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Chapter 1

1. General Introduction

1.1. Sol-gel Chemistry in the Material Processing: Transparent

and Conductive Films

Sol-gel chemistry is a branch of chemistry applicable in the synthesis and processing of the
organic and inorganic substances in particular metal oxides which are essential components of
the glass and ceramics. Sol-gel method involves the synthesis of sol that is composed of the
dispersed particles of various shapes and sizes in the range of ~ 0.1-1um." The particles are
stabilized by the electrostatic repulsive interaction, allowing the Brownian motion in the
dispersion system and maintaining stability of the sols that is crucial in the material fabrication.
Gelation is facilitated by evaporation of the solvent, leading to the formation of complex network
of colloidal particles, i.e. gel. During this process viscosity of gel increases as the solvent
evaporates, forming a solid thin film eventually. In this manner transparent and conductive films

(TCFs) are obtained which are essential parts of the electronic devices.

The extent of sol-gel processing depends on the type of material used in the TCF fabrication.
The most promising materials for the TCF fabrication are nanomaterials including metal oxides,
graphene, and carbon nanotubes (CNT). Those nanomaterials give the films with high electrical
conductivity and optical transmittance on the transparent substrate. The metal oxide transparent
conductors appeared in 1930s during the investigation of the transparent conducting oxides. This
work was continued in 1940s, when the indium thin oxide (ITO) mixtures were discovered.” The
discovery of ITO contributed significantly to the development of the transparent electronics. The
discoveries of carbon nanotubes® in 1991 by S. Ijima and graphene” in 2004 by A. Geim and K.

Novoselov opened up new possibilities in the TCF fabrication technologies. Despite the
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excellent properties of CNTs and graphene, the commercialization of those materials for the TCF

fabrication is still challenging.

The sol-gel processing in the synthesis of metal oxide based films is well known. The sol of
metal hydroxides is deposited on the substrate and annealed to give oxide based thin films.” On
the other hand, the preparation of sol or gel of graphene or CNTs with the metal oxides or
hydroxides as the stable dispersion has not been succeed as the best to our knowledge. Therefore,
it still remains a challenge to prepare the stable dispersion of graphene or CNTs by so called sol-

gel dispersants.

1.2. Materials for the Transparent and Conductive Film

Fabrication

This section gives a survey of materials for the application in TCF fabrication. The most

common materials for the transparent conductor fabrication are as follows:

o Indium thin oxide (ITO);
o Graphene;

o Carbon nanotubes (CNTs).

The ITO film is currently used material for the transparent electronics, whereas Graphene and

CNTs-based films are still in the development stage.
1.2.1. Indium Thin Oxide

The ITO is an attractive sol-gel material for the fabrication of transparent and conductive
films. The ITO has high electrical conductivity and optical transparency in comparison with the
other metal oxides. The bulk structure of ITO is similar to /n,0; with the slightly increased
lattice constant in the range of 10.118 A <a < 10.31 A. The ITO film has strong orientation of
(100) and (111) crystal planes when deposited on the substrate. However, the electrical

conductivity and optical transmittance is not dependent on the orientation effects.



The electrical conductivity of ITO film is a function of Sn concentration; as the Sn
concentration increases electrical conductivity increases exhibiting the maximum at 6 at.% and
then decreasing. This tendency is associated with the donation of free electrons of Sn’" to the
In;0; crystal lattice.” The Sn atoms are replaced with In atoms in the crystal structure of [n,0;3 as
shown in Figure 1-1. Thus, the ITO film has a high carrier concentration of 10*' cm™ and hole
mobility of 15-40 cm?V™'s”, which leads to the resistance in the range from 7-107 to 5-10™

Q-cm.®

/ \ / \ / \
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Figure 1-1. The crystal structure of /n,0; doped with Sn atoms.®

The ITO is prepared by coprecipitation from an aqueous solution of /nCl; and SnCl, at the
atomic ratio of Sn/(Sn+1In) of 0-10 %.” The aqueous solution of InCl; and SnCl, was diluted with
the ammonia solution and precipitated. The supernatant was decanted and the resulting
precipitate, containing the mixed hydroxides of In and Sn was washed with water to remove
ammonia solution. The mixture of hydroxides was dispersed by stirring and water soluble
polymer was added to maintain the stability of the dispersion system. The pH was adjusted by
addition of HNO; to be between 2 and 3 to prevent aggregation.

The amount of polymer as well as the type of polymer affects the thickness of film by dip

coating method. The resistivity and optical transmittance of the films is shown in Table 1-1.



Table 1-1. The resistivity and optical transmittance of ITO film on the glass substrate after treatment at

550 and 900 °C in air for 1h. The film treated at 900 °C was post treated at 350 °C in nitrogen for 30 min.’

Addition of polymer ITO thin film
Added Conc. Thickness ps(Q-cm), 550 ps(Q-cm), 900 T (%),550 nm

polymer (Wt.%) A) °C °C

Poly(vinyl 4.0 900 2.8-107 3.7-107 95
alcohol) (2.5-10%)

Poly(vinyl 1.5 800 2.0-107 1.8107 97
alcohol) (3-10%)

(Hydroxiprop 0.075 700 1.6-107 13107 97
yl) cellulose (1-10%)

Poly(2- 3.0 800 21107 2.8107 88

vinylpyrrolidone)

(3.6:10%)

The poly(vinyl alcohol) of the molecular weight of 3-10° and hydroxypropyl cellulose of the
molecular weight of 1-10° give the dispersion stability of the In and Sn hydroxide mixtures in
aqueous media. This suggests that those polymers prevent the aggregation process of the metal
hydroxides during the drying process, giving the uniform coatings. The amount of polymer in the
film should be reduced to the minimum. The exceed of polymers gives the volatile moieties,

causing inhomogeneous film formation after the thermal treatment.

Therefore, the ITO is highly transparent and conductive oxide which is widely used as an

electrode in the transparent electronics.
1.2.2. Graphene

Graphene is 2D material whose thickness corresponds to the diameter of carbon atom as
shown in Figure 1-2. It is highly conductive in a direction parallel to the graphene layers
because of the metallic character. On the other hand, it has poor conductivity in the direction
perpendicular to the graphene layers due to the weak van der Waals interactions between the
layers. The s orbitals of carbon atoms overlap, forming ¢ bonds, whereas p. orbitals overlap and
create  bonds of sp’ hybridized carbon atoms. The filled 7 orbitals form a valence band and

empty 7t orbitals form a conduction band, being responsible for the in-plane conductivity.'’



Figure 1-2. The structure of graphene."’

The simple route for the graphene preparation is exfoliation of graphite by Hummers
method.'? The graphite is exfoliated by oxidation with a mixture of KMnO4 and H,SO4 from
which the Graphene Oxide (GO) sheets are obtained. The GO sheets have the carboxyl, hydroxyl,
and epoxy functional groups, inducing hydrophilicity to the surface.”” However, the electrical
conductivity of such graphene sheets is low because the carbon atoms are mainly sp’ hybridized

with plenty of defects.

The reduction of surface functional groups can give graphene. This reduction can be
conducted chemically and thermally. The chemical reduction uses various chemical reagents
among which hydrazine,'* sodium borohydride, ’hydroiodic acid'® are commonly used. The
reduction is conducted by dipping of GO film in the solution of reducing reagents to give
reduced GO. The thermal reduction is conducted by the heat treatment at 1100 °C in the absence
of oxygen or any halogen.'”'® The oxygen functional groups evolve from the graphene plane as
CO or CO,, resulting in increase of the electrical conductivity.'” However, these methods still
cannot give the single layer graphite sheets. The graphene layers are usually stacked in several
layers, giving high electrical conductivity. The transmittance of such graphene films is very

poor,” which is an obstacle toward high quality TCF preparation.
1.2.3. Carbon Nanotubes

The carbon nanotubes (CNT) are promising 1D materials which attract a great attention in
the TCF fabrication. The term CNT include the single wall carbon nanotube (SWCNT), double
wall carbon nanotube (DWCNT), and multi wall carbon nanotube (MWCNT). However, the



SWCNTs are the most commonly used in the TCF fabrication. The carbon atoms of carbon
nanotubes are sp° hybridized with a lone pair electrons of p. orbital that is responsible for the
high electrical conductivity.”” The electronic structure of SWCNT with the free p. orbitales is
shown in Figure 1-3. The electrons of p. orbital are responsible for the strong van der Waals

interactions present between nanotubes.

Figure 1-3. The schematic representation of the electronic structure of (7,7) SWCNT with the free p,

orbitals.!

The CNT can be synthesized by various techniques such as chemical vapor deposition
(CVD), laser ablation, and arc discharge.”” The CVD method gives slightly pure and crystalline
CNT suitable for versatile applications. The production conditions determine quality of CNT
including purity, crystallinity, and weather they are SWCNT, DWCNT, or MWCNT. The
SWCNTs are composed of one graphitic layer, DWCNTSs of two graphitic layers, and MWCNTs
of several graphitic layers as shown in Figure 1-4. The number of walls in CNTs depends on the
catalyst. In the presence of catalyst they are single walled and in the absence of catalyst they are

multi walled.
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Figure 1-4. (a) Structural models of SWCNT, (b) DWCNT, and (b) MWCNT.*
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The conduction properties of SWCNT have stimulated their large scale production. The
electrical and thermal conductivity of SWCNT are higher than those of graphite. An individual
SWCNT has small band gap of the order of magnitude of 10 meV,** indicating high electrical
conductivity. The thermal in-plane conductivity of graphite is 1000 W/m-K, whereas the thermal
conductivity of individual SWCNT and DWCNT is 2400 and 1980 W/m-K, respectively.”*°
However, the SWCNTs are normally produced in bundle form of several hundreds of nanotubes
which significantly reduce their excellent conduction properties. It is still challenging to make

use of this excellent material for versatile applications.

