fraction: 

ὃ ὔὰὈ (2.12) 

where N is the nanomaterial number density, l is the length of the nanomaterials, and D is 

the nanomaterial diameter.
[23,27]

  Mutiso et al. demonstrates in Figure 2.7 that at a fixed 

nanomaterial diameter D and area fraction AF, lower sheet resistances are achieved at 

greater nanomaterial lengths l.
[27]

  Additional studies theoretically and experimentally 

demonstrate that larger conducting channel lengths contribute to thin-films with a lower 

sheet resistance.
[165]

  This is directly related to the formation of a percolation network 

with fewer contacts between channels, which contributes to a lower resistance to charges 

traveling across the network.
[25]
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Figure 2.7) Sheet resistance as a function of the aspect ratio (L/D) and area fraction of 

rods in nanowire films with a constant diameter of D = 50 nm with an average contact 

resistance of Rc = 2 kɱ.  The top schematic illustrates two percolation networks of 

monodisperse rods with nanowire area fractions at or above the area fraction critical limit 

for percolation (AFc). This figure was printed from Mutiso et al., ACS Nano, 2013 [27] 

  

Even at large number densities within the percolation region, networks consisting of long 

nanomaterials demonstrate smaller sheet resistances due to fewer channel junctions 

required to complete the charge transport across the network, as illustrated in Figure 2.8.   
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Figure 2.8) Schematic of a six fiber structure with relatively small aspect ratio and a two 

fiber structure with a relatively high aspect ratio.  It is assumed that the contact resistance 

dominates the percolation across each structure, with the distance the charges travel 

assumed equal.  The corresponding resistor representation of each structure is found 

below the fiber configuration.
[25] 

 

 

It is further reported that nanomaterials agglomerated into bundles act as singular 

nanomaterials with larger diameters than the individual structures.  This coagulation of 

the nanomaterials reduces the number of parallel conducting channels across the 

percolation network, and increases the sheet resistance of the electrode.
[28,29] 
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2.2.3 Carbon nanotube ink formation 

As we discussed in Section 2.2.2, percolation networks have the highest 

conductivity when the conducting channels are at the highest aspect ratio and are 

uniformly dispersed across the electrode.  Carbon nanotubes possess many attractive van 

der Waals forces inherent to their graphitic structure and aspect ratio; therefore, carbon 

nanotubes exhibit a strong propensity to agglomerate into bundles with diameters much 

larger than the individual tubes during their synthesis.  Dispersing these bundles in 

solution is important for preserving the optimal high aspect ratio of the carbon nanotubes 

and the percolation network uniformity in the electrode.
[28]   

 The techniques to disperse CNTs in solution may be separated into two 

categories: mechanical and chemical processes.  The most popular mechanical method is 

ultra-sonication of the CNT solution.  Ultra-sonicators generate acoustic waves in the ink 

solution that form bubbles on the surface of the CNT bundles, and the cavitation of these 

bubbles releases energy that expel individual nanotubes from the bundles.
[30-32]

  Ultra-

sonication may generate the acoustic waves in a water bath or at greater amplitudes with 

a vibrating probe.  Ultra-sonication only temporarily separates the exfoliated nanotubes 

once the acoustic waves are removed from the ink solution if there is nothing to oppose 

the van der Waals forces from recombining the nanotubes into bundles.
[33]

   

Additional measures that permanently separate the exfoliated nanotubes in 

solution are introduced through two chemical methods: the addition of a surfactant 

polymer to the CNT solution and the attachment of functional groups to the surface of the 

CNTs.  Surfactants are polar polymers that form micelles around the individual carbon 

nanotubes or intercalate themselves between the carbon nanotubes in solution, which 
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causes the separation and repulsion of CNTs from one another in solution.
  

 Typical 

surfactant molecules used in ink solutions are sodium dodecyl sulfate (SDS), sodium 

dodecyl benzene sulfonate (SDBS), and
 

hexadecyltrimethylammonium bromide 

(CTAB).
[34]

 The dispersion of CNTs by surfactants in solution are stable for long periods 

of time and enable very uniform coatings.
  
 

 

Figure 2.9) A schematic diagramming the surface functional groups attached to the 

nanotube surface during a nitric acid (HNO3) reflux, including carboxyl groups (-

COOH), carbonyl groups (C=O), and hydroxyl groups (-OH).
 

 

 

Another chemical method is to attach functional groups to the surface of carbon 

nanotube outer walls.  This is most commonly conducted by boiling the carbon nanotubes 

in a strongly acidic (HCl, HNO3, HSO4) aqueous solution.  In the acid reflux, oxygen 

groups covalently bond with carbon at open sites on the nanotube surface, as seen in 

Figure 2.9.  These sites either exist as preexisting lattice defects, tube end caps, or where 

strained carbon bonds were broken during the acid reflux.
[35]

   The acid reflux attaches 

carboxyl (COOH) groups to the sidewalls of the carbon nanotubes, which ionize in an 

aqueous solution to enhance the electrostatic potential around each nanotube.  The 

resulting repulsive forces between the electronegative carbon nanotube surfaces in 

solution stabilize the nanotube suspension without the presence of a surfactant Since the 
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degree of strain in the curved carbon lattice scales inversely with tube diameter, SWNTs 

are more reactive to sidewall functionalization than MWNTs.
[36]

  Despite the lower 

intrinsic reactivity than SWNTs, MWNTs typically have a greater density of defects 

across the lattice structure, which act as openings for surface functionalization.  The 

attachment of surface functional groups, however, is predicated on the presence of defect 

sites or the destruction of carbon bonds in the nanotube lattice to enable carboxyl bonds 

to form.  Sustained acid refluxing therefore inflicts damage to the nanotube lattice of the 

outer shell that disrupts their intrinsic conductivity and builds amorphous carbon deposits 

in the solution.
[37]

 

Fourier transform infrared spectroscopy (FTIR) is often used to characterize the 

efficacy of an acid reflux to attach functional groups to the nanotube sidewall.
[38]

