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Random networks of orgimensional conductive nanomaterials are unique
structures that exhibit nominal properties useful in flexible-tihim electronics;
however, a greater understanding of these properties is necessaapte 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 Chapteodtline the
motivation and structure of the dissertation. In Chapter 2, we explore the properties of
carbon nanotube sprayatings, and their application as conductive electrodes for
various devices. In this chapter, an ink composed of originalymnanotubes with a
tailored wall number is demonstrated to enable spoagings with conductivities
reaching 2100 S/cm, which is the highest conductivity for spoayed carbon nanotube

random networks from surfactaimee inks. In Chapter 3, we inttace a synthesis



technique to form a new nanostructure of bedoped 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 bolaped manotubes 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 fdrlthisolar 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 inftlnmsolar cell devices.

In Chapter 5, we expound upon our evidence that transmission haze is a beneficial
property for transparent conducting electrodes inHtilim solar cells by introducing a

novel Ag NW paper hybrid network that form a transparentiooting 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 eleetfodthinfilm solar cells. In

Chapter 6, we consider the impact of this dissertation on the curreffitithiechnology.

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

this chapter.
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Li st of Tabl es

Table 2.1:Acid reflux parameters, the zepatential of the refluxed FWNTSs in water, and
the film conductivity of spragoated FWNT films from various IPAased inks.

Table 3.1The atomic ratio of boron to carbon of the BFWNTSs as derived from the EELS
measurement in Figure 3.6.

Table 3.2: The atomic ratio of boron to carbon of the BFWNTSs as derived from the EELS
measurement in Figure 3.7.

Table 3.3: Characteristic features of Ramspectra for BFWNT samples synthesized

under various source solutions and CVD growth temperatures, such as the wavenumber
of the Dband, the wavenumber ofthelGand, t he wav éand, andéte of
ratio of the Dband peak intensity to the-&andpeak intensity.

Table 3.4 A comparison of spragoated film properties formed from IP#ased inks
containing BFWNTSs that are synthesized via a CVD conducted at a 850 °C growth
temperature with a 2.0 atm% boron source solution containing an ethanohliatetha
mixture as a solvent with a 1:1 weight ratio. Each of the BFWNT growths were purified
at 500 °C and washed in 100 mL of boiling methanol for 1 hour. Growth BFWNT(2)
was dispersed in IPA after being refluxed in a 10 M HNO3 solution for 2 hours while
BFWNT(1) was suspended in IPA without being refluxed. The sheet resistance was
measured with a foypoint probe while the thickness was measured with a profilometer.

Table 3.5 A comparison of the characteristic properties of the Raman spectra in Figure
3.20; BFWNT (i) representing the as grown BFWNTSs (Figure 3.20a), BFWNT (i)
representing the BFWNTSs that were purified at 500 °C (Figure 3.20b), and BFWNT (iii)
representing the BFWNTSs that were purified at 625 °C (Figure 3.20c).

Table 3.6 The spraycoatd film properties formed from IRBased inks containing
BFWNTSs that were synthesized 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. THBFWNT growth was purified at 625 °C, washed in
100 mL of boiling methanol for 1 hour, and dispersed in IPA following a reflux in a 10 M
HNO3 solution for 2 hours.

Table 4.1) The tabulated data of the CZTS concentration in solution versus the
absorbancefdhat solution at 500 nm.

Table 5.1 Mechanical properties of transparent paper, regular paper, and PET measured
by the tensile strength test in Figure 5.16.
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Li st of Figures

Figure 1.1:A scanning electron microscope (SEM) image taken Hitachi SJ-70 SEM
of Ag NWs grown with a seethediated growth process, dispersed in a methanol ink
solution, and then vacuum filtered into a random network.

Figure 1.2:An SEM image taken by 2EISS (LEO) 1550VP SEMf CNTs grown with
a chemical vapor depositiomqeess spragoated into a random network with an
airbrush.

Figure 1.3: Examples of flexible thiiim devices that may utilize random networks of
onedimensional nanostructures, such as-flin solar cells, flexible batteries, and
flexible touchscreen

Figure 1.4Examples of solutiofbased deposition techniques that may fabricate random
networks of onalimensional nanomaterials from inks; these examples include spray
coating, inkjet printing, spin coating, Meysod coating, vacuum filtration, andipd

coating. Each of these technigues may quickly assemble conductive random networks
from inks containing dispersed cdenensional conductive nanostructures onto a myriad
of substrate surfaces.

Figure 1.5: Flowchart illustrating chapter titles of thisssertation, and the distribution of
research foci towards different random networks.

Figure 2.1The index {,m) determines the chirality of the CNT and the circumference
Ch. The geometrical outline on the hexagonal lattice that forms a (4,3) CilEpiisted

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 frorflierold,C.,e t  @drbon Nariotube DeviceBroperties,
Modeling, Integration and ApplicatiomsAdvanced Micro & Nanosystems, Vol. 8,
Wiley-VCH, 2008

Figure 2.2:Hexagonal Brillouin zone of graphene with the higgmmetry points, K,
andM, and the reciprocal lattice vectdesandk,. This figure is printed fronReich, S et
al. iCarbon Nanotubes: Basic Properties and Physical Conc#itey-VCH, 2004

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 alémirstates 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 chiralethdh,m) of the
nanotube.

Figure 2.4: Ab initio calculation of electronicbandtructure for metallic and
semiconducting nanotubes with varying chiralities, which demonstrates the close
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symmetry of the density of states (DOS) on either side of the Ferengy. This figure
was printed from A. Rubidjppl. Phys. A, 1999.

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 RBdhdDand &
band are found. Ti& figure is printed from A. M. Rao et al., Science, 1997.

Figure 2.6:Chemical vapor deposition tube furnace setup for growth of carbon nanotubes
described in this chapter. The carbon feedstock gag) (C&trier gas (Ar), and ramping

gas (B) are contolled by digital flow meters that monitor the flow rates into the tube
furnace. The furnace hosts a quartz tube withre2 diameter with three heating zones.
The exhaust from the tube furnace is channeled to a glove box ventilator in the
laboratory.

Figure 2.7:Sheet resistance as a function of the aspect rati®) @nd area fraction of

rods in nanowire films with a constant diameteiDof 50 nm with an average contact
resistance oR; = 2 km The top schematic illustrates two percolation netwarks
monodisperse rods with nanowire area fractions at or above the area fraction critical limit
for percolation AF). This figure was printed from Mutiso et al., ACS Nano, 2013.

Figure 2.8:Schematic of a six fiber structure with relatively small aspstad 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 represemtgach structure is found

below the fiber configuration.

Figure 2.9:A schematic diagramming the surface functional groups attached to the
nanotube surface during a nitric acid (HN@eflux, including carboxyl groups (
COOH), carbonyl groups (C=0), ahgdroxyl groups-OH).

Figure 2.10Attenuated total reflectance FTIR absorption spectra of pristine-mailied
nanotubes, purified muitvalled nanotubes after thermal oxidation, and acid treated
multi-walled nanotubes. The characteristic peaks ofjemgited graphene groups by the
acid reflux are labeled along with the corresponding wavenumber. This image is printed
from. R. Yudianti et al., Carbon, 2011.

Figure 2.11A schematic illustrating a spray coating mechanism of a carbon nanotube ink
onto aheated glass substrate with @rbrush.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
anddistance 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.

Figure 2.12An image of the pink catalyst solution and the resulting browvdpo
catalyst after a combustion synthesis method.
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Figure 2.13TEM images of powder catalyst particles at various magnifications.

Figure 2.14An image of the powder catalyst inserted into the quartz boat that is inserted
into the tube furnace for théemical vapor deposition growth of carbon nanotubes

Figure 2.15A schematic illustrating the base growth carbon decomposition process that
enables the formation of FWNTs emanating from the catalyst particles: (a) melted metal
nanoparticles embedded ircatalyst powder and are exposed to the carbon source; (b)
carbon decomposes into metal nanopatrticles 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 ointo 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 apid diffusion through the nanoparticle. This mechanism explains the formation of
FWNTSs as opposed to larger diameter MWNTSs.

Figure 2.16: Pristine growth yield of the CVD process outlined in Section 2.4, which is
visible by the transformation of the browatalyst into a black powder composed of
carbon nanotubes and amorphous carbon after the growth.

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

The morphology, dispersion of wall numbers, and nanostructure ofsihiémg

nanotubes is clearly depicted, as well as a presence of amorphous carbon that collects on
the tube surface.

Figure 2.18:A thermogravimetric analysis spectrum of the pristine yield of the CVD
growth, which was conducted in air by a Shimadzu TGA eamping rate of 2C per
minute. The mass loss of the sample up to approximately JL5@& due to the
evaporation of water from the powder sample and due to the stabilization of the balance.

Figure 2.19A schematic illustrating how bundled nanotub&sy be dispersed by
attaching carboxyl groups to their surface in order to counteract the intrinsic van der
Waals forces.

Figure 2.20An image of the HN@bath solution that hosts the acid reflux conducted to
functionalize the surface of the carbon nabets.

Figure 2.21Raman 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 HNO

Figure 2.22A FTIR spectrum of the HNgxefluxed nanotubes with the characteristic
peaks of successful surface functionalization of carboxyl groups to the outer walls
labeled.



Figure 2.23(a) An asgrown FWNT suspension in IPA at 0.6 mg/mh) &n example of
a spraycoated FWNT film from ansagrown FWNT suspension in IPA, and) & spray
coated aggrown FWNT film surface.

Figure 2.241(a) A functionalized FWNT suspension in IPA at 0.6 mg/nii),gn example
of a spraycoated FWNT film from a functionalized FWNT suspension in IPA, ahd (
spray-coated functionalized FWNT film surface

Figure 2.25A 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 hostedithin 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 beanT.he 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.