1.3. Selecting the Suitable Material for the Application in

Transparent Electronics

In order to choose the suitable material for transparent electronics we need to take into
account physical properties, chemical properties, mechanical properties as well as the cost and
availability of the materials. Here, we consider the suitability of ITO, graphene, and CNTs for
the fabrication of TCFs.

The ITO is a ceramic material which has very high electrical conductivity and optical
transmittance. The sheet resistance is measured to be 15 ohm/sq at the optical transmittance of
80 % at 550 nm. However, the ITO has disadvantages that can cause serious obstacles toward its
efficient use in the electronic devices. The ITO is very fragile, forming the cracks at the low
strains of 2-3 %.%’ These micro-cracks can cause the decrease of the electrical conductivity of
films. The crack formation also places the durability and lifetime issues in the electronic devices.
The index of refraction of ITO films is relatively high (nearly 2.0), which leads to unwanted
reflection when coupled with the materials or substances with lower refraction index.”® This
issue can be solved by coatings which reduce the refraction index of ITO films; however, these
materials can be expensive. The corrosion issue of the ITO films is very important as well.”’ The
small amount of acids or salts in the environment or the device adhesives can cause the damage
of ITO electrode and significantly reduce the device lifetime. The price of ITO is very high,
which is the most serious obstacle in the industrial application of ITO films. The dominant metal

of ITO is In which takes about 75 % of the mass. The price of ITO depends on the price of In



that increases with time. The price of /n was about 200 $/kg in 1990s in order to increase to 720

$/kg in 2015. This indicates the price increasing tendency of ITO film in the global market.

On the other hand, graphene and CNTs in particular SWCNTSs are very promising materials
in the TCF fabrication due to the extraordinary electrical, optical, and mechanical properties.
These materials possess numerous advantages, being superior to the ITO in TCF fabrication. The
individual SWCNT has extremely high hole mobility of >100 000 cm?/V-s,*® while graphene has
the hole mobility between 3000 and 10 000 cm?/V-s*. The SWCNTs and graphene are flexible
materials. The tensile strength of individual SWCNT was measured to be 22.2 + 2.2 GPa’' and
the tensile strength of graphene was reported to be 130 GPa,** being one of the strongest
materials known today. The price of CNTs and graphene decreases as the technologies for their

production improving.

The graphene and CNTs are promising materials for the commercial applications in the
transparent electronics. A lot of efforts have been made to make use of graphene and CNTs in
the real application. The various products containing graphene and CNT such as touch screens,
tennis rackets, skis, bicycle wheels, helmets, automobile components, and cycling shoes have
already begun to appear commercially.**** However, there is still room to improve the properties
of these materials in order to have better performances and functionality of their final products.
Here, we will concentrate our attention on the development of the SWCNT films for the

application in transparent electronics.
1.3.1. The SWCNTs in Transparent and Conductive Film Fabrication

The quality of SWCNT depends on the technique applied for their synthesis. Here, we show
the most commonly used SWCNT in the TCF fabrication, Figure 1-5.
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Figure 1-5. Characteristics of SWCNT synthetized by different techniques. (a) Diameter of SWCNT
versus the type of SWCNT, (b) burning temperature and purity dependence on SWCNT type, and (¢) the
ratio of Ip/I and I:/Ig intensities on the SWCNT ‘[ype.35

The Arc method gives the SWCNT with the largest diameter of SWCNT of 1.4 nm, while
the smallest diameter of 0.8 nm has the SWCNT obtained from CVD method. The HiPCO and
Laser SWCNT have diameter of 1.1 and 1.2 nm, respectively as shown in Figure I-5a. The
burning temperature changes with the content of impurities of SWCNT, Figure 1-5b. Figure I-
5¢ shows the ratio of Ip/Ig and Ig/Ig bands at 514 and 633 nm for semiconducting and metallic
SWCNT, respectively. The impurity content and the ratio of Ip/Ig bands influence the electrical
conductivity of nanotubes. The larger Ip/Ig ratio the lower electrical conductivity. This indicates
the lower electrical conductivity of metallic than semiconducting nanotubes. The presence of
metallic components is represented by the Ig/Ig ratio. As this ratio is larger the amount of
metallic components is larger. The presence of large quantity of metallic SWCNT gives a high

electrical conductivity to the materials.



The band gap of semiconducting nanotubes depends on their diameter according to

following expression:*®
Ey =22 (eV) (1.1)

Where ac.c is 0.142 nm and vy, is an empirical parameter taken as 2.9 eV. The conductivity of

SWCNT can be expressed by the following equation:
0 = nep, + pey, (1.2)

where n and p correspond to electron and hole type carrier concentrations, while p, and p,
are the electron and hole motilities, respectively. The mobility is governed by the random
scattering with lattice atoms, impurity atoms, and the other scattering centers. The intrinsic

carrier concentration decreases exponentially with the band gap as described by the equation:
n; = noexp(—E,/2k,T) (1.3)

where ky, and T are the Boltzmann constant and temperature of the system. The

concentrations of carriers of p and n-type carriers can be expressed by the equations as follows:
p=n; exp[(El- - Ef)/ka] (1.4)
n= niexp[(Ei — Ef)/ka] (1.5)

where E; and Ey are intrinsic Fermi level used as a reference level and extrinsic Fermi level
of the given semiconductors, respectively. The electrical conductivity is proportional to carrier

concentration for the semiconducting nanotubes:
o~ exp(—Eg/Zka)exp[(Ei — Ef)/ka] (1.6)

The intrinsic semiconducting nanotubes have equal E; and E; value and the conductivity
depends on the exponential factor, exp(—E,/2k,T). In case of metallic nanotubes, the 7 and T
orbitals overlap at the Fermi level. However, it was suggested by Denaley et al. (1998) that
metallic nanotubes have a pseudo band gap of ~ 0.1 eV originated from the tube-tube interaction
in the bundles.”” The pseudo band gap of metallic nanotubes is small in comparison with the

direct band gap of semiconducting nanotubes. The band gap of semiconducting nanotubes with
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diameter of 1 ~ 1.4 nm was estimated to be in the range of 0.7 ~ 1.0 eV. The pseudo band gap

depends on the tube diameter as denoted by the following expression™:

E

pg

~ 0.;05 (eV)

(1.7)

Then, the electrical conductivity of the semiconducting nanotubes is expressed as follows:

Epg

o~exp(——=

2k, T

(1.8)

The Raman spectroscopy is a useful technique in the characterization of CNT samples. There

are two excitation energies at which we observe semiconducting and metallic CNT; one is at 514

nm (2.41 eV) and another one at 633 nm (1.96 eV) as shown in Figure 1-6. The Raman signal is

generated when the transitions between van Hove singularities correspond to the excitation

energies of nanotubes. The energy of van Hove singularities depends on the diameter and

chirality of nanotubes, suggesting that the metallicity can be determined thoroughly.*
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Figure 1-6. The semiconducting SWCNT excited at 514 nm and metallic ones excited at 633 nm.”
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The semiconducting nanotubes are observed at the excitation wavelength of 514 nm as can
be seen in Figure 1-6a. However, the CVD and HiPCO is composed of the semiconducting and
metallic nanotubes. The contribution of metallic nanotubes is observed as the long tail of G-band
at the lower energy side which corresponds to the Fano line.® Arc and laser nanotubes are
mostly metallic, the HiPCO nanotubes contain metallic, and CVD nanotubes are mostly
semiconducting as observed in Figure 1-6b. The metallicity of nanotubes can be observed in the
RBM-band. The presence of D-band shows the defectivity of nanotubes. The higher intensity of
D-band the more defective nanotubes. The G’-band is the second order Raman signal and
indicates the metallicity of nanotubes. The intensity of G’-band is directly proportional to the
metallic component of nanotubes.”” At 514 nm the Arc and Laser SWCNT exhibit a small G’-
band, indicating that those nanotubes are mostly semiconducting. The CVD and HiPCO
nanotubes contain a certain amount of metallic nanotubes and G’-band has higher intensity. At
633 nm similar tendency can be observed. The intensity of G’-band increases with increasing

metallic component.

Therefore, the G’-band is a measure of metallicity of CNTs. As the intensity of G’-band is
increasing the concentration of metallic component increases as well. The intensity of G’-band is
in agreement with the intensity of RBM band. Despite the presence of the metallic nanotubes, the
electrical conductivity decreases as the intensity of D-band increases due to the increase of the
scattering centers which degrade electrical conductivity. Therefore, the nanotubes will have a
high electrical conductivity if the intensity ratio of G’-band/D-band is large. The nanotubes with

high metallicity without or with very small amount of defects are highly conductive.

The parameters such as purity, defectivity, metallicity, and diameter affect the quality of
nanotubes. The combination of these parameters into equation that represent the relationship
between the parameters gives the quality factor. The defects reduce the mean free path and
decrease the electron and hole mobility of carriers. Thus, the conductivity is proportional to the
metallicity and inversely proportional to the defectivity of nanotubes. Therefore, the quality

factor of SWCNT is given by an expression as follows:

Qm =P X% (exp (—%) X exp(Ei - Ef) x Y+ exp(—Epq/2kpT X m) (1.9)

12



where E, and E,q are the band gap of semiconducting and metallic nanotubes described by
equation (1) and (7), respectively. P is the purity of nanotubes, Y, I and Y. I,, are the average
intensity ratios of G’/D bands for semiconducting and metallic nanotubes, respectively. The
intensities Is(Iy) are defined as follows:

I(Ly) = L1,y x 25UM) 1.10
G'/D

As+Apm

where the Ag/Ay is the area of semiconducting (metallic) bands of RBM from Figure 1-6. The
first exponential term in Equation 9 represents the carrier concentration and the second
exponential term represents the mobility which changes with doping effect in semiconducting
nanotubes. The third term shows the contribution from metallic nanotubes. The abundance of
metallic nanotubes described with the /4,y ratio. The metallic SWCNTs affects electrical
conductivity much more than semiconducting ones, the exponential factor of semiconducting
SWCNT with diameter of 1~2 nm is negligible for intrinsic SWCNT when E; = Ef. In case of
doping, the Fermi level is shifted, meaning that E; # E and the first term is not negligible. Also
the pseudo band gap of metallic nanotubes can be shifted by doping effect; the Equation (9) does
not take it into account because it is negligible in comparison with the semiconducting
nanotubes.*’ Therefore, the material quality factor Q,, was calculated with the assumption that

E; =~ Ej for four types of SWCNT as shown in Figure I1-7.
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Figure 1-7. The material quality factor Q,, of different types of CNT estimated from Eq. (9).
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According to this evaluation method, the Arc SWCNT has the highest electrical conductivity.
This indicates that Arc SWCNT give the films with the highest quality in terms of electrical

conductivity and optical transparency.