  FTIR 

measurements are taken by splitting a broad infrared source with an interferometer 

incident on a sample, and then deciphering the absorption/transmission spectra from the 

interference pattern via a Fourier transform by the device software. The peaks in an FTIR 

absorption spectrum indicate unique chemical bonds in the sample with vibrational 

modes that match optical frequencies emitted by the infrared source, as seen in Figure 

2.10.  Several studies have investigated and confirmed characteristic absorption peaks 

that are representative of carbon bonds in the lattice, hydroxyl bonds formed at defect 

sites or with amorphous carbon, and carboxyl bonds formed after an acid reflux.
[39,40]
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Figure 2.10) Attenuated total reflectance FTIR absorption spectra of pristine multi-

walled nanotubes, purified multi-walled nanotubes after thermal oxidation, and acid 

treated multi-walled nanotubes.  The characteristic peaks of oxygenated graphene groups 

by the acid reflux are labeled along with the corresponding wavenumber.  This image is 

printed from.  R. Yudianti et al., Carbon, 2011.
[38] 

 

2.2.4 Carbon nanotube electrode formation 

Conducting electrodes may be formed by carbon nanotube networks through 

various ink deposition methods such as Meyer rod coating, vacuum filtrations, ink-jet 

printing, spin coating, and dip coating.  Spray-coating is an additional deposition method 

with the following advantages: (1) enables highly precise coating patterns, (2) capable of 

uniformly coating large surface areas, and (3) not restricted to flat coating surfaces.
[41,42]

   

A schematic of a spray-coating setup is depicted in Figure 2.11. 
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Figure 2.11) A schematic illustrating a spray coating mechanism of a carbon nanotube 

ink onto a heated glass substrate with an airbrush. The air brush atomizes a carbon 

nanotube solution at a fixed air pressure of approximately 200 psi and a fixed distance of 

approximately 4 inches from the substrate surface heated by a hot plate.  The pressure 

and distance from the surface determine the droplet size that deposits on the glass while 

the ink solvent and surface temperature determine the evaporation rate of the ink coating. 

 

The coating properties are primarily determined by the ink parameters; the ink 

solvent, the nanotube concentration in the ink, and the dispersion forces between the 

nanotubes in solution.
[42]

   Solvents that form droplets with low surface tension are 

preferable for spray-coatings because they enable better wetting of the substrate.  

Droplets with a high surface tension also evaporate faster at the edges, which leads to the 

flow of solvent from the middle of a droplet to the edges in pursuit of thermal 

equilibrium.  This leaves rings of coagulated carbon nanotubes on the coated surface, 

which compromises the uniformity of the random carbon nanotube network.
[43]

    Inks 

that have higher concentrations of carbon nanotubes also prevent coagulation due to 

faster evaporation of the solvent from the film coating.    
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The amount of resistance to nanotubes agglomerating within the droplets during 

drying is also determined by the strength of permanent dispersion forces applied in the 

ink making process.  Although surfactant polymers are effective stabilizers of carbon 

nanotube dispersion in solution, they are insulating and disrupt the charge percolation 

across the nanotube network, and therefore must be removed from the electrodes after 

deposition.
[44,45]

  Current methods to remove surfactants from deposited electrodes are not 

entirely effective and often damage the film coating.
[46]

  Inks of surface functionalized 

carbon nanotubes do not form electrodes with disruptive impurities that need to be 

removed, yet are typically more stable in dilute solutions.
[47]

  Forming stable carbon 

nanotube ink solutions and fabricating uniform spray-coatings, therefore, require 

independent parameterization to optimize the conductivity of carbon nanotube electrodes. 

2.3 Few-walled Carbon Nanotubes 

The wall number of carbon nanotubes has a dramatic impact on their properties 

and thus on their fabrication into conductive percolation networks.  In the case of single-

walled carbon nanotubes, their small diameters and typically long lengths in CVD 

syntheses promote efficient percolation across a conductive network.  The conductivity of 

this network also relies on the uniformity of the CNT network, which can be degraded 

when large nanotube bundles are present in the dispersion.
[22]

  Spray coating is a uniquely 

precise and practical method for printing conformal thin films with large surface areas 

useful for lightweight and flexible electronics;  uniform spray-coated CNT films are 

dependent on optimizing the ink stability of individual CNTs.  In order to achieve stable 

CNT inks without the use of disruptive and insulating surfactants it is required to bind 

functional groups to the surface of carbon nanotube sidewalls to separate highly resistive 
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tube bundles and promote a homogenous ink dispersion.
[37, 48-51]

 Since SWNTs consists of 

only one graphitic layer rolled into a cylinder, dispersing SWNTs in solution via surface 

functionalization requires cautious parameterization of the acid reflux concentration and 

duration.  Typically the damage inflicted to the SWNT carbon lattice by the acid reflux 

renders a high density of structural defects that deteriorate the ballistic charge transport 

across the tube, and often digests long tubes into smaller sections.    Multi -walled 

nanotubes offer robustness during an acid reflux that SWNTs lack; the outer walls host 

the surface functionalization while the inner walls remain intact.  The aspect ratio of 

multi-walled carbon nanotubes is usually limited by a large outer-diameter (< 100 nm) 

that stunts its length during the CVD growth.  Due to the higher graphitic surface area, 

the defect density in MWNTs is greater than SWNTs.  The resistance across MWNTs is 

consequently greater than SWNTs because of a higher number of scattering phenomena 

across the outer wall.  The sheet resistance across a percolative network of MWNTs is 

also greater due to the significantly lower aspect ratio than SWNTs.  Also, surface 

functionalized CNTs are most easily dispersed in water or organic solvents,
[51,52]

  but low 

vapor pressure solvents, like water, have a pronounced coffee-ring effect,
[43]

 while fast-

drying solvents are associated with toxic vapors that inhibit large-scale production.
[42]

  

The question remains, therefore, of how to form a stable CNT ink with an innocuous 

solvent without inhibiting the conductivity of spray-coated thin films.  