Figure2.26:SEM images of spragoated FWNT films from (a) sample A and (b) sample
D, as detailed in Table 2.1.

Figure 3.1The theoretical LDOS associated with asB&and (encircled region) plotted
with the LDOS associated with a pure carbon island of time sadius, located far away
from the B atoms as depicted in the unfolded tube model to the right (to refotmb¢he
A has to be joinedspeciively) A6 and B with BO

Figure 3.2:A schematic of experimental setup for thegnowth substitutionallgloped B
FWNT synthesis via a solutienjected CVD method

Figure 3.3:Growth yield of BFWNTSs in quartz sample holder.

Figure 3.4FTIR of secondary phase from growth yield after a) initial growth and b)
oxidation at 50QC.

Figure 3.5TEM images of BFWNTSs at various magnifications.

Figure 3.6:An EELS spectrum measured at the point indicated at the point on the
nanotube in the STEM inset image. The background and EELSs&ossn are
demarked by the red and green spectra, respectively.

Figure 3.7 An EELS spectrum measured at the point indicated at the point on the
nanotube near the catalyst in the STEM inset image. The background and EELS cross
section are demarked by the red and green spectra, respectively.

Figure 3.8: (gb) Electronenergy I@s spectra measured along thE\WNT at various
locations on the line depicted in the STEM image. (c) The resulting concentration of



boron at the locations along the EELS line scan of the nanotube in the STEM
measurement is given by the bar graph, widhxaxis representing the location of the
EELS scan.

Figure 3.9TEM images depicting the solutionjected CVD growth yield of BFWNTSs
with a lower growth temperature of 730 at various magnifications

Figure 3.10: TEM images depicting the solutiafected CVD growth yield of BFWNTSs
with a higher methanol content in the source solution of 3:1 methanol to ethanol at
various magnifications.

Figure 3.11(a) Raman spectrum osgrown BFWNTSs grown at 850)C with 1:1
methanol/ethano(p) Raman spectrumf as-grown BFWNTS, grown at 75QIC with a
1:1 methanol/ethanslource solution, and (c) Raman spectrumsegrawn BFWNTSs
grown at 85QJC with 3:1 methanol/ethanoi the source solution.

Figure 3.12(a) TGA of B-FWNT grownat850JC with a1:1 methaol to ethanokource
solution, Growth 1 and (b) a TGA BFFWNT grownat850JC with a3:1 methanol to
ethanolsource solution, Growth 3.

Figure 3.13TEM with various magnifications of the morphology of wawFB/NTS,
which clearly demonstrates fluctuatss in the inner and outer diameters of the nanotubes.

Figure 3.14SEM images at various magnifications of spcayated BFWNT films

following a reflux of the nanotubes in 10 M HNO3 for about 2 hours. Image were taken
at high contrast in order to illumate the BFWNTSs along with the presence of a
seemingly amorphous secondary phase.

Figure 3.15ATR-FTIR spectrum of Growth 1 BFWNTs with the wavenumber of
prevalent peaks labeled.

Figure3.16F TI R spectrum generated frofromn ATR m
Growth 1 of the CVD synthesis of BFWNTSs as depicted in Figure 3.3.

Figure3.17FTI R spectrum generated from an ATR m
Growth 1 of the CVD synthesis of BFWNTSs after an oxidation at 500 °C for 1 hour.

Figure 3.18 SEM imagps of spraycoated surface of methanebshed BFWNTSs refluxed
in 10 M HNO3 for 2 hours and dispersed in IPA at an approximate concentration of 0.6
mg/mL

Figure 3.19FTIR spectrum generated from an ATR measurement of Growth 1 of the
CVD synthesis of BFWNIs after an oxidation at 500 °C for 1 hour.

Figure 3.20Raman spectra of BFWNTSs that were synthesized via a CVD conducted at a
850 °C growth temperature with a 2.0 atm% boron source solution containing an

Xi



ethanol/methanol mixture as a solvent with avtelght ratio (a) as grown, and that were
purified at (b) 500 °C and (c) 625 °C.

Figure 3.21 TEM images of BFWNTSs synthesized via a CVD conducted at a 850 °C
growth temperature with a 2.0 atm% boron source solution containing an
ethanol/methanol mixturesa solvent with a 1:1 weight ratio.

Figure 4.1: Plots of the transmittance and coverage density with respect to sheet
resistancdor networks of(a) long Ag NWs (19 m) purchased from Blue nano aftx)

short Ag NWs (11 m) purchased from Nanogap comgrto ITO and fluorine doped tin
oxide (FTO) Nontlinear curve fits of the experimental data for the transmittance and
coverage density are also plotted for each of the short and long nanowire samples. This
figure is printed from Sepulveeadora, et al.J. of Nanomaterials, 2012.

Figure 4.2(a) A TEM image of silver seeds for nanowire growth (inset demonstrating
the crystal plandsThis image was printed from Sun et al., Nanoscale, 2816) A
schematic of a silver nanowiseed mediatedgrowth reation where the silver seed
solution that act as nucleation sites for titrated silver ions)(AGhe simultaneous
formation of silver bromide (AgBr) from the addition of a competing salt (KBr) in the
seed solution tapers the nucleation of silver iontherseed particles in order to monitor
the diameter The presence of ethylene glycol (EG) perpetuates theliomensional
propagation of nanowire growth by bonding to the (100) planes of the nanowire.

Figure 4.3: Images of the (a) seed solution befagditration of AQNQ and (b) the
solution after the titration of AgNfwhere the translucent yellow seed solution has
transformed into a brownisfrey opaque solution.

Figure 4.4:A silver nanowire ink solutiom a centrifuge vial

Figure 4.5:A schem@c illustrating the drytransfer process for fabricating TCEs on a
PDMS stamp that delaminates a uniform filtered random network of Ag NWs off its
AAO filter.

Figure 4.61mages that illustrate (a) a vacuum filtered Ag NW network derived from an
ink susgnsion and (b) an example of a-drgnsferred electrode random network of Ag
NWs on a PDMS substrate.

Figure 4.7 A plot of the photon energy of incident light waves versus the absorption
coefficient of silicon that demonstrates thin films of silicon§<in) ar e i nadequat
absorbers of light at their band gap energy.

Figure 4.8 A schematic that demonstrates path length of light propagating through a TCE

with high optical haze is longer than for low optical haze, which enables greater light
absorption irthe conversion layer beneath the TCE in the solar cell stack.
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Figure 49: Schematic of the 2D simulation setup used to calculate the light scattering
behavior at normal incidence from a single silver nanowire with a radius of R. The center
of the nanowie is the origin of the axes. The green box represents a Total Field Scattered
Field (TFSF) source with a length of 500 nnithie x-direction. The length is chosen
according to the average spacing between Ag NW as calculated from SEM.images

Figure 410: A schematic illustrating the experimental mechanism used to measure the
transmission hazef a substrate with an integrating sphere and a back reflector; (a) the
total diffuse scattering through the substrate is measured by detecting the light that does
nottransmit through the open window ataabgle from the perpendicular axis to the
surface of the substrate, (b) the total transmittance through the substrate is measured by
placing a white reflecting surface at the back window so as to detect all the ligh
transmitted through the substratedfjcand the experimental error of the system is
measured to be subtracted from the data taken.

Figure 411: The SEM images of Ag NW; a) percolation network of the film with small
diameters, b) display of small Ag Néameters with little deviation, the diameters are as
small as ~60 nm, c) percolation network of film with large diameters, d) display of large
Ag NW diameters with little deviation, averaged to be ~15Q nm.

Figure 4.2: Simulation ofthe transmittance faa large (150nm) and small (60nm)

diameter nanowire witfa) TE polarization(b) TM polarization and(c) averaged

transmissiopand thetransmission hazemulation for a large (150nm) and small (60nm)
diameter nanowire witfd) TE polarization (€) TM polarization and(f) averagedaze

factor of Ag NWOos with different diameters

Figure 4.8: Simulation of the normalized scattered field intensity versus scattering angle
from the axis normal to the silveanowire with diffuse scattemyrepresented by acute
angles (890° and 270-360°) and backscattering represented by obtuse angley (9D

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) aregisdale and (d¥ in linear

scale for clarity.

Figure 4.8 (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 filmsrimed from vacuum filtration of Ag NW dispersions with
small diameters (~60 nm)

Figure 4.5: (a) Comparison of experimental transmittance data for a small diameter (~60

nm) Ag NW TCE film with Rs = 45 Y/sqg and a
fimwith Rs = 35 Y/ sq, and b) haze factor comp
and large diameter Ag NW TCE films

Figure 4.16) A schematic of a typical tHitm solar cell stack.
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Figure 4.7: The synthesis setup for a fabrication of CZTS nanorodstypieal

synthesis, copper(ll) acetylacetonate (0.261g, 1mmol), Zinc acetate (0.091g, 0.5mmol),
Tin(lIV) acetate (0.177g, 0.5mmol) and TOPO (1.353g, 3.5mmol) were mixed with 10mL
of 1-octadecene in a threeck rounebottom flask and evacuated at room terapae

for 30-45mins. The solution was then heated to-280°C under an argon atmosphere.

At 150- 160°C, a mixture of 0.25mL-dodecanethiol and 1.75midbdecanethiol was
quickly injected into the flask which resulted in an immediate color change frdm dar
green to wine red and then finally to brown. After injection, the reaction was allowed to
proceed for 180 minutes with continuous stirring. The nanorod growth was terminated
by a removal of the heating mantle and at 809@, ral anhydrous toluene weagelded to

the mixture to quench the reaction.