1.4. The SWCNT Inks

The Single Wall Carbon Nanotubes (SWCNTSs) are present in the bundles of several
hundreds of nanotubes as shown in Figure 1-8. The excellent optical and electrical properties of
the intrinsic SWCNTs are hindered when they are in the bundles. The easiest way to isolate
SWCNTs from the bundles and exhibit their excellent optical and electrical properties is to
disperse them by suitable dispersant, i.e., the SWCNT ink preparation. However, the dispersing
SWCNTs into individual tubes is not straightforward. The SWCNTSs are hold together by van der
Waals attractive interactions. The van der Waals attractive energy estimated to be 500 eV/um*!
is responsible for the aggregation of SWCNTs. The surface of SWCNTs should be modified to
lower this energy and prevent the aggregation. The modification involves dispersing SWCNTSs
with the aid of surfactants,*” polymers,” organic solvents,** superacids,” and chemical
functionalization.*® This modification lowers the attractive energy between SWCNTs due to the
change of the surface properties from hydrophobic to hydrophilic ones. Thus, the SWCNTs
become hydrophilic water like, yielding the stable dispersion.

[ (b)
k2

Figure 1-8. The SWCNT bundles. (a) The SEM image of SWCNT bundles in diameter of 10 ~ 20 nm
and several tenths of microns in length. (b) The HRTEM image of SWCNT bundle of nearly 100
SWCNTs."
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The process of dispersing SWCNTs is followed by ultrasonication, which takes place in the
ultrasonicator. There are two types of the ultrasonicators for dispersing SWCNTSs. One is the
“bath ultrasonicator” and another one is the “tip ultrasonicator”. The “tip ultrasonicator” is more
powerful and gives more homogeneous dispersion with the larger quantity of isolated SWCNTs.
The mechanism of dispersing SWCNTSs by ultrasonication is shown in Figure 1-9. During the
ultrasonication process, the small cavities in the liquid are being formed as microbubbles that
penetrate into the intertubular space and disrupt the SWCNT bundles.”® This is followed by
adsorption of dispersant on SWCNTs from the edge of bundle (ii) and its penetration along
SWCNTs (iii), leading to the isolation of SWCNT (iv).***

#-";

/-1

-/

{iiy (i) (iv)

Figure 1-9. The possible mechanism for dispersing SWCNTSs with surfactants by aid of ultrasonication
treatment. The SWCNT bundle (i) disrupted by ultrasonication at the edge (ii) followed by penetration of
surfactants along SWCNT (iii), giving isolated SWCNT (iv).*

The quantity of isolated SWCNTs in the dispersion state is the key point for the application
of SWCNTs. The large quantity of highly dispersed SWCNTs is preferable in the fabrication of
TCF for transparent electronics. The dispersibility depends on the type of dispersant used for
SWCNT ink preparation. Since the dispersibility of SWCNTSs is very important in the TCF
fabrication, here will be briefly reviewed the dispersants for SWCNT inks.

1.4.1. The Surfactant Based SWCNT Inks

There are variety of surfactants that have been used for the SWCNT ink preparation. Here
we will mention some of the most commonly used surfactants in the TCF fabrication: Sodium

Dodecyl Sulfate (SDS), Sodium Dodecyl Benzene Sulfonate (SDBS), Lithium Dodecyl Sulfate
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(LDS), Tetradecyl Trimethyl Ammonium Bromide (TTAB), and Sodium Cholate (SC).”® The

possible mechanism of the adsorption of surfactants on SWCNT surface is shown in Figure 1-10.
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Figure 1-10. The possible mechanisms by which surfactants stabilize SWCNT in the aqueous solution.
The adsorption of surfactants on SWCNT can be in the following forms: (a) cylindrical micelles, (b)

hemimicelles, and (c) random adsorption.”'

The surfactants have both hydrophilic and hydrophobic parts. The hydrophilic parts
composed of functional groups are polar, interacting with the dispersion media (water), while the
hydrophobic parts composed of the long hydrophobic chains adsorb on the hydrophobic surface
of SWCNT. The surface charge of SWCNT is changed from slightly negative that corresponds to
the bare SWCNT™ to highly positive or negative depending on the kind of surfactants. The
cationic surfactants give positive charge and anionic ones give negative charge to the SWCNTs.
This surface charge is determined by Zeta potential and expressed in the units of voltage (mV). If
the zeta potential is higher than +30 mV or lower than -30 mV, the SWCNT dispersion is highly

stable.”® Therefore, the SWCNTSs are stabilized by the electrostatic repulsive interactions.
1.4.2. The Polymer Based SWCNT Inks

Variety of polymers have been used for dispersing SWCNT in aqueous and non-aqueous
media: Polyvinylpyrrolidone (PVP),> polyvinyl alcohol (PVA),>* polystyrene sulfonate (PSS),”
poly(9,9-dioctylfluorenyl-2,7-diyl) ~ (PFO)*,  Poly(diallyldimethylammonium  chloride)
(PDDA),” and Poly(allylamine hydrochloride).”® The biopolymers such as deoxyribonucleic

acid (DNA)57, chitosan,® gela‘tin,59 amylose,60 [3-1,3-glucans,61 carboxymetyl cellulose sodium
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salt (CMC)® can be used for SWCNT inks as well. The block copolymers such as polystyrene-b-
poly(4-vinyl piridine) (P4VP) also give the stable dispersions of SWCNTs.*?

There are two possible mechanisms for stabilization of SWCNTSs with polymers. One is the
wrapping mechanism, where the SWCNTSs are wrapped in the polymer matrix and another one is
the long ranged entropic repulsion between the polymers surrounding SWCNTs and preventing
their aggregation.*” An example of stabilization of SWCNT by wrapping mechanism is shown in

Figure 1-11.

) .
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Figure 1-11. The possible wrapping mechanism of (8,8) SWCNT with PVP. (a) Double helix wrapping,
(b) triple helix wrapping, and (c) backbone bond rotation which introduced switch-backs, allowing double

parallel wrapping with the same polymer chain.>

The wrapping process is driven thermodynamically so that the hydrophobic interface
between SWCNT and water is eliminated. The outer surface of SWCNT is helically wrapped

with the polymer, maintaining dispersion stability.>
1.4.3. The Organic Solvent Based SWCNT Inks

The solubilization of SWCNT in organic solvents is probably the easiest route for dispersing
SWCNTs. The best solvents for solubilization of SWCNTs are following: N,N-
Dimethylformamide (DMF), N-methylpyrrolidone (NMP), hexamethylphosphoramide,
cyclopentanone, tetramethylene sulfoxide, and e-caprolactone.** Among the organic solvents for

SWCNT, the DMF and NMP appear as the best solvents for the SWCNT ink preparation. The
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TEM images of SWCNT dispersed by DMF, mixed DMF:NMP with increasing NMP

concentration, and NMP are shown in Figure 1-12.

Figure 1-12. The TEM images of SWCNT dispersion by organic solvents. (a) The SWCNT dispersed
with DMF. (b) The SWCNT dispersed with saturated NMP and diluted with DMF by 1:9. (c¢) Dispersed
by saturated NMP and diluted with DMF, 1:8. (d) Dispersed with saturated NMP and diluted with 1:9
NMP.*

The dispersibility of SWCNT increases with the concentration of NMP in the dispersion system. This
suggests that NMP is better dispersing agent than DMF. The dispersion phenomena with organic solvents
can be explained by solubility parameters. Those solvents have negligible value of hydrogen bond
donation® (HBD) parameter a, high value of hydrogen bond acceptance® (HBA) basicity
parameter B, and high value of solvochromic parameter m*. This means that the Lewis basicity
without hydrogen donors is a key property for dissolution of SWCNTs in the organic solvents.* The
solvochromic parameter should be responsible for the surface charge and Colomb repulsive interactions

between the SWCNTs.