Recent reports demonstrate that few-walled carbon nanotubes, defined as 

possessing a wall number between two and six, exhibit the robustness of multi-walled 

nanotubes while maintaining the optimal electrical conductivity and graphitic quality of 

single walled nanotubes.
[39, 53-57]

  The electrical properties of FWNTs, furthermore, do not 
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diminish after surface functionalization of the outer tubes since the structural integrity of 

the inner tubes is unaltered. To further support the utility of the FWNT structure for 

spray-coated films, this study explores the relationships between the electrical 

conductivity of the spray-coated FWNT films, and the rheological properties of FWNTs 

dispersed in a surfactant-free ink solution. Here, we introduce a surfactant-free ink of 

surface functionalized FWNTs dispersed in pure isopropanol (IPA) that produces high 

conductivity spray-coated films. 

2.4 Experimental Method 

A catalyst composed of nanoparticles with a Co:Mo:MgO composition of 

1:0.5:100 is formed through a combustion synthesis,
 [56, 58]

 as depicted in Figure 2.12.
 
  

 

Figure 2.12) An image of the pink catalyst solution and the resulting brown powder 

catalyst after a combustion synthesis method. 

 

 

The pink solution in Figure 2.12 is the liquid catalyst solution consisting of controlled 

concentrations of cobalt nitrate (Co(NO3)2), ammonium molybdate ((NH4)2MoO4), 

magnesium nitrate (MgNO3), citric acid, and glycine.  The formation of MgO particles 



 36 

 

with imbedded Co:Mo nanoparticles is then facilitated via a glycine-nitrate combustion; 

the precursor solution is gradually heated to a combustion temperature, at which the 

solution erupts into the catalyst particles shown in Figure 2.12 as the brown powder.  It is 

clear from this image that large yields of catalyst powder may be generated by each 

combustion synthesis.  Catalyst particles are depicted in the transmission electron 

microscopy (TEM) images in Figure 2.13, which were taken with a JEOL 2100 LaB6 

TEM.   
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Figure 2.13) TEM images of powder catalyst particles at various magnifications. 

 

 

 

Figure 2.14) An image of the powder catalyst inserted into the quartz boat that is inserted 

into the tube furnace for the chemical vapor deposition growth of carbon nanotubes. 
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It is clear from the TEM images in Figure 2.13 that the catalyst particles promote a high 

yield of carbon nanotubes by providing a high surface area for the decomposition of 

carbon during the CVD growth.  The average catalyst nanoparticle size is less than 5 nm.  

Approximately 60-80 mg of the powder catalyst is loaded onto a 1-inch quartz boat and 

inserted into a tube furnace for each CVD growth of the FWNTs, as seen in Figure 2.14.  

The furnace is first ramped from room temp to 850 ЈC in H2 and then held at a constant 

temperature of 850 ЈC for 45 min while a methane mixture is introduced at a flow rate of 

CH4/H2 = 1600/400 sccm.  After a growth time of 30min the furnace is cooled for 2hr to 

reach close to room temperature.  The decomposition rate of carbon under these growth 

conditions oversaturates the catalyst particles, which enables the formation of nanotubes 

with diameters smaller than the catalyst particle by stabilizing smaller nucleation sites.  

This mechanism is depicted in Figure 2.15, as proposed by Qian et al.
[56]

  

 

Figure 2.15) A schematic illustrating the base growth carbon decomposition process that 

enables the formation of FWNTs emanating from the catalyst particles: (a) melted metal 

nanoparticles embedded in a catalyst powder and are exposed to the carbon source; (b) 

carbon decomposes into metal nanoparticles from the pyrolysis of the hot methane gas 

during the CVD growth until the solubility limit of the metal nanoparticles is reached and 

carbon precipitates out into a graphitic cap on the catalyst particle; (c) carbon continues 

to precipitate out of nanoparticle to form nanotubes with diameters smaller than catalyst 

particle size, which are stabilized by the rapid decomposition of carbon into the catalyst 

and rapid diffusion through the nanoparticle.  This mechanism explains the formation of 

FWNTs as opposed to larger diameter MWNTs. 
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2.5 Results and Discussion 

2.5.1 CVD growth yield of FWNTs 

The CVD growth yield produced from the method outline in the previous section 

is pictured in Figure 2.16. 

 

Figure 2.16) Pristine growth yield of the CVD process outlined in Section 2.4, which is 

visible by the transformation of the brown catalyst into a black powder composed of 

carbon nanotubes and amorphous carbon after the growth. 

 

 

As compared to the image of the catalyst powder in Figure 2.12 and Figure 2.13, the 

resulting growth yield from the CVD process is clearly visible by the catalyst turning a 

solid black color.  It should be noted that the brown catalyst particles are preserved in the 

growth yield; however, the CVD results in each particle to be encompassed by carbon 

nanostructures propagating out of the catalyst powder, resulting in the overall black color.  

Multiple TEM images of the growth yield at various magnifications are depicted in 

Figure 2.17.   
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Figure 2.17) TEM images at various magnifications of pristine yield of CVD growth.  

The morphology, dispersion of wall numbers, and nanostructure of the resulting 

nanotubes is clearly depicted, as well as a presence of amorphous carbon that collects on 

the tube surface. 

 

 

Figure 2.17(a) illustrates carbon nanotubes with a high aspect ratio propagating from a 

cluster of catalyst particles.  Figure 2.17(b) demonstrates that although these nanotubes 

may coagulate into bundles of several nanotubes, evidence of individually separated 

nanotubes is clearly observable.  These nanotubes clearly possess a high aspect ratio with 

few morphological characteristics such as kinks or sharp bends that indicate structural 

defects.  Attached to the surface of the nanotubes are particles of amorphous carbon 

impurities that are also produced during the CVD growth.  Figure 2.17(c-e) depict TEM 

images that clearly demonstrate the carbon nanotubes possess wall numbers between 2-5 

with diameters between 4-8 nm.  These FWNTs possess very few structural defects in the 

e) 
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form of kinks or vacancies in the graphitic structure, according to the TEM images in 

Figure 2.17.  It may be concluded from these images, therefore, that the CVD growth 

process outlined in Section 2.4 is successful in fabricating FWNTs.  