Figure 4.B: TEM images of CZTS nanorods at different magnifications demonstrating
varying degrees of seiflignment (a, b), and a HRTEM image of a CZTS nanorod
demonstrating the atomic crystalline structure.

Figure 4.B: 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
calcul ated to be U = 0.02, whadbythisiplet. t he ab

Figure 420A pl ot of the (Uhs)”~2 versus hs that
X-axis at approximately 1.43 eV.

Figure 4.2: TEM images of a thiiilm composed of CZTS nanorods coated onto a
molybdenum sputtered soda ligkass substrate, which is then annealed at 500 °C for
10-15 min in a selenium environment.

Figure 4.2: SEM-EDS spectra at different locations on annealed CZT Sfilhirlayers,
with corresponding SEM images with the scan location marked and tablesaibtnic
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 celllixgf 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 addvitbers with diameters
between 1660* m is transformed into a transparent substrate with significant diffuse
scattering. NFC with diameters betweeB®Gnm fill the space within the wood fiber
network to create a denser hybrid network from the two cellulose structures that reduces
the surfae 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 TEMPGoxidized wood fibers under an optical microscope. Inset is a 0.25
wt% TEMPGQGoxidized wood fiber suspension. SEM images of unzipped TEMPO
oxidized wood fibers (c) and (dgnofibers on the cell wall of TEMRXidized wood

fiber.

Figure 5.6:An image of transparent paper produced from TEMR@ized wood fibers
with a diameter o020 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 1.100

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

Figure 5.9The total diffuse scattering of the transparent paper, nanopaper, and PET
substrates measured in Figure 5.9.

Figure 5.10A schematic illustrabg how the angular distribution of the diffusely
scattered light is measured, with a rotating detector measuring the intensity of light every
two degrees from wm — w 1Ttd the perpendicular axis of the substrate surface.

Figure 5.11A polar plot demortsating 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 theansmission hazeffect 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 5.13A plot demonstrating the total diffuse light scattering through a transparent
paper substrate with varying thicknesses.

Figure 5.8: A plot demonstrating the total transmittance of light through transparent
paper substrates with thicknesses correlating with Figure 5.14.

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

Figure 5.16: A scbmatic demonstrating the change in the number of interfacial bonds
between a curved wood fiber and a TEMBXdized flattened cellulose fiber.
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Figure 5.17Schematic of Ag NW network embedded in a nanopaper surface on the

transparentpaper. B)anof i ®red cel |l ul ose wdg efaitletder ed
paper to form a smooth surface, (b) with a
network is embedded in the smooth NFC surf

Ag NW network embedfaedeoonfottrhnsparent pap

Figure 5.18The transmittance curve for the paper substrate before a Ag NW network is
embedded into the surface

Figure 5.190pt i c al i mage of Ag NW transparent pa
Figur AnSEN hhagfe AgwiNthi a meft eY00 nm

Figur dop.wilew of Ag NW transparent paper de
netkvor

Fi gur AndEMN thagtehcer essesct i on of Ag NW transpare
Figurdob%ak3transmittance ver.sus wavelength

Figur&i 9ofP4merit versus total transmittanc
and ourt rAgn sNp&ap eern t

Fi g ur &helabubated results for the tape test measurement on the Ag NW paper
TCE sample.The initial sheet resistance of the sample wassorea at 13nfsq, which
increased to 2Bjfsq after manually pressing scotch tape down on the sample and pealing
it off a total of ten times.

Fi g ur &hebotaldifusdransmission hazer (a) ITO on glass,lf) transparent
paper, andd) Ag NW paper

Figure 5.27Diffuse scattering angular distribution with arbitrarayis units for (a) ITO
on glass, (b) transpent paper, and (c) Ag NW paper.

Figure 5.281ight absorption dependence of a structure including either a TCE with
varying optical propdies and an absorber layer éa]‘ 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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Li st of Abbrevi

AAO T Anopore aluminum oxide

AF - (critical) aredraction

Ag NW T silver nanowire

ATRT attenuated total reflection

B-FWNT i borondoped few walled carbon nanotube
CNT i carbon nanotube

CTAB T cetyl trimethylammonium bromide
CVD 1 chemical vapor deposition

EELST electron energy losspectroscopy
FDTD1 finite difference time domain

FTIR 1T Fourier transform infrared spectroscopy
FWNT i few walled carbon nanotube

IPAT isopropanol

ITO T indium tin oxide

MWNT 7 multi walled carbon nanotube

NFC1 nanofibrillated cellulose

PDAT poly(dopamine)

PDMST polydimethylsiloxane

PEDOT:PSS poly(3,4-ethylenedioxythiophene)polystyrene sulfonate

PETT polyethylene terephthalate
PV photovoltaic

PVDF1 polyvinylidenedifluoride
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PVPT polyvinylpyrrolidone

SDBSI sodiumdodecylbenzenesulphonde
SDSi sodium dodecyl sulfate

SEMi scanning electron microscopy
SEM-EDSi scanning electron microscope electron dispersive spectroscopy
SWNT I single walled carbon nanotube
TCET transparent conducting electrode

TET transverse electric

TEM 1 transmisn electron microscopy
TEMPOT (2,2,6,6tetramethylpiperididl-yl)oxy
TFSFi total field scattered field

TGA'T thermogravimetric analysis

TM T transverse magnetic
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Chapter 1: Background

1.1 Introductionto Random Networks of Oiimensional Materials

Networks of randomly arranged omgmensional nanomaterials offer fertile
grounds to grow new thiflm devices with exceptional features. These random
networks exhibit unique properties at small thicknesses (s) Xhat diverge from those
characteristic of solid th#ilms. It is demonstrated that porous thdimensional
networks of onalimensional nanomaterials induce more light scattering interactions,
exhibit lower light absorption, and withstand higheaistrthan solid thiffilms 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 erstuctures with immense
applications in thiffilm flexible electronics; however, a greater understanding of their
properties is necessary to fully enable high performancefithindevices. This thesis
presents a comprehensive investigation into theowarmechanisms that determine the
characteristics of random networks of alimensional nanomaterials. As a result, some

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

1.2 Properties of the Conductive Random Nmtwv

The electrical, optical, and mechanical properties of a random network ©f one
dimensional nanomaterials are determined by three parameters: 1) the nanomaterial

composition, 2) the nanomaterial geometry, and 3) the morphology of nanomaterials



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 (CNTSs).

10- 18Ace10 10. OkV 15 5mm x1.50k SE(M)

Figure 1.1) A scanning electron microscope (SEM) image taken Mitachi SU70
SEM of Ag NWs grown with a seethediated growth process, dispersed in a methanol
ink solution, and then vacuum filtered into a random network.
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Figure 1.2 An SEM image taken by 2EISS (LEO) 1550VP SEMf CNTs grown with
a chemical vapor deposition process spregted into a random network with an
airbrush.



1.2.1 Electrical properties of random network

Conductive onalimensional nanostructures may form a percolative network for
charge transport that exhibits very high conductivity at low thicknesses. Eachluadivi
nanostructure acts a metaphorical Ahi ghwa
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 toeawftiev
solid thinfilms, 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 networkef Ag NWs or CNTSn conjunction with other desirablenique optical
or mechanical properties.

1.2.2 Optical properties of random network

In conjunction with a high conductivity, random networks of-dimaensional
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 scatteringransmission hazeThe 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 haziarough a random network of Ag NWs or its impact on device

functionality is limited. This thesis work seeks to emphasize the importance of



transmission haza thin-film devices by more fully characterizing and understanding the
diffuse light scattering behavior through networks of Ag NWs.

1.2.2Mechanicalpropertes of random network

The geometry of ondimensional 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 mechanicaitistiend
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 wolk® °" 111 163. 184t 5 hoteworthy, 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 Application®f a Conductive Network

Thin-film 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 tHilm technology to become lighter and more

flexible.

Solar Cells Batteries Touch Screens & Displays

Figure 1.3) Examples of flexible thifilm devices that may utilize random networks of
onedimensional nanostructures, such as -thim solar cells, flexible batteries, and
flexible touchscreens.



The devices in Figure 1.2 require conductive layeed tihay withstand significant
repeated mechanical strain and conform to-plamar geometries. Random networks of
CNTs or Ag NWs meet these criteria due to the high flexibility of the interwoven
network of conducting nanostructufé8. Carbon nanotubemay be assembled into
random networks to form electrodes that are applicable in a variety of devices such as
current collectors in flexible loveost batteries. Introducing CNT structures with lower
intrinsic resistivity and networks with a higher homogien 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 appdinaitn displays,
touchscreens, 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 TCR svolar cell is of
particular importance because transmittances lower than 90% and sheet resistances higher
than 10njfi ryesults in significant power lossBs. An additional optical property that
impacts the power output of thfim solar cells is diffuse light scattering tensmission
hazethrough the TCE, which enhances light absorption in solar cells by @xgetince

path length of light through the critical conversion layers. Simaesmission haze
through random networks of Ag NWs is inadequately characterized or understood, new
studies are needed to illuminate the mechanism of diffuse light scatteringhhig

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 dflrthin



devices that incorporate these conductive random networks by simultaneously

understanding and improving their electrical and optical properties.

1.4 Solutionbased Scalabl®anufacturing

There are many fabrication techniques to process the nanostructures into random
networks, but solutiolnased methods are the most versatile amdcost. Figure 1.4
illustrates various solutiehased processes to fabricate tfiims. 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 arahgubstrates. Thifiim
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 thek iformation and to promote a uniform ink
coating with good adhesion to the substrate by tuning the printing parameters. In this
manner, solutiofbased fabrication methods may form random networks with ideal
electrical, optical, and mechanical propertiekile improving the scalability of high
performance thiffilm 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 orderenable the fabrication of thiiim devices

with better performance from scalable manufacturing processes.