Also, the evaluation of dispersibility of SWCNTSs in organic solvents can be conducted with
the Hildebrand and Hansen solubility parameters. The Hildebrand solubility parameter ()
considers the cohesive energy density of the material according to following expression:®’

__ (AH-RT)
=

) (1.11)
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where the parameters are as follows: AH-heat of vaporization, R-gas constant, and V,-molar
volume. The attractive forces between nanotubes should be overcome in order to obtain the
stable SWCNT dispersion. This cohesive energy arises from the dispersive forces (dp), the forces
between permanent dipoles (dp), and hydrogen bonding (dy). These parameters are called the
Hansen solubility parameters. The relationship between the Hildebrand and Hansen parameters

is given by the following expression:®’

The Hansen solubility parameters involve the type of interactions between the solvent and solute.
The solute is SWCNT in this system. Sometimes is possible that two solvents have the same
values of Hildebrand parameters and different values of Hansen parameters. Therefore, it is
necessary to evaluate both parameters to know the origin of the interactions between solvent and
SWCNT in the dispersion system. The interaction type depends on the organic solvent. The most
of organic solvents give the stable SWCNT inks when the Hildebrand parameters are in the
range of ~ 22-24 MPa'? and Hansen polarity component in the range of ~ 12-14 MPa'?. This
correlation between Hildebrand and Hansen parameters is correct for most of the examined

organic solvents in the preceding literature.®’
1.4.4. The Superacid Based SWCNT inks

The superacids have an ability to highly disperse SWCNTs. Here are listed the superacids
which can disperse SWCNTs: 100 % sulfuric acid (H,SO4), oleum (20 % of free SOs3),
methanesulfonic acid (CH3SOgH+SZOg2'), trifluoromethanesulfonic acid (trifilic acid)
(CF3SO;H), and chlorosulfonic acid (CISO3H).* Among the various superacids, the CISOsH is
the most efficient for dispersing SWCNTs. It can disperse 45 g/L of SWCNT, being the most
efficient dispersing medium. The dispersion of SWCNTs by CISO;H is shown in Cryo-TEM
image in Figure 1-13. This was the first TEM image that reports the isolated pristine SWCNTs
and the first Cryo-TEM of the superacid solution.*®
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Figure 1-13. The Cryo-TEM image of SWCNTs dispersed in CISO3H. The SWCNTSs are individually

dispersed and the black points come from the catalyst.*

The SWCNTs have amorphous nature, suggesting that they will behave as a weak base
during the dissolution in the acids. Thus, the SWCNTs are being protonated directly with the
acid, leading to the delocalization of the positive charge of the entire SWCNTs. This process is

described by following reaction:*
Cx + yAH - [C,§+H3(,1_k6)+] + YA~

where k is the ratio of the number of carbon atoms (x) and the number of anions (y), d is the
fractional positive charge of each carbon atom of SWCNTs. The formation and stability of
carbocation depends on the stability of conjugate base anion, A. The absence evolution of
hydrogen during the dispersing SWCNTSs by superacids suggests the polarization of the carbon
atoms as denoted with C:H'. The system superacid-SWCNT can be expressed by

[C,f*’H}(,l_ksH]A;l.“S Thus, the SWCNTs are stabilized by electrostatic repulsive interactions,

giving the highly dispersed SWCNTs.

1.4.5. The SWCNT Inks Stabilized with Chemical Functionalization

The chemical functionalization involves the attachment of functional groups on SWCNT
surface. The functional groups induce the hydrophilicity to the nanotubes, reducing the
intertubular van der Waals interactions. Thus, the SWCNTs are charged positively or negatively,
leading to the electrostatic stabilization of the SWCNT inks. This charge depends on the type of

moieties attached to the SWCNT surface. The species with the electronegative atoms give the
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negative charge to the SWCNTs and vice versa. Thus, the following functionalities give the
negative charge to the SWCNTs: -COO, -C=0, -OH, C-O-C, CI', and F". On the other hand, the
functionalities based on nitrogen give the positive charge to SWCNTs. The SWCNTSs with the

variety of functionalities are shown in the Figure 1-14.
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Figure 1-14. The SWCNTSs functionalized with the addition reactions.”’

The functionalization of SWCNTSs can be conducted by the thermal oxidation process in the
presence of HNO;3 or H,SOs. This process yields the SWCNTSs with carboxyl and hydroxyl
functionalities.*®®” The future reactions of addition or substitution can give various functional
groups to SWCNTSs. Here the carbon atoms are mostly sp® hybridized,” suggesting the low
electrical conductivity of nanotubes. Therefore, this method gives stable dispersion of SWCNT,
but the inks based on this SWCNTs is not desirable in the fabrication of the TCF due to the low

electrical conductivity.
1.5. The Techniques for TCF Fabrication

The variety of techniques has been employed in the TCF fabrication. The films can be
prepared by dry and wet deposition techniques. Since the main topic of this work is the TCF
fabrication from SWCNT inks, here we will focus on the wet techniques. The most commonly
used methods for the fabrication of TCFs are following: Bar coating, spray coating, dip coating,

spin coating, vacuum filtration, and Langmuir-Blodgett.
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1.5.1. Bar coating

Bar coating is a well-known technique for the preparation of liquid thin films in a very
controlled manner.®®*"® This technique is scalable and convenient for the industrial fabrication of

TCFs. The scheme of bar coating is shown in Figure 1-15.
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Figure 1-15. (a) Schematic representation of bar coating technique. (b) The sinusoidal surface profile of

liquid film immediately after bar coating.”

The bar of stainless steel wound with the wire of stainless steel of the certain diameter is scanned
over the substrate. The SWCNT ink spreads on the substrate during the scanning process,
forming a liquid thin film as shown in Figure I-15a. Since the part of the ink flows in the
grooves of bar, the liquid film whose surface has the shape of sinusoidal wave is formed, Figure
1-15b. The properties of SWCNT inks play a role in the bar coating process. The surface tension
of SWCNT ink should be low to suppress dewetting process and allow the uniform coating
formation. After the coating process the viscosity of liquid film should be high enough to slow
down the local flows of film and allow the homogeneous drying. The role of viscosity and
surface tension in the process of film formation can be understood from the Capillary (Ca) and

Reynolds (Re) number: ™
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— K
Re =2 (1.14)

where p is viscosity, v is velocity, ¢ is surface tension, p is density, and 2nl wavelength of
sinusoidal disturbance. After the coating, the liquid film has a wavy configuration which must
flatten before the drying process. The flattening is driven by the capillary forces and gravity. The
average thickness of liquid film A, is significantly lower than capillary length (x'c0(a/pg)),
suggesting that the gravitational effects are negligible in comparison with the capillary effects.
The capillary flattening is driven by the electrostatic pressure difference between the convex and
concave regions in the liquid film. The velocity of flattening depends on the viscosity of
SWCNT inks. The high viscosity inks flatten slowly and oppositely. The slow flattening is
desirable because it gives the uniformly distributed thickness of the liquid film. This is ensured
by the low value of Reynolds number. The low Capillary number means the high surface tension
and quick spreading of the ink on the substrate. The compromise between those numbers is
necessary for the uniform film formation.” If the viscosity is too low, the flattening process
would occur quickly. This often leads to the inhomogeneous film formation. Therefore, the
SWCNT inks of sufficient surface tension and viscosity are required for the homogeneous film

formation.
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1.5.2. Spray coating

The spray coating method is used for the deposition of the liquids on the hot plate where the
substrate is placed.”’ The temperature of hot plate depends on the boiling point of liquid and
melting point of the substrate. For example the heating temperature of the poly ethylene
terephthalate (PET) film should not exceed 120 °C due to the melting issue.”” The schema of

spray coating process is shown in Figure 1-16.
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Figure 1-16. The schema of spray gun for coatings.”

The liquid carried by inert gas spreads onto the hot plate in the form of small droplets which
immediately evaporate at the hot plate. The droplets are formed by passing the liquid through the
nozzle in the spray gun. The thickness of the film is controlled manually so that the operator
needs to be careful during this process. The homogeneity of the film depends on the SWCNT ink
stability as well.

1.5.3. Dip coating

Dip coating is a convenient method for the preparation of SWCNT films without any
sophisticated equipment. The process of the film formation is depicted in Figure 1-17. It consists
of the three steps: dipping the substrate into SWCNT ink, staying in the SWCNT ink, and lifting
up by certain speed.
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Dipping Lifting Drying
Figure 1-17. The schematic diagram of the dip coating process.”*

During the lifting some amount of SWCNT ink is adsorbed on the substrate. The amount of
adsorbed SWCNT ink depends on the viscosity, immersion time, lifting speed, and interactions
between SWCNT ink and substrate. The drying process affects the quality of film as well. The
only drawback of this process is coting of both sides of the substrate. However, the dip coating

method is promising for the scalable fabrication of TCFs for the electronic devices.”

1.5.4. Spin Coating

The spin coating method involves rotation of the substrate where the droplet of SWCNT ink
is placed. During rotation the droplet is spread from the center to the periphery by the centrifugal

force. The process of film formation is shown in Figure 1-18.
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Figure 1-18. The SWCNT film formation by spin coating method.”

The thickness of SWCNT film depends on the viscosity of inks, angular velocity, spinning time,

and the substrate-ink interactions.
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1.5.5. Vacuum filtration

Vacuum filtration is a simple method for the preparation of SWCNT films. This method
involves filtration of diluted SWCNT ink through the filtration membrane’® as shown in Figure

1-19. The film thickness is determined by the concentration and amount of ink passed through

@

the membrane.

Vacuum =

Figure 1-19. The SWCNT film fabrication by vacuum filtration method.”’

After filtration the film needs to be transferred from the membrane onto the substrate such as flexible PET,
glass substrate or some other substrate depending on the application. Also, in this manner can be prepared

self-standing SWCNT film by pilling off from the membrane as reported in the preceding article.”
1.5.6. Langmuir-Blodgett

The Langmuir-Blodgett film deposition is based on the affinity of the substrate for solute; in
this case solute is SWCNT coated with the dispersant, i.e., the SWCNT inks. The process of film

deposition is shown in Figure 1-20.
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Figure 1-20. The Langmuir-Blodgett deposition of SWCNT onto the substrate.”®
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At the deposition process, the crucial role plays the surface chemistry of the substrate and
SWCNTs. The SWCNTs are hydrophilic in the dispersion state that is ensured by the stability of
dispersion system. Also, the substrate needs to be hydrophilic to allow the uniform adsorption of
the SWCNT to the substrate. The hydrophilicity of substrate is created by washing with acids or
by plasma treatment.” Then the SWCNT ink driven by the capillary forces penetrate to the
substrate forming a monolayer film. By the repetition of this process the multilayer SWCNT film

can be produced.

1.6. Requirements of the Transparent Electrodes for the

Electronic Device Fabrication

The TCFs are widely used as electrodes in the electronic devices such as touch panels,
displays, solar cells, and light emitting diodes.’The functionality of those devices depends on the
electrical conductivity and optical transmittance of the transparent electrodes. Various devices
have different electrode requirements in terms of the sheet resistance and optical transmittance as

shown in Table 1-2.

Table 1-2. The requirements of electronic devices in terms of the sheet resistance and optical

. 2
transmittance.