In order to eradicate the carbonaceous impurities in the CVD growth yield, an 

oxidation of the yield in the tube furnace may be conducted.  Thermogravimetric analysis 

measures the mass loss versus time and temperature of a sample in an oxidizing 

environment like air, which may be used to visualize distinct structural phases such as 

amorphous carbon that are present in the final CVD growth yield.  Figure 2.18 illustrates 

the mass loss spectrum after oxidizing the CVD growth yield depicted in Figure 2.16. 

 

Figure 2.18) A thermogravimetric analysis spectrum of the pristine yield of the CVD 

growth, which was conducted in air by a Shimadzu TGA at a ramping rate of 2 ЈC per 

minute.  The mass loss of the sample up to approximately 150 ЈC is due to the 

evaporation of water from the powder sample and due to the stabilization of the balance. 
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The mass loss spectrum in Figure 2.18 depicts specific carbon phases that oxidize at 

various temperature ranges.  Up to approximately 150 ЈC we see an erratic mass loss 

regression, which is most likely due to the evaporation of water from the sample as well 

as a slight disruption in the linear temperature ramping.  The distinct phase between 200-

375 ЈC is due to amorphous carbon since it less thermally stably than graphitic carbon.  

The major mass loss regression from 400-700 ЈC is due to the oxidation of carbon 

nanotubes.  The remaining weight percent of the yield is due to the remaining catalyst 

that does not burn off during the temperature ramping.  The composition of the CVD 

growth yield measured in Figure 2.18 is thus approximately 4 wt% water, 5 wt% 

amorphous carbon, 56 wt% graphitic carbon, and 35 wt% catalyst.  According to this 

analysis the approximate weight percent of amorphous carbon with respect to the total 

carbon content in the growth yield is 8.2 wt%.    The oxidation purification step of the 

growth yield was therefore conducted at 575 ЈC is conducted for 1hr in the tube furnace 

in order remove not only the amorphous carbon but any defective nanotubes or nanotube 

fragments that may be present in the growth yield. 

2.5.2 IPA-based FWNT ink fabrication 

After the as-grown FWNTs are thermally oxidized, a nitric acid (HNO3) reflux is 

conducted to dissolve the catalyst from the FWNT yield and to functionalize the outer 

walls of the FWNTs with carboxyl groups so that they may disperse in solution.
[33,35,37,52]

  

A schematic of the dispersion mechanism is illustrated in Figure 2.19.   
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Figure 2.19) A schematic illustrating how bundled nanotubes may be dispersed by 

attaching carboxyl groups to their surface in order to counteract the intrinsic van der 

Waals forces. 

 

 

In an aqueous solution, the carboxyl groups dissociate into COO- on the sidewalls and 

H+ in solution, which would promote the formation of a double layer by aligning water 

molecule dipoles with the charged surface groups.  Such double layers are a common 

path toward highly stable inks in aqueous solutions.
[59]

  Water-based nanotube ink 

solutions, however, leave ñcoffee ringsò and non-uniform coating layers when sprayed on 

substrates.
[42,60]

  A scalable nanotube ink must be composed of a solvent that ensures a 

uniform spray-coating, yet also prevents nanotube agglomerations without the benefit of 

strong aqueous dipoles.  Isopropanol is a volatile solvent with a lower toxicity than 

methanol or other organic solvents, and thus may operate as a high performance solvent 

for spray coating applications.  Nevertheless, IPA retains a small molecular polarity, and 

the dispersion of nanotubes in IPA will depend on the quantity of attached surface charge 

groups and their effectiveness to align IPAôs weaker molecular dipoles.  As depicted in 

the TEM images in Figure 2.17, the FWNTs grown from the CVD method are bundled 

together, but the functional groups added during the HNO3 reflux cause them to repel 
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each other and disperse homogenously in solution.  The acid reflux setup is shown in 

Figure 2.20. 

 

Figure 2.20) An image of the HNO3 bath solution that hosts the acid reflux conducted to 

functionalize the surface of the carbon nanotubes. 

 

 

Raman spectroscopy is a common method to characterize the FWNT growth 

quality and their purification, as well as to confirm the surface functionalization.
[17,61]

   A 

Raman spectra comparison of the as-grown tubes and the purified tubes was conducted 

with an H-J-Y Microscope using a 633 nm laser, and is presented in Figure 2.20.      
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Figure 2.21) Raman spectra of carbon nanotube samples immediately after the CVD 

growth, after purification of the growth yield by thermal oxidation, and after the purified 

nanotube yield is refluxed in HNO3.  

 

 

As we see in Figure 2.21, the as-grown FWNT samples display a low intensity ratio 

(ID/IG = 0.071) between the disordered carbon band (D-band) at ~1317 cm
-1

 and the 

graphitic carbon band (G-band) at ~ 1575 cm
-1

.  This further confirms the CVD process 

yields high purity CNTs with few structural defects or impurities, as indicated by the 

TEM images.   Upon thermally oxidizing the as-grown FWNT samples at 625 °C, a 
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decrease in the intensity of the D-band is observed while the G-band remains strong 

(ID/IG = 0.025), which together confirm the selective elimination of the amorphous 

carbon originating from the CVD growth.  The D-band intensity increases again once the 

oxidized FWNTs are refluxed in HNO3.  The reemergence of the D-band is caused by the 

introduction of defects to the outer walls when C=C covalent bonds break and allow 

carboxyl groups (COOH) to form during surface functionalization with HNO3.  The ID/IG 

ratio remains lower than the as-grown yield after the acid reflux (ID/IG = 0.061).  This 

implies that the graphitic structure of the FWNTs is not compromised by the surface 

functionalization because the inner-tubes remain structurally intact.  Each Raman 

spectrum in Figure 2.21 is normalized relative to its G-band intensity.  There are also 

slight shifts in the radial breathing modes (RBMs, 100-300 cm
-1

), first after thermally 

oxidizing the as-grown tubes, and then again after refluxing the purified tubes in acid, but 

determining a conclusive explanation for these shifts is beyond the scope of this study 

due to the complicated nature of RBMs in multi-walled tubes.
[28,30]

 

Further examination of the surface functionalization is conducted through Fourier 

transform infrared spectroscopy, which elucidates the covalent bonds present in the 

FWNT sample.  Figure 2.22 presents the FTIR absorption spectrum of the HNO3 refluxed 

FWNTs taken with an Attenuated Total Reflection (ATR) measurement by a Thermo 

Nicolet FT-Raman Spectrometer. 
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Figure 2.22) A FTIR spectrum of the HNO3 refluxed nanotubes with the characteristic 

peaks of successful surface functionalization of carboxyl groups to the outer walls 

labeled. 