Spray coating Inkjet printing Spin coating

> - = —

Vacuum filtration Dip coating

\

Figure 1.4) Examples of solutioiased deposition techniques that may fabricate random
networks of onalimensional nanomaterials from inks; skeexamples include spray
coating, inkjet printing, spin coating, Meymyd coating, vacuum filtration, and dip
coating. Each of these techniques may quickly assemble conductive random networks
from inks containing dispersed cdemensional conductive nastructures 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 nanomateriale atudied and optimized to enable unique device
functionalities with high performance. Figure 1.5 diagrams the hierarchical structure of

this dissertation.



Few-Walled CNT Inks
—— for Spray-Coatings

Boron-Doped Few-
— Walled CNTs

Random
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Optical Haze in Ag
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! AgNWTCEs
J \
/ Ag NW Transparent
“= Conducting Paper

h.6 Impact and Future Work

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-spatings, and their
application as conductive electrodes for various devices. Carbon nanotubes-are one
dimensional structures that may babficated through scalable methods and exhibit
unique fundamental properties. Sproated CNT films offer a simple and printable
solution for fabricating lowcost, lightweight, and flexible thisfilm electronics. Current
nanotube spray inks require het 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 fealled carbon nanotubes
(FWNTs) may be stabilized imsopropanol after surface functionalization, and that

optimizing ink stability dramatically enhances the conductivity of subsequent-spray



coated thin films. We consequently report a surfadiaet FWNT ink that enables
spraycoated thin films with conddiwities reaching 2100 S/cm, which is the highest
conductivity for printed CNT networks without using a surfactant. -getantial
measurements are used here to quantify the nanotube ink dispersion quality. These
measurements demonstrate a direct pasitborrelation with the spragoated film

conductivity, the key metric for high performance printed electronics.

In Chapter 3, we introduce a new synthesis technique to form -oomed
FWNTSs directed at lowering the bulk resistivity of the nanotube grovet, 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 energgpessroscopy (EELS)
measurements. The growth yield of boron doped FWNTBWBNTS) fabricated under
various solution injected CVD conditions is investigated and compared with Raman
spectroscopy and thermogravimetric analysis (TGA). An investigationoptimizing
the purification of the BFWNT 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/NTs, and spragoated to compare their
sheet resistance. Differences in the ink and spoaying properties for pristine and

surfacefunctionalized BFWNTSs are also investigated.

In Chapter 4, we explore the properties of random networks of Ag NWs and their
application towards transparerdnziucting electrode§TCES. As mentioned in Section
1.3, thinfilm optoelectronic devices require flexible electrodes with a high transmittance

and low sheet resistance. The contemporary performance metric of TCEs is thus



evaluated by its transmittancand 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 jpfevious 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 posdfabrication processing methods that enable these properties are
reviewed. A discussion on light trapping in #film solar cells reveals thatansmission
hazeis an equally important yet disregarded parameter in the performance evaluation of
TCEs. The effecof the Ag NW diameter on thieansmission hazealues 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 transriiance 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 amposed 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 transmssion hazeproperties 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-filim solar cell devices.

In Chapter 5, we expoungon our evidence thatansmission hazis a beneficial

property for TCEs in thifilm 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 inthaced 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 transparemaper 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 solutionbased TCEs according to conventional models. It is demonstrated that the
hybrid network exhibits good flexibility and a scrat@sistant Ag NW network. The
diffuse light scattering properties of the Ag NW paper was also thoroughly investigated
throughvarious techniques; the totaansmission hazef 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-fihims common in solar cells.

The combined high transmittance, low sheet resistance, andtiaigbmission haze
measured and studied in this new Ag NW paper structure suggests that is the highest

performing TCE for thirfilm solar cells.

In Chapter 6, we consider the impact of this dissertation on the curresfilrthin
technology. We will also outline future workisat may enhance our understanding of

random networks and realize more unique functionalities fofftinindevices.
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Chapter 2:Fr &ar fCaatbaomt Nanotube
Coatings with High Conductivity

The carbon nanotube is an intensely studiedbsi@ncture since its discovery in
t he 1990 6% Dueyo alsimilar imtriasic lattice structure to graphene, carbon
nanotubes share many of the beneficial electrical, mechanical, and optical properties of
graphene; however, their caémensionaliy enable their use in electrodes as conductive
channels that form a percolation network. Coupled with theclost and availability of
carbon, carbon nanotubes make ideal nanostructures to form conducting networks that
may act as charge carriers in ba&st? The following subsections review the
fundamental characteristics of carbon nanotubes, and the experimental process to form

spraycoated networks from carbon nanotube solutions.

2.1 Carbon nanotube properties

2.1.1 Carbon nanotube structure

Carlon nanotubes may be regarded as graphitic carbon lattice planes rolled into
cylinders. We see iRigure2.1 the honeycomb hexagonal lattice of graphene with a unit
cell described by vect0|$ and=|= where® ¢& @w. When the graphitic sheet
rolled into a cylinder that seamlessly connects the two red linEgure 2.1 the lattice

vector g &¢$ G describes the circumference of that resulting nanotube.
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Figure 2.1) The index (,m) determines the chirality of the CNT and ttiecumferenceCy,

The geometrical outline on the hexagonal lattice that forms a GN3) 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 erhéxagonal lattice This figure

was printed fromHierold, C., et al., Carbon Nanotube Devices: Properties, Modeling,
Integ[rPo]tion and Applications. Advanced Micro & Nanosystems, VolWdey-VCH,

2008

The direction of the chiral vect@ is desciibed by the chiral angle:

~ o 2 +3|> —
Ao I 4 . (2.1)

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

Q ® 2 ta a. (22
The translational vector thads directed perpendicular to the chiral vector may be

summarized by a translational periadhat is determined from the chiral indicesnf)

with p as their common divisor:

T —F —T 3
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wherep = 3if € & 7Fonis eqal to an integer, and = 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:
® —Pd’) (2.4).
The number of carbon atoms in the unit cell of the nanatyb®ay be determined by the

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

cell:

N ———— (2.5)

P
Equation represents the mber of graphene hexagons in the rectangular unit cell of a

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

g — (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 singlealled carbon nanotubes (SWNTSs) and typically have diameters less
than 2 nm with lengths that reach into the millimeter rdhgd. Nanotubes vth multiple
concentric walls in their structure are referred to as mmdtied carbon nanotubes
(MWNTSs) and exhibit a range of diameters that depend on the exact wall number of the

MWNTSs.

2.1.2 Carbon nanotube electrical properties

The Brillouin zone ofSWNTs may be determined from the unit cell, which we
may compare to the hexagonal first Brillouin zone of graphene display€dure 2.2.

The reciprocal lattice vector corresponds to the translational pgatwhg the tube axis
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(z-axis) with a continaus lengthQ  ¢“ ¥& The length of the reciprocal lattice vector
along the circumferential axis may be calculated from a zone folding schdmutd

gives the following condition: the wave vecir musthave a phase shift of an integer

multiple of¢* or dse it will vanish by interference.

1
x %
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X
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Figure 2.2) Hexagonal Brillouin zone of graphene with the higgmmetry points, K,
andM, and the reciprocal lattice vectdesandk,. This figure is printed fronReich, S et
al. Carbon Nanotubes: Basic Propestand Physical Concepts, WH&CH, 20043

The length of the reciprocal lattice vector is thus:

Q SN -9 (2.7)
whereq represents an integer bounded by the number of aonmsthe unit cell (since

four atoms are requideto define a wavelengthh, & Ft ory "Q¥g).
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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 nanobes. 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 indigey d¢f the
nanotubé'?

Since the reciprocal kite vector length around the circumference is quantizegl bty

first Brillouin zone possesséQ allowed stateslang the tube axis demarked pgrallel

lines spaced @/apart inFigure2.3(a). These ines intersect the allowed wavectors in

the hexagonal first Brillouin zone, which determines whether the nanotube is metallic or
semiconductig; if the allowed states do not intersect kheoints there is a bandgap at

the Fermi level and the nanotube is a semiconductor (Fy8e), if the allowed states

intersect theK points the nanotube is metallic (Figz&(c)). Since the line spaajof
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the allowed states isfQ the bandgap in semiconducting tubes depends on the diameter.
The intersection of allowed states with tkepoints is determined by the chiral indices
(n,m), as illustrated in the Figu@3(d). If ¢ «& 7¥ois an integer then allowdd states
intersect theK points and the nanotube is metallic. ¢ & Zois not an integer the

allowedk; states do not intersect tHepoints, and the nanotube is semiconducting.

DOS (states/eV/spin/atom)

A l A L A l A A A l A
—4 -2 0 2 4
Energy (eV)

Figure 2.4) Ab initio calculation of electronicbandtructure for metallic and
semionducting nanotubes with varying chiralities, which demonstrates the close
symmetry of the density of states (DOS) on either side of the Fermi en&hgg/figure
was printed from A. RubioSpectroscopic Properties and STM Images of Carbon

NanotubesAppl. Phys. A 68, 275,199%"

The band structure for carbon nanotubes is uniquely different than that for
graphene. The energy bands in a-tlimensional solid such as graphene appear as a

stepfunction, where in onédimensional solids such amnotubeghe bands diverge as
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the inverse square of the energy. A band diagram for metallic and semiconducting tubes
is demonstrated iRigure2.4. The equation for the density of states of a carbon nanotube

is:

QOO (2.8)
nth ;s O

whereE is the energy state arfg}, is the permitted energy state as determined by the

permitted wave vecto

. OF ¢" 1 AtEg= 0 we arrive ag(E,0) = 1, which refers to
metallic tubes and bands that cross at the Fermi energy. All &héor which the
density of states peaks, which are referred to ad-H@ singularities, correspond to the
diameter of the nanotube:

O al (2.9)
wherei represents iger s corresponding to metalld]i
(1,2,4,5,7¢é) tubes.