Transparent Electrode % Range Rs Range (ohm/sq)
Type Device Type
Touch side Resistive touch 86-90 300-500
panel
Device side Resistive touch 88-90 200-500
panel
Top or Bottom Projected 88-92 100-300
Capacitive touch panel
Primary Surface 88-90 900-1500
Capacitive touch panel
Pixel LCD 87-90 100-300
Common LCD 87-90 30-80
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Each type of the electronic device requires the certain range of the sheet resistance and
optical transmittance for the proper functionality. The sheet resistance should be minimized and
optical transmittance maximized to obtain an electronic device with good performances such as
the response time, touch representation accuracy, and activation force. The electronic devices are
composed of the two electrodes faced toward each other. The current flow between the two
electrodes allows the controller to identify the location of the touch position and forwards the

signal to the computer software to process the action.’

The contact resistance between the electrodes is determined by the interfaces, roughness,
film porosity, and uniformity.”® Thus, the film needs to be smooth at the atomic level in order to
ensure the contact between the touch side and device side. Also, the optical and electrical
uniformity play a role in the efficient functionality of the electronic devices in particular touch
screens. The color neutrality of the transparent films is important as well. The neutral color of the
transparent electrodes is desirable because it will not distort the image color affected by the
device side. The mechanical properties of transparent electrodes are important as well. If the
mechanical properties are not high enough the electrode can crack, causing a serious damage of
the electronic device. The environmental and chemical stability of the transparent electrodes
determine the durability of the electronic device. It is critical that touch screen can function
normally after 2-3 years of the everyday use. The conditions for this evaluation are high and low
temperature as well as humidity. The chemical stability of the electrodes to various acids and

chemical compounds is desirable to preserve electrode during the processing steps.”>%

Therefore, the TCFs are of the crucial importance for the assembly of the electronic devices. The
electrical conductivity and optical transmittance of TCF determines the quality of the electronic

devices.
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1.7. Purpose of the Present Study

The development of highly transparent and conducting films of SWCNTs is still challenging.
The theory predicts that the electrical conductivity and optical transmittance of SWCNT films
should go beyond ITO film. However, the industrially applicable SWCNT film comparable to
ITO film has not been fabricated as the best to our knowledge. There are two stages in the
fabrication of SWCNT films: The preparation of SWCNT ink and removal of the dispersant from
the film. The dispersant is a desirable component in the dispersion state because it gives a raise
to the dispersion stability. On the other hand, it is not desirable component on the film due to the
suppression of electrical conductivity of SWCNTs. This work deals with the synthesis of sol-gel
dispersants which give high dispersibility and stability to SWCNTs in aqueous media. Also, the
dispersant should be easily removed from the SWCNT film, increasing the electrical
conductivity and optical transmittance. Therefore, we use sol-gel method to synthesize
dispersants for SWCNTs with high capability of dispersing SWCNTSs and high level of solubility

in the film form.
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1.8. Scope of the Thesis

This thesis is consisted of three papers published during the period of PhD program of three

years. The thesis is divided into five chapters that are briefly summarized in the text below.

The first chapter is general introduction which should introduce the rider to the area of sol-
gel chemistry and materials for the preparation of TCFs. It deals with the SWCNT inks prepared
by various dispersants and the techniques for preparation of TCFs as well. The aim of this work

is explained at the end of chapter.

The second chapter describes the sol-gel synthesis of the Zn/Al complex dispersant for the
SWCNT inks. The structure of the dispersant is explained with the aid of EXAFS, XPS, FTIR,
and XRD. The dispersion mechanism of Zn/Al complex-SWCNTs inks is also explained in
details. The dispersion stability of SWCNT inks stabilized with Zn/Al complex is similar to the
surfactants such as SDS and CTAB.

The third chapter deals with the TCFs fabrication from the Zn/Al complex-SWCNT inks by
bar coating method. Here are discussed the electrical conductivity and optical transparency
change after HNOs treatment. The effect of removal of SWCNT film was characterized by XPS
analysis. The complete removal of Zn/Al complex was evidenced and the significant increase of

the electrical conductivity.

The fourth chapter is about homogeneity of SWCNT films in terms of the sheet resistance
and optical transmittance by bar coating method. Here is revealed the importance of viscosity,
surface tension, and contact angle of SWCNT inks on the film homogeneity. This phenomenon
was examined on the SWCNT inks stabilized with Zn/Al complex, Silica, SDS, and SDBS. The
Zn/Al complex and silica based SWCNT give homogeneous films, while SDS and SDBS give

inhomogeneous films.

The fifth chapter is the summery and conclusion of this work. It summarizes the progress in

the area of SWCNT ink research and the TCF fabrication.
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Chapter 2

2. Sol-gel chemistry mediated Zn/Al-based complex

dispersant for SWCNT in aqueous media’

2.1. Introduction

Single-wall carbon nanotubes' (SWCNT) are known to possess outstanding physical and
chemical properties such as high electrical and thermal conductivities, photo luminescence, and
mechanical properties.>” However, pure SWCNT form firm bundles,® which hampers their
application to various technologies. Hence, it is indispensable to dissociate the bundles to make
use of the outstanding properties of SWCNT. Non-covalent methods using surfactants,

10 and covalent chemical functionalization '' have been widely used to disrupt the

polymers,
bundle structures in aqueous media. One of the major drawbacks of using surfactants and
polymers is foam formation, which is not environmentally friendly, causing serious hurdles in
industrial application.'*"? Chemical functionalization, which is quite efficient for dispersing
SWCNT, affects their electronic properties due to sp’ hybridization of C-atoms,'* diminishing
electrical conductivity, which is a disadvantage of this method. Recent super-molecular
chemistry approaches have offered a powerful route for the reversible and controllable dispersion
of SWCNT.""!® However, there has been little research on inorganic dispersants for SWCNT;
our preceding study showed that nanosilica can disperse SWCNT, but loses its dispersibility over

time."” Thus, the inorganic SWCNT dispersant of sufficient stability should offer a new
application field of SWCNT.

! Adapted from (R. Kukobat et al. Carbon 94, 2015, pp. 518-523).
Copyright © 2016, with permission from Elsevier.
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Sol-gel chemistry has been used in energy-saving ceramics processing. The sol-gel method
enables us to prepare powders, thin films, and fibers of metal oxides and/or hydroxides.'®"” This
suggests that sol-gel agents can form intermediate self-assembly oxophilic structures, depending
on the precursors of the process. We hypothesized that the self-assembly structures in sol-gel

2021 can play a role as dispersants for SWCNT. The dispersion stability arises from

chemistry
electrostatic repulsive interactions between charged SWCNT.? Bimetallic sol-gel agents of
mixed valence should be promising for the dispersion of SWCNT. A systematic study of
bimetallic sol-gel agents lead to a Zn/Al complex as an outstanding dispersant for SWCNT. Here
will be revealed the dispersion mechanism of highly dispersed SWCNT in water by Zn/Al

complex dispersant.

2.2. Experimental Section

2.2.1. Preparation of the Materials

We used highly pure and crystalline SWCNT (Meijo) prepared by arc method > as delivered
without any future purification; the SWCNTSs samples were used for the dispersion experiments
without any pre-treatment. The Zn/Al complex was prepared by the sol-gel method using
Zn(CH3COOQ), and AI(NO3)s. 1 g of the reaction mixture with a molar fraction of Zn of 0.66 and
Al of 0.34 was dissolved in distilled water of 20 g, and the reaction was conducted in an oil bath
with reflux at 373 K for 2 h. After the reaction, the solvent was evaporated using a rotary
evaporator, and a viscous colorless liquid was obtained. The obtained product was dried in a

vacuum oven for 3 h at 373 K to yield the solidified Zn/Al complex.

We chose Zn(CH;3;COO), and Al(NOs); for the best bimetallic complex through qualitative
dispersion testing of different combinations of nitrates of Al, Fe, Co, Ag, Gd, Cu, Ni, Mg, Ca, Li,
and K with Zn(CH3COO), at certain molar ratios.

2.2.2. Evaluation of Dispersibility

The SWCNTs of 0.50 mg were dispersed in 25 g of aqueous solution containing dispersants
of the different concentration, from 0.001 to 1.000 wt.%, with ultrasonic treatment for 20 min

using a homogenizer tip (SONIC, VS 505) of 150 W and 20 kHz. The dispersibility was
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evaluated using a calibration curve against the SWCNT concentration with an optical absorption
spectrometer (JASCO, V 670); the standard calibration curve was obtained using

cetyltrimethylammonium bromide (CTAB) as shown in Figure 2-1.
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Figure 2-1. Calibration curve of SWCNT obtained using CTAB as a well-known surfactant for
SWCNT.

The concentration of CTAB was 0.05 wt.% at wt.% of SWCNT from 6.25 x 10™ to 1.38 x
107 g/L. Optical absorbance was measured at 273 nm, because at this wavelength SWCNTs
were excited.” The linearity of the calibration curve is expressed by an equation as follow: y =
160.63 x + 0.0172. It is important to note that the dispersibility was expressed as relative wt.% of
dispersed SWCNT, having values from 0 to 100 wt.%. Relative wt.% of dispersed SWCNT is a
ratio of the amount of SWCNT in the supernatant determined from the calibration curve and the

total amount of SWCNTs in the system.
2.2.3. Characterization of the Structure of Zn/Al Complex Dispersant

The solid complex was characterized with X-ray diffraction (XRD) using a Bruker X-ray
diffractometer with CuKa, X-ray photoelectron spectroscopy (JPS-9200, JEOL, Mg Ka), Fourier
transform infrared spectroscopy (FTIR; Nicolet 6700), and thermal gravimetric mass
spectrometry (TGMS; Rigaku). The local structure of the complex in aqueous solution was

studied with extended X-ray absorption fine structure (EXAFS; Aichi Synchrotron center).
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2.2.4. Analysis of the SWCNT Dispersion

The Zeta potential changes of the SWCNT dispersions at different concentrations of Zn/Al
complex, from 0.001 to 1.000 wt.%, and at constant SWCNT concentration of 0.002 wt.% were
measured with a Nicomp 380 ZLS at a laser intensity of 300 kHz. Raman spectra were recorded
using an inVia Raman microscope (IAB 8303) at an excitation wavelength of 735 nm and 532

nm. The nanotubes were observed by a High-Resolution Transmission Electron Microscope

(HRTEM), JEOL JEM 2100.