 

 

An Attenuated Total Reflection of the Fourier Transform Infrared Spectrum (ATR-FTIR) 

is a technique that utilizes an evanescent wave formed by the total internal reflection by a 

crystal with a high refractive index such as germanium (Ge) that hosts a powdered 

sample.  This specific technique is helpful for measuring the absorption spectrum of 

highly absorbing samples due to the small penetration depth of the incident beam into the 

sample.  It is clear from Figure 2.22 that the refluxed FWNTs contain peaks characteristic 

of carboxyl (C=O) bonds and hydroxyl bonds (O-H), characteristic of the HNO3 surface 

functionalization illustrated in the schematic in Figure 2.19.  The presence of vibrational 

phonon modes that correspond with graphitic sp
2
 carbon bonds (C=C) is similarly 

present.
[37,38]

  A peak is also present around  ~ 2100 cm
-1

 due to the ambient environment 

containing water and CO2.
[39,40]

   The presence of these characteristic peaks in the FTIR 

spectrum verifies the successful functionalization of the surface of the FWNTs during the 

HNO3 reflux. 
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2.5.3 Comparing ink dispersion properties to spray-coated film properties 

Each refluxed FWNT bath solution was filtered with over 500 mL of deionized 

(DI) water, and then the FWNTs were dispersed in IPA at high concentrations (~0.6 

mg/mL) via bath sonication and short periods of probe sonication.  The resulting inks 

were spray-coated with an airbrush (A470M airbrush at 200 kPA of argon) onto 100 mm
2
 

area on a cleaned glass substrate heated to 120 ЈC.  Each film thickness is set below 1‘m 

based on the ink concentration and volume of ink sprayed on the fixed area.  Examples of 

as-grown FWNT dispersions in IPA and FWNTs functionalized with carboxyl groups 

through a HNO3 reflux and then dispersed in IPA are illustrated in Figure 2.23 and Figure 

2.24, respectively. 

 

a) b) 
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Figure 2.23) (a) An as-grown FWNT suspension in IPA at 0.6 mg/mL, (b) an example of 

a spray-coated FWNT film from an as-grown FWNT suspension in IPA, and (c) a spray-

coated as-grown FWNT film surface. 

 

We see in Figure 2.23(a) that as-grown tubes aggregate and settle to the bottom of the 

solution at a concentration of 0.6 mg/mL, resulting in a poor dispersion of the FWNTs.  

Spray-coating 20-30 mL of the FWNT ink subsequently forms films that are not uniform, 

as pictured in Figure 2.23(b).  The inhomogeneous film coating results in a porous 

network of aggregated nanotubes, which limits the percolation across the film.  These 

aggregates are further visualized at the microscopic level with a scanning electron 

microscope (SEM) in Figure 2.23(c).  All spray-coated films are imaged with a Hitachi 

SU-70 SEM.  Nanotubes grouped into bundles reaching hundreds of nanometers in 

diameter are clearly observable in the SEM images of the non-uniform spray-coated films 

c) 
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formed from inks composed of as-grown FWNTs, which limits the conductivity based on 

the high contact resistance of these bundled 

 

 

 

Figure 2.24) (a) A functionalized FWNT suspension in IPA at 0.6 mg/mL, (b) an 

example of a spray-coated FWNT film from a functionalized FWNT suspension in IPA, 

and (c) a spray-coated functionalized FWNT film surface. 

 

a) b) 

c) 
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Figure 2.24(a) demonstrates that once the FWNTs are refluxed in 10M HNO3 for 2hr and 

then dispersed in IPA, they remain suspended in solution at the same concentration as 

Figure 2.23(a).  This is significant since a colloidal dispersion is achieved at a high 

concentration, despite the IPA solvent possessing a weak polarity.    Achieving a stable 

dispersion in a volatile solvent with low toxicity enables highly uniform films, shown in 

Figure 2.24(b), after spray coating the same volume of FWNT ink as shown in Figure 

2.23(b).  Figure 2.24(c) illustrates an SEM image of a spray-coated film formed from the 

ink composed of the functionalized FWNT in IPA that displays a uniform network of 

exfoliated nanotubes.  From a comparison of the images of films formed from the two 

solutions at equal FWNT mass concentrations in IPA, it is thus apparent that 

functionalized tubes form inks with higher colloidal stability and consequentially more 

uniform spray coating with fewer resistive bundles. 

In order to quantify the dispersive quality of the FWNT inks in solution, the zeta-

potential was measured with a dynamic light scattering setup in a Malvern Zetasizer, as 

illustrated in Figure 2.25.   
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Figure 2.25) A schematic of the dynamic light scattering setup within a Malvern 

Zetasizer.  An incident laser pulsed by a mirror oscillating at 320 Hz is scattered by the 

nanotubes in the dilute solution hosted within the capillary chamber of the sample 

cuvette.  The scattered beam is combined with the pulsed reference beam redirected by 

the oscillating mirror at an interferometer, which determines the shift in frequency 

between the scattered and reference beam.  The motion of nanotubes is controlled by 

their response to an electric field applied by the cuvette electrodes, which rapidly 

fluctuates to generate numerous mobility measurements that are automatically averaged 

by the Malvern Zetasizer software. 