In applications for current collectors in batteries, or simply as conductive
electrodes, metallic nanotubes are preferred to semiconductors. The conditions that
dictate whatchiral 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 charfds Since MWNTSs consist of a range of
diameers and chiralities coaxial to each other, the permitted energy states overlap and
guench any band gaps formed by semiconducting tubes in the structure-wiieit
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

18

c



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 Cabon 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.
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Figure 2.5) A Raman spectrum of a single walled nanotube withameter of 1.38 nm
with the characteristic wavenumbers where peaks representing the RBadhdDand &
band are foundThis figure is printed from A. M. Rao et ab¢cience19971¢

Raman spectroscopy measures the inelastic scattering of light by cebotubes. 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 phojothe(2xcited
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electron is scattered by emitting (or absorbing) phonons, anti€3lectron relaxes to
the valence band by emitting a phatth 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 diagsatine phonon frequencies of the
material. A typical Raman spectrum for a carbon nanotube sample is demonstrated by
Figure2.5.

The most dominant features in Raman spectra of carbon nanotubes, as depicted in
the Figure2.5, are the radial breathing mo@l®BM) peaks, the graphitic band {tand),
and the disordered carbon bandi@&nd) as well as the second overture of thleabd
(Go) . The RBM peaks correspond to the vib
and occur at frequencies between-BB0 cni* for SWNTs with diameters in the range
of 0.7 nm <d <2 nm. For isolated SWNTSs, the relation between the diameter and the
RBM peak is reported as ¢ TR This relationship is not accurater larger
diameter SWNTs where the RBM [xsaare weak, and for MWNTs where the atomic
vibrations from the inner walls convolute the spectra in this frequency r&ahgesband
represents the tangential mode vibrations of the carbon atdhms the hexagonal lattice
along the nanotube, and mayntain peaks around 1582 ¢hihat are characteristic of the
graphitic structure of the nanotube¥he Dband represents thesdrderinduced mode
in the graphitic latticeat 1350 citwi t h it s second harmonic Gz
twice the Dband fregency. The ratio of the intensities of thebBnd and the ®band (s

/ 1p) 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 form CNTs are ardischarge, laser ablation, and
chemical vapor deposition (CVD). The afischarge method for forming CNTs involves
passing a high current through two graphitic probes to create a spark between them. This
causes carbon atoms to disirregg 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 chambewith 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 ideand 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 CNTSs.
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Figure 2.6) Chemical vapor depd®n tube furnace setup for growth of carbon
nanotubes described in this chaptdie carbon feedstock gé€H,), carrier gas (Ar),
and ramping gas (jl are controlled by digital flow meters that monitor the flow rates
into the tube furnace. The furnaceests a quartz tube with airkch 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 carbonaceaugas source is fed to a catalyst with a carrier in a hot environment. A
schematic of a typical CVD setup is depictedrigure2.6. TheCVD growth processs
most commonlydescribed by a vapéiquid-solid mechanisim although an exact

description is sti unknown[®®"1

During the CVD processsolid metalcatalyss melt
into nanopatrticles 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 intothe chamber by an inert gas. The carbonaceous gas will then decompose
through pyrolysisnto carbon atoms that absorb into the melted catalyst particles. Carbon
atoms will continue to absorb into the catalyst particles until reachsotuaility limit at
which carbon will then precipitate out. The precipitating carbon atoms fofrinosyls
that nucleate CNT growth, which is energetically favorable since ideal nanotubes lack
dangling bondghat exist in single graphene layerdhis growth continues untthe
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
conditionsin the tube furnacE® Typical catalysts are composed of Fe, Ni, or diee 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 satfdase
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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. Although the catalyst metals may be
sputtered onto a surface to propagate unidirectional growth, a magnesium oxide (MgO)
powder may be usesk a support to disperse the metal ionstanqmtovide greater surface
area for the decomposition of carbon and consequently greater carbon naneldbe vyi
during CVD!"? 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 withlinyagcof
acid to be removed.Cat al ysts that incorpor agtreowa hMg O
mechanism, where the CNTs propagate out of catalyst particles that remain rooted in the
MgO support.

The CVD growth parameters greatly affect the mechanism fochwbarbon
decomposes and precipitates out of the catalyst particles. Higher tempefaghes,
gas flow rates, anthrgerratios of source to carrier during gas flow attribute to higher
decomposition rates of carbBM. Higher decomposition rates ofatbon typically
attribute tothe formation okingle walled carbon nanotubes wamallerdiameters. This
is because greater rates of carbon feeding to the cattdpdlize smallenucleation sites
of precipitating carbothat are typically less energsilly favorable than larger graphitic
caps Largerrates ofcarbon decompositiomlso result inthe formation ofgreater
percentages of amorphous carbon or-tudoular graphitic species, which results in more
extensive measures to extract CNTs from théDQgrowth yield such as thermal or

chemical purification methods. The source gas also affects the rate of carbon
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decomposition. Methane (GHmay be used as the CVD carbon feeding source gas for
both multiwalled and singlavalled nanotubes with distinetdvantages in both growth
procedures; methane generates fewer carbonaceous impurities than a¢€wliendue

to the less rapigroduction ofcarbon atore and is safer than carbon monoxi2O).

The carbon nanotube syntheses included in the repdtisdhesis 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
dimersional network:

.8 0 0 (210
where ,, represents the threkmensional conductivity, represents the conductivity
exponent,N represents the density of conducting channels in the networkNand
represents the critical density for percolation of chargesacthe thredimensional
network®? For a random distribution of conducting channels, the critical density is
given by:

a“0 18 o(@.11)
wherel is the length of each conducting channel. We gather from Equation 2.10 and
Equation 2.11 thagfficient 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 ensity at the percolation threshal is relatively high, increasing the

number of channels beyond the threshold dramatically low&3% iThis behavior is
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typical for networks where the contact resistait@ cr oss t he conductdi

significantly lower than the resistanc¥ across the junctions, such as with Ag NW and
CNT networkd?? The relation between the conductivity and the channel density is

theorized as Equation 1 with p& ¢ when the density of channels s 0

¢O . The conductivity exponent depends on the ratie- as well as the length of the

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

closely approach  ¢.[**?8 As we see from Equation 2.11, longer channel lengths also
decrease the critical number dendilyof nanomaterials necessary to interconnect them
into a conductive network within a fixed electrode volume. Thus the nanoahateri
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 furthezlucidates the impact the length has on the sheet
resistance of a percolative nanomaterial network is the area fraction:

0 0 a@.12)

whereN is the nanomaterial number densiltig the length of the nanomaterials, dhas
the nanomaterial diametéf?? Mutiso et al. demonstrates Figure 27 that at a fixed
nanomaterial diametdd and area fractiom, lower sheet resistances are achieved at
greater nanomaterial length&” Additional studies theoretically and experimentally
demonstrate that larger conducting channel lengths contribute tbitiénwith a lower
sheet resistand®® This is directly redted to the formationf a percolation network
with fewer contacts between channels, which contributes to a lower resistance to charges

traveling across the netwof®
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Figure 2.7) Sheet resistance as a function of the aspect fati?) @nd area framn of
rods in nanowire films with a constant diameteiDof 50 nm with an average contact
resistance ofR; = 2 km The top schematic illustrates two percolation networks of
monodisperse rods with nanowire area fractions at or above the area frattahlienit
for percolation AF.). This figure was printed from Mutiso et al., ACS Nano, 2013
Even at large number densities within the percolation region, networks consisting of long

nanomaterials demonstrate smaller sheet resistances digsveo channel junctions

required tacomplete the charge transport across the netvesrklustrated in Figure 2.8.
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Figure 2.8) Schematic of a six fiber structure titelatively small aspect ratio aadwo

fiber structure with a relatively high aspectoatlt 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 configuratiol?”

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

permlation network, and increases the sheet resistance of the eléétfdde.
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2.2.3 Carbon nanotube ink formation

As we discussed in SectioB.22, percolation networks have the highest
conductivity when the conducting channels are at the highest aspiectanat are
uniformly dispersed across the electe. Girbon nanotubes possess mattyactivevan
der Waals forcesherent to their graphitic structure and aspect yatierefore, carbon
nanotubes exhibit a strong propensity to agglomerate into buwdlesliameters 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 electr&e.

The techniques to disperse CNTs in solution may be separated into two
categories: mechanical and chemigadcesses The most popular mechanical method is
ultrarsonication of the CNT solution. Ultsonicators generate acoustic waves in the ink
soluion that form bubbles on the surface of the CNT bundles, and the cavitation of these
bubbles releases energy that expel individual nanotubes from the bdhtfledltra-
sonication may generate the acoustic waves in a water bath or at greater ampilitde
a vibrating probe. Ultrgonication 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 biitdles.

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 solufigpical
surfacant molecules used in ink solutions are sodium dodecyl sulfate (SDS), sodium
dodecyl benzene sulfonate (SDBS), améxadecyltrimethylammonium bromide
(CTAB).*¥ The dispersion of CNTs by surfactants in solution are stable for long periods

of time and enake very uniform coatings.

HNO;

Figure 2.9) A schematic diagramming the surface functional groups attatthebe
nanotube surfaceluring a nitric acid (HN@) reflux, including carboxyl groups-(
COOH), carbonyl groups (C30and hydroxyl groupsQH).