2.3. Results and Discussion
2.3.1. The SWCNT Inks Stabilized with Zn/Al Complex and Surfactants

Dispersion of SWCNT obtained using the Zn/Al complex is similar to the dispersion of
SWCNT dispersed with surfactants. The Zn/Al complex does not form any foam after shaking,

while the surfactants generate a stable foam as shown in Figure 2-2.
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Figure 2-2. SWCNT dispersed in water with Zn/Al complex and the two types of
surfactants, CTAB and SDS, after shaking.

The Zn/Al complex induces incredibly high stability to SWCNTs, giving a stable dispersion

for hours, days, months, or up to one year as we have examined so far Figure 2-3.
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Figure 2-3. The relative dispersibility of SWCNT against time. The relative dispersibility diminishes

about 6 wt.% after three months and does not change thereafter for nine months.

Figure 2-4a shows the relative dispersibility of SWCNT dispersed with Zn/Al complex,
cetyl trimethylammonium bromide (CTAB), and sodium dodecyl sulfate (SDS). The relative
dispersibility maximum of SWCNT dispersed with the surfactants is more than five times larger
than the relative dispersibility maximum of SWCNT dispersed with the Zn/Al complex. This
suggests that the Zn/Al complex is highly efficient at dispersing SWCNT in comparison with
surfactants. Dispersibility of SWCNT in aqueous solution sensitively depends on the
composition of Zn/Al complex as shown in Figure 2-4b. Pure components of Zn(CH3COO),
and AI(NOs); cannot act as dispersants for SWCNT in aqueous media, while a bimetallic Zn/Al
complex shows remarkable dispersibility at a molar fraction of Zn in the range of 0.5~0.9. The

composition of Zn/Al of 0.66 gives the highest dispersibility of SWCNTs in aqueous media.
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Figure 2-4. (a) Comparative study of the relative dispersibility of SWCNT against concentration of Zn/Al
complex, CTAB, and SDS. (b) Relative dispersibility of SWCNT as function of the molar fraction of Zn
in Zn/Al complex
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The molar ratio of Zn/Al which gives the highest dispersibility corresponds to the
stoichiometric ratio of Zn/Al for the synthesis of Zn/Al complex as depicted by following

reaction:

3Zn(CH;COO0), + 2A1(NO,); — 3Zn(NO;), + 2A(CH,COO0),

This indicates that a Zn/Al complex of a definite structure gives a stable dispersion of SWCNTs
in aqueous media. Dispersibility of SWCNT strongly depends on the concentration of the Zn/Al
complex as shown in Figure 2-5a. Relative wt.% of dispersed SWCNT gradually increases with
the concentration up to 0.10 wt.% and then decreases. Figure 2-5b shows the dependence of the

zeta potential on the concentration of the Zn/Al complex.
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Figure 2-5. The dispersibility and stability of SWCNTs in aqueous media. (a) Relative dispersibility of
SWCNTs against concentration of Zn/Al complex. (b) The zeta potential of SWCNTs as a function of

concentration of Zn/Al complex.

Importantly, the zeta potential dependence briefly agrees with the dispersibility vs. concentration
of the Zn/Al complex. The dispersibility is maximized at 0.10 wt.%, which can be assigned to
the uniform adsorption of Zn/Al complex per unit surface area of SWCNT, exhibiting a positive
charge of +55 mV. A highly positive zeta potential value indicates that SWCNT is stabilized due
to electrostatic repulsive interactions 2. Below 0.10 wt.%, the amount of Zn/Al complex is

insufficient to coat the surface of SWCNT completely, exhibiting lower dispersibility. Above
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0.10 wt.%, SWCNT precipitate due to high loading of Zn/Al complex onto their surface, leading

to destabilization and partial precipitation.
2.3.2. The Structure of Zn/Al Complex dispersant

In order to better understand the mechanism of SWCNT dispersion, structural determination
of the Zn/Al complex is of crucial importance. The amorphous nature of the Zn/Al complex was
confirmed by XRD, Figure 2-6. XRD pattern of the Zn/Al complex shows very broad peaks,
being completely different from AI(NOs); and Zn(CH3;COO), crystals.

Intensity (a.u)

5 10 15 20 25 30 35 40 45 50 55 60 65

2 theta

Figure 2-6. The XRD patterns of Zn/Al complex (black line), AI(NO;); (red line), and Zn(CH;COO),
(blue line).

The local structure around Zn was examined with EXAFS, while the structure around Al was
investigated with XPS. Figure 2-7a and b show the Fourier transform (FT) and k’-weighted
EXAFS signals for Zn of the Zn/Al complex in solid and liquid phases and Zn(CH3;COO), as a
reference as well. The intense signal in FT corresponds to the Zn-O first shell distance,

suggesting that Zn is coordinated with O.
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Figure 2-7. The EXAFS of Zn atom. (a) Fourier transform (FT) and (b) k’-weighted EXAFS signals of
Zn/Al complex aqueous solution with a concentration of 0.05 wt.% (green line), solid Zn/Al complex
(blue line), and Zn(CH;COO), (black line).

The coordination number of Zn and the bond length between Zn and O, obtained by fitting
EXAFS data, are shown in Table 2-1.

Table 2-1. Table S1. Coordination number and Zn-O distance (A) for the first hydration shell of
Zn(CH;CO0),, Zn(NOs),, and Zn/Al complex.

Sample Coordination Bond lengths of Zn-O
number
Zn(CH;COO0), - H,0 (solid) 4 1.96
Zn/Al complex (solid) 53 2.03
Zn/Al complex (0.05 wt %, liquid) 5.8 2.09

The coordination number of Zn increased up to 5.8 upon formation of the Zn/Al complex in
aqueous solution. Thus, Zn was presented in the form of a Zn®" ion hydrated with 6 molecules of
H,O, where the distance of Zn-O was determined to be 2.07 A, corresponding to the literature

value *° of Zn** hydrated ions obtained by XRD analysis.

Figure 2-8 shows XPS spectra of the Zn/Al complex for Al 2p, O 1s and Cls. The peak at 75.37
eV suggests the presence of oxidized Al, while the peak at 533.35 eV indicates the presence of O
covalently bound with Al as suggested by Bournel et al.”® Accordingly, the Al and O atoms were
bound in the sequence Al-O-C, which can be assigned to the frame structure of AI(CH3COO);.
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The peaks of Cls at 285.73 eV and 289.07 eV are attributed to the CH;™ group and COO™ group,
respectively.”’ Therefore, the C atoms indicate the presence of the CH;COO™ group.
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Figure 2-8. The XPS spectra of Zn/Al complex for (a) Al 2p, (b) O 1s, and (¢) C 1s.

The structural analysis of Zn/Al complex dispersant was carried out using FTIR and TG-
mass spectroscopy as shown in Figure 2-9. These structural data confirm that the Zn/Al complex

is composed of Zn(NOs), and AI(CH3COO); obtained by a stoichiometric reaction.
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Figure 2-9. (a) The FTIR and (b) TG-mass spectra of Zn/Al complex and its precursors.

The vibration at 3500 cm™ and 3200 cm™ can be attributed to OH stretching in H,O
molecules. The stretching at 1765 cm™ is assigned to C=O bonding in the COO" group. The peak
at 1580 cm™ can be assigned to antisymmetric stretching vibrations of the COO™ group; the
stretching at 1390 cm™ can be attributed to the symmetric stretching in the COO™ group and
stretching in the NO3 group as well. The band at 1035 cm™ was assigned to the rocking and
bending in the CHs™ group; a small band at 950 cm™ can be attributed to C-C bonding in the
CH;COO" group. The band at 829 cm™ originates from the stretching of the NO3  group.***’

The TG-mass spectra of the Zn/Al complex indicates the presence of 62 wt.% of organic and
38 wt.% of inorganic species. Hence, the Zn/Al complex contains H,O molecules, C atoms that
are assigned to CH3;COOH, and N atoms assigned to the NOs™ group. The TG curve suggests that

dispersant was decomposed completely at 620 K.
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2.3.3. The Interactions between Zn/Al complex and SWCNT in the

dispersion system

The Zn/Al complex consists of AI(CH3COO); acting as the amphiphilic carrier and a
complex of Zn*" and NO3ions acting as the hydrophilicity carrier. Therefore, the Zn/Al complex
is amphiphilic. Relative dispersibility of SWCNTs stabilized with Zn/Al complex and that of
Zn(NOs),; and AI(CH3COO); is shown in Figure 2-10. Since Zn(NOs), cannot disperse SWCNT
in water, and AlI(CH3COQ); gives rise to an extremely poor dispersion of SWCNT, the Zn/Al
complex, which bridges AI(CH3COO); with 7Zn*" and NO; ions, gives a raise to the excellent
dispersion of SWCNTs.
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Figure 2-10. Relative dispersibility of SWCNT dispersed using Zn/Al complex, AI(CH;COO);, and
Zn(NO;) in aqueous solution. The Zn/Al complex yields high dispersion of SWCNTs, while
AI(CH;COO); shows very poor dispersibility and Zn(NOs), none. The concentration of dispersant and
SWCNT was 0.1 wt.% and 0.001 wt.%, respectively.
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Therefore, in the dispersion system, SWCNT can be embedded into the amorphous Zn/Al
complex, inducing dissociation of SWCNT bundles in water as we observed by HRTEM, Figure
2-11.