 

Few-walled nanotubes that are refluxed in HNO3 possess carboxyl groups on the surface 

of their outer walls, which deprotonate in an aqueous solution to form an electrostatic 

surface potential on the functionalized FWNTs.  In the presence of an external electric 

field, electrostatic repulsion to the negative electrode and simultaneous attraction to the 

positive electrode induces a force that causes the nanotubes to flow in solution.  The 

electrophoretic velocity of the individual nanotubes in the applied electric field is thus 

directly related to the strength of their electrostatic field, which consequently offers a 

useful mechanism to examine the strength of the repulsive forces between the FWNTs in 
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solution after surface functionalization.  The dynamic light scattering experiment 

diagrammed in Figure 2.25 measures the electrophoretic velocity of the nanotubes 

flowing to the positive terminal. The positive terminal quickly alternates between the two 

cuvette electrodes to prevent the nanotubes from agglomerating at one area during the 

measurement.  An incident beam pulsed at a fixed frequency of 320 Hz by an oscillating 

mirror is scattered by the moving nanotubes, which shifts the frequency of the scattered 

beam from the incident beam.  This frequency shift of the scattered beam from the 

incident beam is extracted from an interference pattern collected from a reference beam 

redirected by the oscillating mirror that combines with the scattered beam at a detector.  

The relation between the shift in frequency (ɝὪ) and the electrophoretic velocity (v) of 

the nanotubes in solution is given by Equation 2.13: 

ɝὪ  (2.13) 

where ‗ φσςȢψ ὲά is the laser wavelength and — is the scattering angle detected.  The 

electrophoretic velocity that is derived from the frequency shift measurement may be 

related to the electrophoretic mobility (‘) of the nanotubes, which describes their 

responsiveness to an applied field: 

‘  (2.14) 

where E is the magnitude of the applied electric field.   

 After the surface functionalized FWNTs ionize in water, they emanate an 

electrostatic field that aligns the dipoles of highly polar solvent molecules like water at a 

distance directly related to the field strength.  The electrophoretic mobility of the 

nanotubes is related to the electrostatic potential at a spatial boundary at a distance where 

the solvent molecules cease to be affected by the potential field of the nanotubes.  The 
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strength of the electrostatic potential at this spatial boundary is representative of the 

dispersive strength between the nanotubes in solution, and is referred to as the zeta-

potential (‒).  The zeta-potential is affected by the surface potential of the nanostructures, 

the polarity of the solvent molecules, and the concentration of the nanostructures in 

solution.  A greater surface potential of the nanostructures and solvent molecules with a 

higher polarity attribute to stronger repulsive forces between the nanostructures in 

solution, and thus greater zeta-potentials; however, higher concentrations of 

nanostructures in solution attribute to smaller spatial separation enabled by the solvent 

molecules, which lowers reflects in lower zeta-potentials. 

 The relation between the zeta-potential and electrophoretic mobility of 

nanostructures in solution has been studied vigorously and theorized for multiple 

systems.
 [52, 62-64]

    The Malvern Zetasizer used in this study derives the zeta-potential 

from the Henry function:
[65, 66]

  

‘ Ὂ‖Ὠ  (2.15) 

where ‭ is the relative permittivity of the solvent, ‭ is the vacuum permittivity, and – is 

the solution viscosity. The correction factor Ὂ‖Ὠ is dependent on the Debye length (‖) 

and radius of the nanostructure (d) where ‖Ὠ is the ratio of the nanostructure radius to the 

Debye length.  The correction factor reduces the Henry function to two approximations: 

‘  ; ‖Ὠḻρ (2.16) 

‘  ; ‖ὨḺρ (2.17). 
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Equation 2.16 represents the Smoluchowski approximation, which is representative of 

electrophoretic mobility in polar solutions.  Equation 2.17 represents the Hunkel 

approximation, which is representative of electrophoretic mobility in non-polar solutions.   

In order to measure the electrophoretic velocity of each individual nanotube, the 

sample solutions are highly dilute aqueous solutions (ύὸϷḺπȢπρϷ).  The low 

concentration of nanotubes in solution helps prevent them from agglomerating during the 

electrophoretic velocity measurement and the high polarity of the water molecules allows 

the alignment of the solvent dipoles in the electrostatic potential field of the nanotubes.  

Samples prepared for zeta-potential measurements were chosen as dilute aqueous 

solutions as opposed to the IPA-based spray-coated ink solutions with a higher 

concentration of nanotubes so that a resolute and reproducible measurement of the zeta-

potential of each individual tube might be capable.  We thus assume that the comparisons 

between the zeta-potentials for sample solutions composed of nanotubes with varying 

surface functionalization properties based on the acid reflux parameters are still quite 

informative about the agglomeration and bundling properties of the IPA-based solutions 

that disperse the same nanotube samples, despite the measurements being taken in dilute 

aqueous solutions.  

Another assumption made to quantify the zeta-potential from the electrophoretic 

mobility is that the Smoluchowski approximation applies to the samples since the 

nanotubes are dispersed in water.  Multiple reports indicate that the Smoluchowski 

approximation is limited to spherical particles with a uniform charge density; however, it 

is also reported that the Smoluchowski approximation may be used when for uniformly 

charged rods with high aspect ratios where edge effects may be ignored.
[67]

 The exact 
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mechanism that describes the electrophoretic mobility of the FWNTs is unclear and 

beyond the scope of this study; therefore we assume near uniform charge distribution 

across the nanotube surface and a structural rigidity during the electrophoretic movement. 

The zeta potentials of various aqueous FWNT ink dispersions with low 

concentrations (ḺρύὸϷ) in solution were measured with a Malvern Zetasizer.  The 

various ink dispersions differed in the acid reflux conditions of the purified FWNTs,   

Varying reflux duration, molar concentrations, and the volume of the bath solution gives 

a range of zeta potentials of FWNTs in solution.  Table 2.1 gives the individual values for 

the ink dispersions and resulting spray-coated film conductivities.   