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 (HCI, HN¢) HSQ,) aqueous solution. In the acid reflux, oxygen
groups ovalently bond with carbon at open sites on the nanotube surface, as seen in
Figure2.9. These sitegitherexist as preexisting lattice defects, tube end caps, or where
strained carbon bonds were broken during the acid rEfluxThe acid reflux attdwes
carboxyl (COOH) groups to the sidewalls of the carbon nanotubes, which ionize in an
agueous solution to enhance the electrostatic potential around each nanotube. The
resulting repulsive forces between the electronegative carbon nanotube surfaces in

sdution stabilize the nanotube suspension without the presence of a sur&ntanthe
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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 MWN¥s. Despite the lwer
intrinsic reactivity than SWNTs, MWNTSs 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 predicatdte@resencefalefect

sites orthe 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 buglderphous carbon deposits

in the solutiorf”

Fourier transform infrared spectroscopy (FTIR) is often used to characterize the
efficacy of an acid reflux to attach functional groups to the nanotube sid&WaITIR
measurements are taken by splittiagbroad infrared source with an interferometer
incident on a sample, and then deciphering the absorption/transmission spectra from the
interference pattern via a Fourieansform by the device softwarEhe peaks in an FTIR
absorption spectrum indicate igne chemical bonds in the sample with vibrational
modes that match optical frequencies emitted by the infrared source, as $éguren
2.10. Several studies have investigated and confirmed characteristic absorption peaks
that are representative of carbbonds in the lattice, hydroxyl bonds formed at defect

sites or with amorphous carbon, and carboxyl bonds formed after an acid¥éflux.

30



L C=0 (1640 cm™)
C-H (2900 cm!) l

|

C=C (1532-1560 cm™")
Hexagonal carbon

d

Pristine CNT

o\

Purified CNT \ W

Functionalized
CNT \/\\

4000 3500 3000 2500 2000 1750 1500 1250 1000 7'50 5('10

Wave Number (cm)

Figure 2.10) Attenuated total reflectance FTIR absorption spectra of pristine -multi
walled nanotubes, pdied multi-walled nanotubes after thermal oxidation, and acid
treatedmulti-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, 207!

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 filtratioAgt ink
printing, spin coatig, and dip coating. Spragpating 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 siitf&2es.

A schematic of a spragoating setup is depicted kgure2.11.
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Heated glass substrate

——

Figure 2.11) A schematic illustrating a spray coating mechanism of a carbon nanotube
ink onto a heated glass substrate withaarush. The air brush atomizes a carbon
nanotube solutioat 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 irk solvent and surface temperature determine the evaporation rate of the ink coating.

The coating properties are primarily detenad by the ink parameters; the ink
solvent, the nanotube concentrationthe ink and the dispersion forcdsetween the
nanotibesin solution/*  Solvents that form droplets with low surface tension are
preferable for spragoatings 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 compromiss the uniformity of the random carbon nanotube netWtk. 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 stgém 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, aherefore must be removed from the electrodes after
depositior***! Current methods to remove surfactants from deposited electrodes are not
entirely effective and often damage the film coatffig.Inks of surface functionalized
carbon nanotubes doonform electrodes with disruptive impue$ that need to be
removed, yetare typically more stable in dilute solutidfi8. Forming stable carbon
nanotube ink solutions and fabricating uniform specagtings, therefore, require

independent parameterigat to optimize the conductivity of carbon nanotube electrodes.

2.3 Fewwalled 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 casgle
walled carbon nanotubes, their small diameters and typically long lengths in CVD
syntheses promote efficient percolation across a conductive netMoglconductivity of
this networkalsorelies on the uniformity of the CNT network, which can tegraded
when large nanotube bundle® @resent in the dispersitfi. Spray coating is a uniquely
precise and practical method for printing conformal thin films with large surface areas
useful for lightweight and flexible electronjcsuniform spraycoaded CNT films are
dependent ooptimizing 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 sitketeedeparatéighly resistive

33



tube bundles and promoténamogenous ink dispersiét: ®>¥ Since SWNTs consists of
only one graphitic layer rolled into a cylinder, dispersing SWNTSs in solution via surface
functionalization requires cautious paramigion 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 elfs long tubes into smaller sections. Multi-walled
nanotubes offer robustness during an acid reflux that SWNTSs lack; the outer walls host
the surface functionalization while the inner walls remain intact. The aspect ratio of
multi-walled carbon nanohes is usually limited by a large outiameter (< 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 th&8WNTs 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 SWNAIso, surface
functionalized CNTs are mbeasily disperseth water or organic solvents-=*? but low
vapor pressure solvents, like water, have a pronoundéeeeing effect* while fast
drying solvents are associated with toxic vapors thabinkargescale productioff?
The questin remains, therefore, of how to form a stable CNT ink with an innocuous
solvent without inhibiting the conductivity of sprapated thin films.

Recent reports demonstrate that {fewlled carbon nanotubes, defined as
possessing a wall number between twal &ix, exhibit the robustness of muMalled
nanotubes while maintaining the optimal electrical conductivity and graphitic quality of

single walled nanotubé®: %" The electrical properties of FWNTSs, furthermore, do not
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diminish after surface futionalization of the outer tubes since the structural integrity of
the inner tubes is unaltered. To further support the utility of the FWNT structure for
spraycoated films, this study explores the relationships between the electrical
conductivity of the pray-coated FWNT films, and the rheological properties of FWNTSs
dispersed in a surfactafiee ink solution. Here, we introduce a surfact@eé ink of
surface functionalized FWNTs dispersed in pure isopropanol (IPA) that produces high

conductivity spraycoated 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 synth&&& as depicted iffigure2.12.

Figure 2.12) An image of the pink catalyst solution attte resulting brown powder
catalyst after a combustion synthesisthod.

The pink solution inFigure 2.12 is the liquid catalyst solution consisting of controlled
concentrations of cobalhitrate (Co(NQ);), ammonium molybdate ((NH;)oMoO,),

magnesiumitrate (MgNQ), citric acid, and glycine.The formation of MgO particles
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with imbedded Co:Mo nanopatrticles is then facilitated via a glysitrate combustion;

the precursossolution is gradually heated to a combustion temperature, at which the
solution eupts into the catalyst particleeown in Figure 2.13s 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 intrémsmission electron

micrascopy TEM) images inFigure 2.13, which were taken with a JEOL 2100 LaB

TEM.
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Figure 2.13) TEM images of powder catalyst particlgtsvarious magnifications

Figure 2.14) An image of the powder catalyst inserted into the quartz boat thaerseids
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 FiguPel3 that the catalyst particles promote a high
yield of carbon nanotubes by providing a high surface area for the deatompas$
carbon during the CVD growth. The average catalyst nanoparticle size is less than 5 nm.
Approximately 6680 mg of the powder catalyst is loaded ontciach quartz boat and
inserted into a tube furnace for each CVD growth of the FWNTSs, adrséegure2.14.

The furnace is first ramped from room temp to 860in H, and then held at a constant
temperature of 850C for 45 minwhile a methane mixture is introduced at a flow rate of
CH4/H, = 1600/400sccm After a growth time of 30min the furna is cooled for 2hr to
reach close to room temperaturéhe decomposition rate of carbon under these growth
conditions oversaturates the catalyst particles, wairableghe formationof nanotubes
with diameters smaller than the catalyst partlmyestailizing smaller nucleation sites

This mechanism is depicted in Figure 2.15, as propos€idyet af>®

Nanotubes propagate from
carbon cap precipitated
. from catalyst nanoparticle

CH, >C(s)+2H,

), W

Figure 2.15)A schematic illustrating thbase growtltarbon decomposition process that
enables the formation of FWNTs emanating from the gsttgarticles (a) meltedmetal
nanoparticleembedded in a catalyst powdmnd are exposed to the carbon soufbg;
carbon decomposes into metangarticles from theyrolysis of thehot methanegas
during the CVD growthuntil the solubility limit of he metal nanoparticles is reaclsedl
carbonprecipitates out into graphiticcapon the catalyst particlg(c) carbon continues

to precipitate out of nanoparticle to formanotubes with diameters smaller than catalyst
particle size which are stabilizedy the rapiddecomposition of carboimto the catalyst
and rapid diffusion through the nanoparticle. This mechanism explaifisrthation of
FWNTs as opposed to larger diameter MWNTSs.
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2.5 Results and Discussion

2.5.1 CVD growth yieldbf FWNTs

The CVDgrowth yield produced from the method outline in the previous section

is pictured in Figure.16.

Figure 2.16) Pristine growth yield of the CVD process outlihe Section 2.4, which is
visible by the transformation of the brown catalyst into a blackdeo composed of
carbon nanotubes and amorphous carbon after the growth.

As compared to the image of the catalyst powder in Figui2 and Figure2.13, 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 vyield; however, the CVD results in each particle to be encompassed by carbon
nanostructures propagating out of the catalyst powder, resulting in the overaltditack
Multiple TEM images of the growth yield at various magnifications are depicted in

Figure2.17.
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Figure 2.17) TEM imagesat various magnificationsf pristine yield of CVD growth.

The morphology, dispersion of wall numbers, angnastructure 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 particke Figure2.17(b) demonstrates that although these nanotubes
may coagulate intdundles of several nanotubesvidence of individus separated
nanotubes is clearly observable. These nanotubes clearly possess a high aspect ratio with
few morphological baracteristics 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. Figurgc-e) depict TEM

images that clety demonstra¢ the carbon nanotubes possea numbers between-3

with diameters between&nm. These FWNTs possess very few structural defetie
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form of kinks or vacancies in the graphitic structuaegording to the TEM images in
Figure 2.17. It may be concluded from these images, therefore, that the CVD growth
process outlined in Secti@¥ is successful in fabricating FWNTSs.