Figure 2-11. The HR-TEM images of SWCNT dispersion (a) without Zn/Al complex and
(b) with Zn/Al complex

Highly stable dispersion of SWCNTs indicates high affinity of the Zn/Al complex for
SWCNTs, whose interactions were studied by optical absorption and Raman spectroscopy.
Direct evidence of a charge transfer interaction between Zn/Al complexes and SWCNT can be
observed in Figure 2-12. For pristine SWCNT, we observed three characteristic peaks at 0.63 eV,
1.18 eV, and 1.62 eV, corresponding to S11, S22, and MI1 transitions, respectively.'**
However, in the presence of the Zn/Al complex, the peak at 0.63 eV corresponding to the S11
transition cannot be observed, suggesting that valence electrons are depleted from SWCNT;'* the

Zn/Al complex acts as an electron acceptor. The S22 and MI11 bands are slightly shifted,

suggesting a charge transfer interaction as well.
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Figure 2-12. Optical absorption spectra of SWCNT and SWCNT-Zn/Al complex recorded in the film

form.

Raman spectroscopic examination also supports the presence of a charge transfer interaction
at the metallic and semiconducting SWCNTs. Metallic SWCNTs were excited at 785 nm,
showing interesting features of RBM and G-band, Figure 2-13a and b. The intensity of RBM
band decreases markedly with the increase concentration of Zn/Al complex. In particular, the
depression of the band at 172.6 cm™ is more remarkable than that at 161.5 cm™. The intensity
depression should come from the severe suppression of the RBM vibration due to the adherence
of the dispersant on the SWCNT surface. On the other hand, the G-band change is more drastic.
The SWCNTs without dispersant have a distinct doublet structure consisting of G™ at 1568.3 cm™
and G" at 1591.1 cm™. The G-band is blue-shifted by 16 cm™, suggesting a charge transfer from
SWCNTSs to Zn/Al complex.’'”* Semiconducting nanotubes were excited at 532 nm, Figure 2-
13b and d. The tendency of the depression of RBM band and shift of G-band with the increase of
the concentration of Zn/Al complex is similar to the metallic nanotubes. However, the intensity
change of the RBM and blue-shift of the G-band is less significant, indicating that
semiconducting SWCNTs have smaller affinity for Zn/Al complex than metallic SWCNT.
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Figure 2-13. Raman spectra of the metallic and semiconducting SWCNT dispersed using Zn/Al complex.
(a) The RBM and (b) G-band of the metallic SWCNT was recorded at the laser wavelength of 785 nm; (c)
the RBM and (d) G-band of the semiconducting SWCNT was recorded at the laser wavelength of 532 nm.

The charge transfer interaction can be attributed to the presence of Al atoms whose species
have a tendency to act as electron acceptors.”> Hence, the molecules of Al(CH;COO); are

strongly adsorbed onto the SWCNT surface via Al atoms, which possess hydrophobicity as

shown in Figure 2-14.

Figure 2-14. The mechanism of SWCNT dispersion stabilized by Zn/Al complexes. The surface of the

nanotube is coated with AI(CH;COO); via Al atoms in the first layer, while the second layer is composed

of Zn*" and NO3 ions.
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Since a positive charge is detected, we assume that Zn®" ions are present in the outer layer of
SWCNTs, inducing a highly positive charge to the SWCNTSs. Zeta potential was measured to be
+55 mV. A higher zeta potential value indicates a greater stability of the SWCNT dispersion; the
magnitude of zeta potential should be greater than £15 mV for the electrostatic stabilization of
the colloidal dispersions. Conventional surfactants such as Dowfax 3B2, SDS, CTAB, and
NaDBS have large magnitudes of the zeta potential of -97,3; -79,3; +61,5; and -60,4 mV;,
respectively.”? Such a large magnitudes of zeta potential arise from the high degree of packing of
SWCNT surface with the surfactant molecules; the higher degree of packing, the more difficult
to remove the surfactant from the SWCNT surface in a dry state. This feature is important in the
transparent and conducting film fabrication, where it is necessary to remove dispersants from the
surface of film in order to improve the opto-electronic properties. Therefore, the Zn/Al complex
has relatively large zeta potential, which is slightly lower in comparison with the surfactants,
guaranteeing a high stability of SWCNT aqueous dispersion and easy removal from the

SWCNTs as well.
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Chapter 3

3.7Zn/Al complex-SWCNT ink for transparent and

conducting homogeneous films by scalable bar coating

method2

3.1. Introduction

Rapid development of the transparent electronics, including touch panel displays and
transparent electrodes requires new materials for the transparent and conducting film (TCF)
fabrication. So far, Indium Tin Oxide (ITO) film has been widely used as an electrode for the
fabrication of transparent conductors."> However, ITO has several obstacles for this application:
Limited resources, high cost and non-flexibility.”* Thus, Single Wall Carbon Nanotube
(SWCNT), having excellent opto-electrical and mechanical properties,”® which is superior to
ITO, have attracted attention of scientists and engineers to make use of this unique material in

the TCF fabrication.” !

Despite many attempts for the application of SWCNT in the transparent electronics,
preparation of high quality TCF is still challenging. Thus, Y. Zhou et al. reported the stable
doping of SWCNT film by Cul with the sheet resistance of 55-65 ohm/sq at the transmittance of
80%.'> Also the films prepared by dry printing of SWCNTs on the substrate with the sheet
resistance of 86 ohm/sq at 90%'" and 53 ohm/sq at 80%'* have been reported. The free self-
standing films of SWCNT with the sheet resistance of 84 ohm/sq and transmittance 90 % have

* Adapted from (R. Kukobat, et al. Chem. Phys. Lett. 650, 2016, pp. 113-118).
Copyright © 2016, with permission from Elsevier.
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been developed as well. ~ Although these techniques give highly transparent and conductive

films, easy and scalable methods for the TCF fabrication are still required.

The film fabrication with the SWCNT inks is a promising route for the SWCNT films on a
large scale, if we have an excellent dispersant for SWCNTs. The efficient debundling of the
SWCNTs is requested for the TCF fabrication technology.'® Organic dispersants such as
surfactants have been widely used to disperse SWCNTs in aqueous media; Sodium
Dodecylbenzene Sulfonate (SDBS) and Sodium Dodecyl Sulfate (SDS) have been used for the
film fabrication up to date.”'” " However, the application of surfactants is not suitable for the
TCF fabrication because of its non-transparency and non-conductivity in a dry state. This
implicates that the surfactants need to be removed from the SWCNT film in order to maintain the
high electrical conductivity and optical transparency of the SWCNT film. Several studies have
shown that the surfactants are removable with concentrated HNO; treatment for 30 or 60
min.”'""" Indeed, the film with sheet resistance of 70 ohm/sq at the transmittance of 80% has
been obtained after removal of SDS.!” Reducing of the removal time as well as concentration of
HNOs; for the film treatment should improve efficiency in the scalable TCF fabrication
technology. Thus we have an intensive demand for the new type of SWCNT dispersant which

can overcome these drawbacks of the surfactants.

Variety of techniques have been employed for the fabrication of homogeneous TCF such as
spray coating,”’ spin coating,”’ vacuum filtration,”! Langmuir-Blodgett** and bar coating®**
methods. Bar coating method can be applied to the scalable film fabrication, because it is easy
and practical to be used for this purpose. Thus, we have chosen bar coating technique as the most
efficient technique for the preparation of the uniform TCF.** The films prepared using SWCNT
ink stabilized with surfactants such as SDS and SDBS have poor homogeneity due to the low
viscosity, which is not fit for the production of homogeneous film.**** The additive such as
nonionic surfactant, TX-100, needs to be added to increase viscosity of the surfactant-based

SWCNT inks for better homogeneity of the TCF.*** However, the additives suppress electrical

conductivity of the film, which is an obstacle toward efficient TCF fabrication.

We have found that nanosilica can be used as an efficient dispersant for carbon nanotubes.*
However, its dispersibility changes with aging time, which is not desirable for the TCF

fabrication. Then, we developed a quite stable Zn/Al complex dispersant for the fabrication of
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SWCNT based film.”” The Zn/Al complex is amphiphilic, containing amorphous Al-acetate and
Zn-nitrate. Here, the Al-acetate can be adsorbed on the hydrophobic surface of SWCNTs and Zn-
nitrates have affinity to water phase.”” Thus, the SWCNTs are stabilized in an aqueous media for
at least one year. The Zn/Al complex dispersant has two merits of an easy removal of the
dispersant from the film by simple washing treatment with 1M HNO; during 10 min and of an

appropriate viscosity for the production of uniform SWCNT films with bar coating method.

As the homogeneity and opto-electrical properties of the SWCNT film depend on the
viscosity of SWCNT ink and substrate for the film fabrication, we must examine the optimum
conditions for the high quality SWCNT films. This paper reports that Zn/Al complex aided
SWCNT ink of an optimum viscosity is an excellent candidate for homogeneous TCF fabrication

with bar coating method.