Sample HNO3 reflux 

molarity  

HNO3 reflux 

time 

Ink zeta-

potential 

Film 

conductivity 

A 6M 2hr -12.77mV 660 S/cm 

B 8M 2hr -13.26mV 781 S/cm 

C 10M 1hr -13.5mV 944 S/cm 

D 10M 2hr -14.6mV 2105 S/cm 

Table 2.1) Acid reflux parameters, the zeta-potential of the refluxed FWNTs in water, 

and the film conductivity of spray-coated FWNT films from various IPA-based inks. 

 

 

To evaluate the surface charge of the nanotubes and the value of zeta-potential 

measurements in water, the zeta-potential of each water-based ink was compared to the 

resulting morphology and electrical conductivity of the spray-coated FWNT film from an 

IPA-based ink.  The highest zeta potential was achieved for a reflux conducted in an 80 

mL 10M HNO3 solution held at 120 ЈC for 2hrs.  The ink dispersion is represented by the 
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average of three zeta-potential measurements taken with the same water-based solution, 

while the values of the spray-coated film conductivity were taken from four point probe 

measurements of the sheet resistance and an average thickness determined by a 

profilometer step measurement from the substrate to 1.5mm across the sample surface 

while compensating for the surface roughness.  The thickness of all the samples outlined 

in Table 2.1 are less than 1 ‘ά. It is observed that, as the zeta-potential increases, the 

film conductivity also increases.  In fact, we see that the conductivity becomes 

dramatically greater with increases in the zeta-potential.   We report film conductivity as 

high as 2100 S/cm, which is the highest reported value for surfactant-free IPA-based 

CNT inks.   

A comparison of the SEM images of the spray-coatings for Sample A and Sample 

D is presented in Figure 2.26. 

 

 

a) 
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Figure 2.26) SEM images of spray-coated FWNT films from (a) sample A and (b) 

sample D, as detailed in Table 2.1. 

 

We may confirm from the SEM images in Figure 2.26 that greater ink stabilities form 

more visibly uniform CNT networks with lower degrees of nanotube bundling. 

Translating film properties solely from the rheological behavior of the ink is difficult due 

to the many procedural variables that impact spray-coated films.
[42]

 However, the clearly 

observable decrease in nanotube bundle size with films formed from FWNT inks that 

possess higher dispersion forces and the consequential dramatic enhancement in film 

conductivity suggest the quantity of repulsive surface groups plays a fundamental if not 

primary role in maximizing the electrical performance of spray-coated carbon nanotube 

films formed from weakly polar inks.   

b) 
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2.6 Conclusion 

 We report a novel surfactant-free ink composed of FWNTs dispersed in IPA to 

form highly conductive spray-coated films.  Minimized tube bundling in the spray-coated 

films through a unique ink engineering process was demonstrated and investigated with 

various measurements to emphasize that manufacturing stable inks through 

functionalizing the outer walls of FWNTs forms highly uniform spray-coated films with 

remarkable conductivity.  Through this investigation, we demonstrate a FWNT film with 

a conductivity of 2100 S/cm, which is the highest for spray-coated films from surfactant-

free IPA based inks.   Such films with high electrical performance from scalable and 

printable fabrication methods have unique applications in lightweight or flexible 

electronics where surfactant removal from an electrode is a primary issue.  
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Chapter 3: Chemical Vapor Deposition Synthesis of Boron Doped 

Few-Walled Carbon Nanotubes 
 

Chemically doping bulk yields of pure carbon nanotubes to control their electrical 

properties is a well-established technique.  Carbon nanotubes in any growth yield display 

a random variety of chiralities; therefore, it is predicted that the ratio of semiconducting 

to metallic nanotubes is 2:1.  Since semiconducting nanotubes possess a band gap at the 

Fermi level in the band structure, the overall conductivity across a random network at 

room temperature is limited by the presence of semiconducting nanotubes.  A common 

method to lower the resistance of semiconducting sp
2
 carbon structures is to shift the 

Fermi level into the valence band by adding p-type charge carriers.  Although this 

technique is demonstrated on SWNTs and MWNTs with large outer diameters (> 20nm), 

no reports on chemical doping as a means to lower the bulk resistivity of FWNTs exist.  

The following chapter introduces a novel CVD process to safely grow boron-doped 

FWNTs (B-FWNTs), and explores the fundamental properties of these new 

nanomaterials.      

3.1 Boron-Doped Carbon Nanotubes 

The stability of any alterations to the band structure of carbon nanotubes depends 

on the doping mechanism.  Impurities that are absorbed onto the surface of the nanotubes 

may only temporarily alter the band structure because they may detach at high 

temperatures.
[73, 74]

  The most stable p-doping procedure is to substitute an impurity into 

the sp
2
 carbon lattice, which is only achievable with boron due to its similar size as the 

carbon atom.  Impurity atoms any smaller than boron or larger than nitrogen induce too 
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much strain between the neighboring covalent carbon bonds to be successfully integrated 

into the lattice.  Substitutional boron-doping of carbon nanotubes may be achieved 

through different processes with varying effects on the nanotube properties. 

3.1.1 Substitutional doping mechanism 

The procedures to substitute boron atoms into the carbon nanotube lattice may be 

separated into two categories: 1) in-growth doping methods and 2) post-synthetic doping 

methods.  In-growth methods include a concentration of boron in the carbon source 

during the synthesis of nanotubes; these methods include arc-discharge, pulsed-laser 

ablation, and chemical vapor deposition.  Post-synthetic processes substitute boron into 

the carbon lattice after the carbon nanotubes are grown.  In-growth doping methods 

typically effect all the nanotubes in the bulk yield, whereas post-synthetic procedures are 

limited to tubes with open vacancies.
[75]

  In order to influence a greater yield of carbon 

nanotubes, post-synthetic processes are typically conducted at high temperatures in a 

diborane (B2O3) environment.  This disintegrates carbon from the nanotube lattice by 

forming carbon monoxide, which allows boron to be substituted into the vacant site.
[76]

  

In-growth substitutional doping methods are therefore more advantageous because they 

do not require any post-growth disintegration of the carbon lattice and form doped 

nanotubes with a safer single synthesis process. 