In order to eradicate the carbonaceous impurities in the CVD growth yield, an
oxidation of the yield in the tube fuace 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 presentimfinal CVD growth yield. Figur@.18 illustrates

the mass loss spectrum after oxidizing the CVD growth yield depicted in FAdiite
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Figure 2.18) A thermogravimetric analysispectrum of the pristine yield of the CVD
growth, which was conducted inrdly a Shimadzu TGAt a ramping rate of AC per
minute The mass loss of the sample up to approximately X50is due to the
evaporation of water from the powder sample and due to the stabilization of the balance.

43



The mass loss spectrum in Figu#d8 depicts specific carbon phases that oxidize at
various temperature rangedJp to approximately 150C we see an erratic mass loss
regression, which is most likely due to the evaporation of water from the sasplell

as a slight disruption in the lineemperature rampingThedistinct phasebetween 200
375JC is due to amorphous carbon since it less thermally stably than graphitic carbon.
The major mass loss regression from 400 JC is due to the oxidation of carbon
nanotubes. The remaining weigbercent 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 thus approximately4 wt% water, 5 wt%
amorphous carbon, 56 wt% graphitic carband 35 wt% catalyst. According to this
analysis theapproximate weight percent of amorphous canaith respect to the total
carbon content in the growth yield is 8.2 wt%.The oxidation purification step of the
growth yield was therefore conductal575JC is conducted for 1hr in the tube furnace

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

fragmentghat may be present in the growth yield.

2.5.2IPA-based FWNTk fabrication

After the asgrown FWNTSs are trmally oxidized, a nitric acid (HNgD reflux is
conducted to dissolve the catalyst from the FWNT vyield and to functionalize the outer
walls of the FWNTSs with carboxyl groups so that they may disperse in soltitiof:>?

A schematic of the dispergsionechanism is illustrated in Figu2el9.
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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 solutionhe carboxyl groups dissociate into CO@h 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 stablénks in aqueous solutioh' Waterbased nanotube ink

sol ut i

ons, however

, -Undoarvceating @yeifs Wheresprayedog s 0
substrate§*®? A scalable nanotube ink must be composed of a solvent that ensures a

uniform spraycoating,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 coatingapplications. 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 ali

gn
the TEM images in Figur.17, the FWNTs grown from the CVD method are bundled

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

Figure2.20.

Figure 2.20) An image of the HN@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 welsdo confirm the surface functionalizatish®® A
Raman spectra comparison of thegaswn tubes and the purified tubes was conducted

with anH-J-Y Microscope using a 6331m laser, and is presented in Figar20.
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Figure 2.21) Raman spectra afarbon 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 HNO

As we see in Figur.21, the asgrown FWNT samples display a low intensitio
(Io/lc = 0.071) between the disordered carbon banddbd) at ~1317 cthand the
graphitic carbon band (@and) at ~ 1575 cth This further confirms the CVD process

yields high purity CNTs with few structural defects or impurities, as indicayethéd

TEM images. Upon thermally oxidizing the-gdown FWNT samples at 62%C, a
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decrease in the intensity of theldand is observed while the-liand remains strong
(Inflc =0.025), which together confirm the selective elimination of the amorphous
carba originating from the CVD growth. The-Band intensity increases again once the
oxidized FWNTSs are refluxed in HNO The reemergence of theldiand is caused by the
introduction of defects to the outer walls when C=C covalent bonds break and allow
carboy! groups (COOH) to form during surface functionalization with HNO@he b/l

ratio remains lower than the-gsown vyield after the acid refluxgflc = 0.061). This
implies that the graphitic structure of the FWNTSs is not compromised by the surface
functionalization because the inAmbes remain structurally intact. Each Raman
spectrum in Figure.21 is normalized relative to its Band intensity. There are also
slight shifts in the radial breathing modes (RBMs, -B00 cm), first after thermally
oxidizing the asgrown 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 muttilled tube$?3*?

Furtherexamination of the surface functionalization is conducted through Fourier
transform infrared spectroscopy, which elucidates the covalent bonds present in the
FWNT sample. Figur@.22 presents the FTIRbsorptiorspectrum of the HNgrefluxed
FWNTs taken wh an Attenuated Total ReflectiofRTR) measurement by @hermo

Nicolet FT-Raman Spectrometer.
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Figure 2.22) A FTIR spectrum of the HN©refluxed nanotube with the characteristic
peaks of successful surface functionalization of carboxyl groups to tlee walls
labeled.

An Attenuated Total Reflection of the Fourier Transform Infrared Spectrum {AMR)

is a technigue that utilizes an evanescent wave formed by the total internal reflection by a
crystal with a high refractive index such as germanium) (hat 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.22 that the refluxedFWNTs contain peaks characteristic

of carboxyl (C=0) bonds and hydroxyl bonds-{), characteristic of the HN{surface
functionalization illustrated in the schematic in Fig@r&. The presence of vibrational
phonon modes that correspond with graphijg carbon bonds (C=C) is similarly
present®”® A peak is also preseatound ~ 2100 cihdue to the ambient environment
containing water and G&°*? The presence of these characteristic peaks in the FTIR
spectrum verifies the successful funatlization of the surface of the FWNTSs during the

HNO; reflux.
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2.5.3Comparing ink dispersion properties to spcaated film properties

Each refluxed FWNT bath solution was filtered wither 500 mL ofdeionized
(DI) water, and then the FWNTs were disped in IPA at high concentrationsQ(6
mg/mL) via bath sonication and short periods of probe soaitatiThe resulting inks
werespraycoatal with an airbrush (A470M airbsh at 200 kPA of argon) onto 16
area on a cleaned glass substrate heate2tdCL Each film thickness is séelow I m
based on thank concentration and volund ink sprayedon the fixed area Examples of
asgrown FWNT dispersions in IPA and FWNTs functionalized with carboxyl groups
through a HNQ@reflux and then dispersed IPA are illustrated in Figur2.23 and Figure

2.24, respectively.
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Figure 2.23) (a) An asgrown FWNT suspension in IPA at 0.6 mg/mh) &én example of
a spraycoated FWNT film from an agrown FWNT suspension in IPA, and) @& spray
coated aggrown FWNT film surface.

We see in Figur@.23(a) that aggrown tubes aggregate and settle to the bottom of the
solution at a concentration of Omég/mL, resulting in a poor dispersion of the FWNTSs.
Spraycoating 2630 mL of the FWNT ink subsequently form#is that are not uniform,

as pictured in Figure.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 levi#él wiscanning electron
microscope (SEM) in Figur2.23(c). All spraycoated films are imaged with Hitachi

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

diameter are clearly observable in the SEM images of thainiborm spraycoated films
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formed from inks composed of-gsown FWNTSs,

the high contact resistance of these bundled

which limits the conductivity based on
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pension in IPA at 0.6 mg/mh) &n

example of a spragoded FWNT film from a functionalized FWNT suspension in IPA,
and €) a spraycoated functionalized FWNT film surface
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Figure2.24(a) demonstrates that once the FWNTSs are refluxed in 10MzHdQhr and
then dispersed in IPA, they remain suspended inisal@t 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 taxly 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). Figure2.24(c) illustrates an SEM image of a spreyated film formed from the
ink composed of the functionalized FWNi 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 colloidshbility 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 satapMalvern Zetasizers

illustrated in Figure.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 ttepillary 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 nutinanotubes is controlled by

their response to an electric fielmpplied by the cuvette electrodesvhich rapidly
fluctuates to generate numerous mobility measurements that are automatically averaged
by the Malvern Zetasizer software.

Fewwalled nanotubs that are refluxed in HNossess carboxyl groups on the surface

of their outer walls, which deprotonate in an agqueous solution to form an electrostatic
surface potential on the functionalized FWNTs. In the presence of an external electric
field, electostatic repulsion to the negative electrode and simultaneous attraction to the
positive electrode induces a force that causes the nanotubes to flow in solution. The
electrophoretiovelocity of the individual nanotubes in the applied electric field is thu

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 FWNTSs in
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solution after surface functionalization. The dynamic light scattering iexger
diagrammed in Figure 2.25 measures #iectrophoreticvelocity 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 argatrour
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 foeamthe
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 frequeneyQ and theelectroploretic velocity () of

the nanotubes in solution is given by Equation 2.13:

3’0 —(2.)13
where_ @ o&)¢ ais the laser wavelengénd—is the scattering angle detecte@he
electrophoretic velocity that is derived from theduency shift measurement may be
related to the electrophoretic mobility )( of the nanotubes, which describes their
responsiveness to an applied field:
¢ —(2.14)
whereE is the magnitude of the applied electric field.

After the surface functimalized 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 thie@rostatic 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 gength between the nanotubes in solution, and is referred to as the zeta
potential £). The zetgootential 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 zgdatentials; however, higher concentrations of
narostructures in solution attribute to smaller spatial separation enabled by the solvent
molecules, which lowers reflects in lower zptatentials.

The relation between the zgtatential and electrophoretic mobility of
nanostructures in solution has beewndged vigorously and theorized for multiple
systems®> %1 The Malvern Zetasizer used in this study derives the patential

from the Henry functioh®™ ®

‘ ——"0ll Q(2.15)
wherg] is the relative permittivity of theolvent] is the vacuum permittivity, and is
the solution viscosity. The correction fact@rll Qis dependent on the Debye lengith (

and radius of the nanostructut® Wherell (s the ratio of the nanostructure radius to the

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

C—1'Q p(2.16)

Q@ p(2.17).
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Equation 2.16 represents the Smoluchowski approximation, which is representative of
electrophoretic mobilit in polar solutions. Equation 2.17 represents the Hunkel
approximation, which is representative of electrophoretic mobility inpuar solutions.

In order to measure the electrophoretic velocity of each individual nanotube, the
sample solutions areidhly dilute aqueous solutionsO (@ L ™@tp P 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 electrastatitential field of the nanotubes.
Samples prepared for zgbtatential measurements were chosen as dilute aqueous
solutions as opposed to the HhaAsed spragoated ink solutions with a higher
concentration of nanotubes so that a resolute and reproglumcddsurement of the zeta
potential of each individual tube might be capald¢e thus assume that themparisons
between the zetpotentials for sample solutions composed of nanotubes with varying
surface functionalization properties based on the adldxr@parametersare still quite
informative about the agglomeration and bundling properties of theb#3ad solutions
that disperse the same nanotube sampispite the measurements being taken in dilute
agueous solutions

Another assumption made to aniify the zetgpotential 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 piates 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 iffofidee exact
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mechanism that describes the elgatmaretic 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 apus FWNT ink dispersions with low
concentrationsl( pu ¢ ) 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, ahd volume of the bath solution gives

a range of zeta potentials of FWNTSs in solutidiable2.1 gives the individual values for

the ink dispersions and resulting sp@ated film conductivities.

Sample | HNOg reflux | HNOj3 reflux | Ink zeta- | Film
molarity time potential conductivity

A 6M 2hr -12.77mV 660 S/cm

B 8M 2hr -13.26mV 781 S/cm

C 10M lhr -13.5mV 944 S/cm

D 10M 2hr -14.6mV 2105 S/cm

Table 2.1) Acid reflux parameters, the zepatential of the refluxed FWNTs in water,
and the film conductivity offgay-coated FWNT films fronvariousIPA-based inks.

To evaluate the surface charge of the nanotubes and the value qfotestaal
measurements in water, the zptatential of each watdrased ink was compared to the
resulting morphology and electricadnductivity of the spragoated FWNT film from an
IPA-based ink. The highest zeta potential was achieved for a reflux conducted in an 80

mL 10M HNG; solution held at 120C for 2hrs. The ink dispersion is represented by the
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average of three zefotental measurements taken with the same wadsed solution,
while the values of the sprayated film conductivity were taken from four point probe
measurements of the sheet resistance and an average thickness determined by a
profilometer step measuremenborin the substrate to 1.5mm across the sample surface
while compensating for the surface roughness. The thickness of all the samples outlined
in Table2.1 are less than 1 & It is observed that, as the zgt@tential increases, the
film conductivity also increases. In fact, we see that the conductivity becomes
dramatically greater with increases in the zmtential. We report film conductivity as
high as 2100 S/cmyhich is the highest reported value for surfacfae¢ IPAbased
CNT inks.

A comparison of the SEM images of the spcaptings for Sample A and Sample

D is presented in Figur226.
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Figure 2.26) SEM images of spragoated FWNT films from (a) sgote A and (b)
sample D, as detailed in Tal#ldl.

We may confirm from the SEM images in Figlt@6 that greater ink stabilities form
more visibly uniform CNT networks with lower degrees of nanotube bundling.
Translating film properties solely from theadlogical behavior of the ink is difficult due

to the many procedural variables that impact spaated films*? However, the clearly
observable decrease in nanotube bundle size with films formed from FWNT inks that
possess higher dispersion forces &nel 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 sgregted carbon nanotube

films formed from weakly polar irk
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2.6 Conclusion

We report a novel surfactafiee ink composed of FWNTs dispersed in IPA to

form highly conductive spragoated films. Minimized tube bundling in the spated

films through a unique ink engineering process was demonstrated astigated with
various measurements to emphasize that manufacturing stable inks through
functionalizing the outer walls of FWNTs forms highly uniform spcagted films with
remarkable conductivity.Through this investigation, we demonstrate a FWNT filithw

a conductivity of 2100 S/cm, which is the highest for sfpagted films from surfactant

free IPA based inks. Such films with high electrical performance from scalable and
printable fabrication methods have unique applications in lightweight orbRexi

electronics where surfactant removal from an electrode is a primary issue.
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Chapt@hrendi:cal Vapor Deposition
FewWwal | ed Carbon Nanotubes

Chemically doping bulk yields of pure carbon nanotubes to control their electrical
properties is a weléstablished 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 possesisgaat 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 semiconductirfgcspbon structures i® shift the
Fermi level into the valence band by addindgype charge carriers. Although this
technique is demonstrated on SWNTs and MWNTSs with large outer diameters (> 20nm),
no reports on chemical doping as a means to lower the bulk resistivity off 5\&hist.

The following chapter introduces a novel CVD process to safely grow -olmoed
FWNTs (BFWNTs), and explores the fundamental properties of these new

nanomaterials.

3.1 BoronDoped Carbon Nanotubes

The stability of any alterations to therfsastructure 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
temperature§> "4 The most stable-fopingprocedure is to substitute an impurity into
the sp 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 neighbgyicovalent carbon bonds be successfully integrated
into the lattice. Substitutional boraoping 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: 1jgrowth doping methods and 2) pasinthetic doping
methods. Irgrowth methods include a concentration of boron in the carbon source
during tle synthesis of nanotubes; these methods includelischarge, pulsethser
ablation, and chemical vapor deposition. Psystthetic processes substitute boron into
the carbon lattice after the carbon nanotubes are growrgrowth doping methods
typically effect all the nanotubes in the bulk yield, whereas-pwsthetic procedures are
limited to tubes with open vacancié3. In order to influence a greater yield of carbon
nanotubes, postynthetic processes are typically conducted at high temperatumes
diborane (BO3) environment. This disintegrates carbon from the nanotube lattice by
forming carbon monoxide, which allows boron to be substituted into the vacalif site.
In-growth substitutional doping methods are therefore more advantageousebétay
do not require anyostgrowth 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 carboe thiting in
growth doping procedures has been studied extensively for SWNTs and MWNTSs in order

to elucidate the varying effects on the band structure. Theoretical models of the band
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structure of ziggag SWNTs demonstrate the expected behavior of greateentrations
of boron in the carbon lattice of graphene promote greater shifts of the Fermi level into
the valence band”®! Although boron concentrations in the carbon lattice may reach as
high as 1525 atm% in possynthetic subsitutional doping nheds®? McGuire et. al
demonstrates that boron concentrations above 3 atm% impede the formation of SWNTs
nanotubes during the growth proc&é<?

The behavior of irgrowth boron doping in MWNTSs is significantly different than
in SWNTs 2 3 Carroll et al. demonstrates thatgmowth boron doping procedures of
MWNTs arrange themselves into islands of s;B@anodomains with varying sizes.
Figure 3.1 illustrates the theorized localized density of states (LDOS) of theslBad

superimposed byhe LDOS of the metallic (6,6) nanotube the island is embedded in.

BC, m—peak

LDOS (arb.units)

_J'l '\ _.".|
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Energy (eV)

Figure 3.1) The theoretical LDOS associated with a;B&land (encircled region) plotted
with the LDOS associated with a pure carbon island of the same radius, located far away
from the Batoms as depicted in the unfolded tube model to the right (to refortulzbe
A has to be joinedspectivelyj" A6 and B with BHS
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The formationof BC3 nanodomaingn the carbon lattice instigates the alignmenthef
carbon nanotube and the BEermi levels, which gives rise the strongacceptormpeak
attributed to the Bgjust below the Fermi levedf the nanotube. A small increase in the
density of ptype impurity atoms thus dramatically improves the conductivity of the
nanotubes at room teremature due to this assembly into B@maind®¥ Wei et al.
demonstrates an intrinsic resistivity of bordoped MWNTs an order of magnitude
lower than undoped tub&8. Although these B&domains are also reported to form in
highly doped (>15 atm%)\8NTs with postsynthetic method$” in-growth doping
methods do not permit these high concentrations. $ieasontribution of BG domains

to the overall band structure of the nanotubes differs greatly from individual atomic
substitutions of boron acse 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 Boresioped FWNTS

In Chapter 2 we discussedCG/D 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 ofdlbon 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 bedmped FWNTs (BFWNTSs) with a solution of
boric acid dissolved in methanol pumpedoirthe furnace as the source solutfh.
Although the carbon source utilized to grow FWNTs previously in Chapter 2 was

methane, alcohol solutions have been demonstrated as successful sources for FWNT

65



growth® Reports also indicate that the growthlgi®f CNTs from pure methanol
solutions is low compared to mixtures with ethaf®l. 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 canagons of methanol in the source
solution. The optimal solution based carbon source to gréWMBITs 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 setupghfe ingrowth substitutionally doped-B

FWNTs synthesized in this study.

Tube furnace

Syringe pump with
source solution

Exhaust

Carrier gas bubbler

Figure 3.2) A schematic of experimental setup for thegmowth substitutionally doped
B-FWNT synthesis via a solutieinjected CVD method. The carbon feedstock is
provided by a winge 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 syremgpump carrying the source solution inserts a needle into
the tube furnace suspended over the powdered catalyst. A carrier gas composed of Ar/H
is used to ramp the temperature and set the flow rate of the vaporized source during the

growth. An exhaustubbler 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 eéF\B/NTS

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-BWNTSs 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 850C 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-BWNTSs under these conditions.

Figure 3.3) Growth yield of BFWNTSs in quartz sample holdérhe 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 mia®with varying degrees of bundling and curvatures. The
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morphology and dimensions of the-g@®wn nanotubes are depicted in Figure 3.4.
Figure 3.5 illustrates the same nanotubes following a thermal purification step for 1 hr at

500JC.

Figure 3.4) TEM images of BFWNTSs produced via a CVD conducted at a 850 °C
growth temperature with a 2.0 atm% boron source solution containing an
ethanalmethanolmixture as a solvent withza1 weight ratio.
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