3.1.2 Projected change in electrical properties 

The arrangement and concentration of boron atoms in the carbon lattice during in-

growth doping procedures has been studied extensively for SWNTs and MWNTs in order 

to elucidate the varying effects on the band structure.  Theoretical models of the band 
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structure of zig-zag SWNTs demonstrate the expected behavior of greater concentrations 

of boron in the carbon lattice of graphene promote greater shifts of the Fermi level into 

the valence band.
[77-80]

 Although boron concentrations in the carbon lattice may reach as 

high as 15-25 atm% in post-synthetic subsitutional doping methods,
[81]

 McGuire et. al 

demonstrates that boron concentrations above 3 atm% impede the formation of SWNTs 

nanotubes during the growth process.
[82, 83]

   

The behavior of in-growth boron doping in MWNTs is significantly different than 

in SWNTs.
[9, 12, 13]

  Carroll et al. demonstrates that in-growth boron doping procedures of 

MWNTs arrange themselves into islands of BC3 nanodomains with varying sizes.   

Figure 3.1 illustrates the theorized localized density of states (LDOS) of the BC3 island 

superimposed by the LDOS of the metallic (6,6) nanotube the island is embedded in.  

 

Figure 3.1) The theoretical LDOS associated with a BC3 island (encircled region) plotted 

with the LDOS associated with a pure carbon island of the same radius, located far away 

from the B atoms as depicted in the unfolded tube model to the right (to reform the tube 

A has to be joined with Aô and B with Bô, respectively).
[85] 
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The formation of BC3 nanodomains in the carbon lattice instigates the alignment of the 

carbon nanotube and the BC3 Fermi levels, which gives rise to the strong acceptor peak 

attributed to the BC3 just below the Fermi level of the nanotube.  A small increase in the 

density of p-type impurity atoms thus dramatically improves the conductivity of the 

nanotubes at room temperature due to this assembly into BC3 domains.
[84]

  Wei et al. 

demonstrates an intrinsic resistivity of boron-doped MWNTs an order of magnitude 

lower than undoped tubes.
[86]

  Although these BC3 domains are also reported to form in 

highly doped (>15 atm%) SWNTs with post-synthetic methods,
[81]

 in-growth doping 

methods do not permit these high concentrations.  Since the contribution of BC3 domains 

to the overall band structure of the nanotubes differs greatly from individual atomic 

substitutions of boron across the carbon lattice, understanding the exact mechanism that 

describes how the boron atoms are integrated into the CNT is important to comprehend 

any change in their electrical properties.  

3.2. Synthesis of Boron-doped FWNTs 

 

In Chapter 2 we discussed a CVD method to synthesize high yields of FWNTs 

with a low defect density from a Co:Mo catalyst embedded in a MgO support.  The 

structural properties are primarily attributed to the composition of the catalyst; therefore, 

in-growth substitutional doping of boron into the lattice of FWNTs was facilitated with a 

similar carbon source decomposing onto the same powder catalyst. Ishii et al. 

demonstrate a CVD process to grow boron-doped FWNTs (B-FWNTs) with a solution of 

boric acid dissolved in methanol pumped into the furnace as the source solution.
[87]

  

Although the carbon source utilized to grow FWNTs previously in Chapter 2 was 

methane, alcohol solutions have been demonstrated as successful sources for FWNT 
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growth.
[88]

  Reports also indicate that the growth yield of CNTs from pure methanol 

solutions is low compared to mixtures with ethanol.
[58]

  This is due to a greater atomic 

decomposition of carbon from ethanol as opposed to methanol; however, the amount of 

carbonaceous impurities is tapered with higher concentrations of methanol in the source 

solution.  The optimal solution based carbon source to grow B-FWNTs thus stems from a 

mixture of ethanol and methanol hosting a low concentration of boric acid.  Figure 3.2 

depicts a schematic of the experimental setup for the in-growth substitutionally doped B-

FWNTs synthesized in this study. 

 

Figure 3.2) A schematic of experimental setup for the in-growth substitutionally doped 

B-FWNT synthesis via a solution-injected CVD method.  The carbon feedstock is 

provided by a syringe pump injecting an alcohol mixture containing dissolved boric acid 

at a slow rate with a carrier gas into the tube furnace.  The growth is conducted in the 

tube furnace with the exhaust passed through a water bubbler. 

 

As seen in Figure 3.2, a syringe pump carrying the source solution inserts a needle into 

the tube furnace suspended over the powdered catalyst.  A carrier gas composed of Ar/H2 

is used to ramp the temperature and set the flow rate of the vaporized source during the 

growth.  An exhaust bubbler is attached as a precaution to dilute any acid vapor that may 

condense away from the furnace.   
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3.3 Results and Discussion 

3.3.1 Structure, morphology, and composition of B-FWNTs 

The Co:Mo:MgO catalyst for the CVD growth is synthesized through a 

combustion method with a ratio of 1:0.5:100, which is outlined in Chapter 2.  The source 

solution for the CVD growth of the B-FWNTs is prepared by dissolving boric acid in a 

1:1 methanol + ethanol mixture so as to contain 2 atm% boron.  After the furnace is 

ramped to 850 ЈC the source solution is injected into the furnace via the syringe pump at 

20 mL//hr for 33 minutes with Ar flowing at 1600 sccm as the carrier gas.  Figure 3.3 

depicts a CVD growth yield of the B-FWNTs under these conditions. 

 

 

Figure 3.3) Growth yield of B-FWNTs in quartz sample holder. The black powder is the 

carbon nanotubes, while the grey powder covering it is a secondary phase. 

 

 

The CVD growth yield demonstrates significant nanotube formation with large 

lengths extending several microns with varying degrees of bundling and curvatures.  The 
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morphology and dimensions of the as-grown nanotubes are depicted in Figure 3.4.  

Figure 3.5 illustrates the same nanotubes following a thermal purification step for 1 hr at 

500 ЈC.   

 

 

Figure 3.4) TEM images of BFWNTs produced via a CVD conducted at a 850 °C 

growth temperature with a 2.0 atm% boron source solution containing an 

ethanol/methanol mixture as a solvent with a 1:1 weight ratio. 

 




























































































































































































































