3.2. Experimental section

3.2.1. Materials and ink for TCF preparation

The SWCNT (eDIPS) for the ink preparation was synthesized by Chemical Vapor
Deposition (CVD) method after the established procedures.?® The Zn/Al complex dispersant was
prepared by sol-gel technique. The salts Zn(CH3COO), and Al(NOs3); for the synthesis of Zn/Al
complex dispersant were purchased from Sigma Aldrich. Zn(CH3COO), and AI(NO;); of 1.00 g
at the 1:1 weight ratio were dissolved in 40 g of ethanol and mixed for 2 h to produce the Zn/Al
complex dispersant. The obtained Zn/Al complex was dried in vacuum at 303 K after
evaporation of ethanol. We prepared Zn/Al complex-SWCNT inks with the concentration of
SWCNT from 0.01 to 0.05 wt.%. to examine the concentration effect on the film homogeneity.
The concentration of Zn/Al complex dispersant of 1.00 wt.% was used for the preparation of
SWCNT ink. The inks were prepared by sonication for 20 min using the homogenizer tip
(SONIC, VS 505) with power of 100 W at the frequency of 20 kHz. Commercial polyethylene
terephthalate (PET) was used as a transparent substrate for the SWCNT film preparation (OHP,
A450). The SWCNT dispersion was coated onto the PET substrate by use of a bar coater
(Kobayashi Engineering Works).
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3.2.2. Characterization of SWCNT ink and TCF

The wettability of the SWCNT ink was examined using a contact angle measuring
instrument (DMC-MC3). The viscosity of the SWCNT inks was measured using an Ostwald
viscometer at 298 K. The sheet resistance was measured using four point probe method
(LORESTA-GP, MCP-T610). Optical absorption spectra and the transmittance at 550 nm were
measured using a UV-vis spectrophotometer (JASCO, V-670). The SWCNT bundles before and
after dispersion-treatment were observed using a High-Resolution Transmission Electron
Microscope (HRTEM, JEOL JEM 2100). Atomic force microscope (AFM, Agilent
Technologies) was used for the observation of the SWCNT films on the PET and WSxM
software™ was used for the image processing. Effect of the removal of dispersants from the
SWCNT film was examined by X-ray Photoelectron Spectroscopy (XPS; AXIS-ULTRA, DLD,
Al Ka). The Raman spectral change of SWCNT films on the PET with HNOs-treatment was
examined using a Raman microscope (Renishaw, inVia) with the excitation using lasers of 532

and 785 nm.

3.3. Results and discussion

3.3.1. Homogeneity of the SWCNT film

Homogeneity of the SWCNT film prepared using bar coating method is closely related with
the concentration of SWCNT ink. Figure 3-1 shows the sheet resistance and optical
transmittance versus the coordinates of the film (x, y), whose unit is cm; the film size is 23 cm x
17 cm. The variation of sheet resistance and transmittance at different coordinates is ascribed to
the inhomogeneity of SWCNT film. The SWCNT ink of 0.005 wt.% gives the highly transparent
film, whose transmittance is 99 %, as shown in Figure 3-la and a,. Extremely high
transmittance suggests that the film is thin with randomly distributed SWCNT network. The
sheet resistance of SWCNT film markedly varies from 10° to 10" ohm/sq, indicating that the
SWCNT film is non-conductive and inhomogeneous. In case of 0.02 wt.% SWCNT
transmittance of the film slightly decreases to 98 %, while the sheet resistance lies in the range
from 10° to 10° ohm/sq, showing presence of inhomogeneously distributed SWCNTs on the PET
substrate (Figure 3-1b and by). The ink of 0.05 wt.% SWCNTs provides quite homogeneous
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SWCNT film with the uniform transmittance of 90 % and the sheet resistance of 307 + 35

ohm/sq, as shown in Figure 3-1c and cy.
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Figure 3-1. Variations of the sheet resistance and transmittance with the coordinates (x, y) in cm of
SWCNT film, at the constant concentration of the Zn/Al complex of 1.00 wt.%. The SWCNT
concentration of ink: 0.005 wt. % (a) and (a), 0.02 wt.% (b) and (by), 0.05 wt.% (c) and (cy).

The surface tension and viscosity of SWCNT inks play a key role in the production of
homogenous films.*** The surface tension of SWCNT inks of 70.50 mN/m does not change
with the concentration of SWCNTSs, allowing uniform spreading of the ink onto the PET
substrate. Figure 3-2 shows a briefly proportional increase of viscosity with the concentration of
SWCNTs which can be explained by more entangled network formation at the higher
concentration of SWCNTs.** This viscosity change directly governs the film homogeneity with
the relevance to local flow of the SWCNT ink on the PET substrate. An evident irregularity in
the thickness of the coated SWCNT film is formed immediately after coating. Flattening of the
SWCNT film occurs spontaneously in a wet state by the local flow of the SWCNT ink. Thus,
the local flow is controlled by the viscosity of SWCNT ink. The local flow is significant at
viscosity below 1.30 mPa-s, leading to local thinning and inhomogeneous film formation.
However, the rapid and local flow is suppressed at viscosity above 1.30 mPa-s, allowing a

uniform SWCNT film formation.
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Figure 3-2. Viscosity of Zn/Al complex-SWCNT ink against the concentration of SWCNT (a) and
contact angle of SWCNT ink on the PET substrate (b). Here the concentration of Zn/Al complex
dispersant is kept at 1.00 wt.% for all dispersion systems.

The surface coating quality is also strongly influenced by affinity of the substrate against the
SWCNT ink. Figure 3-3 shows hydrophilicity/hydrophobicity of the PET substrate determined
by contact angle measurements. The contact angle of SWCNT ink against PET substrate is 77.5°,

indicating a sufficient wettability.

Figure 3-3. Contact angle of SWCNT ink on the PET substrate.

The wettability of PET substrate is associated with the hydrophilicity and surface roughness.
The hydrophilicity can be attributed to the presence of hydrophilic functionalities such as C-O,
0=C-0 and C=0, inducing negative charges to the surface.’® The zeta potential measurement in
the preceding study”’ showed that SWCNTs coated with Zn/Al complex were positively charged.
Thus, the stable SWCNT deposition should be guaranteed by the electrostatic attractive
interactions between SWCNTs and PET substrate in the presence of Zn/Al complex. The surface
roughness of the PET substrate additionally supports the deposition of the SWCNTs onto the
substrate. Figure 3-4 shows the AFM image of the PET substrate.
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Figure 3-4. The AFM image of PET substrate.

The roughness average of the substrate is estimated to be 6.4 nm. This roughness of the PET
substrate facilitates the deposition of SWCNTs as the surface is scanned by a bar coater. During
this process SWCNTs are being trapped on the surface of the rough substrate and the uniformly

coated film can be obtained.
3.3.2. Factors for high quality TCF on PET substrate

The sheet resistance of SWCNT film depends on the wire-wound diameter of bar used for
coating as shown in Figure 3-5a. By increasing the wire diameter from 0.025 to 0.20 mm the
size of groove increases, suggesting that capacity of bar increases as well.?* The smaller capacity
of bar indicates that adhesion of SWCNT on the substrate is limited, giving the film with high
sheet resistance. On the other hand, large capacity of bar implicates that adhesion of SWCNT on

the substrate is enhanced, resulting the film with low sheet resistance.
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Figure 3-5. The effect of the bar coating conditions on sheet resistance and transmittance at 550 nm of
SWCNT film. (a) Sheet resistance against wound wire diameter of the bar for coating of SWCNT on PET
substrate. (b) Effect of number of coating times on sheet resistance and transmittance of the film and (c)

dependence of bar speed on sheet resistance and transmittance of the film.

Opto-electrical properties of the film can be controlled by the number of coating times as
shown in Figure 3-5b. The repeated coating decreases sheet resistance, giving the conducting
path network of SWCNTs. Transmittance of the film follows the tendency of sheet resistance;
the thicker the film, the greater the light absorption.'® Thus, at six times coating, the film has
sheet resistance of 50 ohm/sq and transmittance 60 %. The scanning speed of bar also affects the
sheet resistance as shown in Figure 3-5¢. When the speed is lower than 100 mm/s, adhesion of
SWCNT is followed with adsorption of the Zn/Al complex from the bulk phase, giving the film
with higher sheet resistance. On the contrary, the speed over 100 mm/s leads to an optimum

adhesion of SWCNT with less Zn/Al complex , giving the film with lower sheet resistance.
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3.3.3. Change in opto-electrical properties of the film with acid treatment

Removal of the Zn/Al complex from the SWCNT surface with the HNOj5 solution lowers the
sheet resistance; the HNO3 concentration affects intensively the removal of the Zn/Al complex
from SWCNTs, as shown in Figure 3-6a. The minimum sheet resistance of 150 ohm/sq at 1M
HNOs indicates that even diluted acid can remove the Zn/Al complex efficiently without
deterioration of the SWCNT film. The sheet resistance against the treatment time shows the
minimum, as shown in Figure 3-6b. The minimum sheet resistance comes from two contrary
effects: 1.) dissolution of the Zn/Al complex from the film surface, decreasing the sheet
resistance and 2.) detachment of SWCNT from the film surface, increasing the sheet resistance.
The most conducting film is obtained by the washing treatment with IM HNOj; for 10 min, being
derived from the compromising condition of the opposite effects. Then, we adopted this washing

condition as a standard procedure for the removal of Zn/Al complex dispersant.
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Figure 3-6. Sheet resistance against the concentration of HNO; used for the washing treatment (a) and

sheet resistance versus the treatment time by 1M HNO; (b).

We need to understand the arrangement of SWCNTSs coated on the PET substrate. The HR-
TEM observation of SWCNTSs shows that SWCNTSs form an ordered bundle structure which is
partially de-bundled by dispersion treatment with Zn/Al complex as shown in Figure 3-7.
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Figure 3-7. The HR-TEM images of (a) SWCNTs and (b) dispersed SWCNTs with Zn/Al complex.

Here, these HR-TEM images on the Cu grid are shown, because we cannot observe directly
SWCNT on the PET substrate. The Zn/Al complex dispersants are adhered on the fine SWCNT
bundles to separate the bold bundles. The SWCNT bundles on the PET substrate after the
dispersion treatment are assumed to be finer than those on the Cu grid, because SWCNT
interacts more strongly with the PET than with the Cu grid. The HR-TEM observation of the
SWCNT with Zn/Al complex dispersant on the Cu grid with the acid treatment should be
challenged in the future. Instead of HR-TEM observation, AFM gives important information on
the SWCNT structure coated on the PET substrate before and after HNOj5 treatment.

Figure 3-8 shows the AFM micrographs and the size distribution histograms of the SWCNT
on PET before and after HNO; treatment. The average size of SWCNT bundles with Zn/Al
complex is evaluated to be 310 nm, whereas the acid treatment decreases this value to 48 nm in

size.
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Figure 3-8. The AFM micrographs of SWCNT film on PET substrate (a) before and (b) after acid

treatment and size-distribution histograms of bundles corresponding to the above micrographs.

The AFM studies clearly show the effectiveness of the removal treatment of Zn/Al complex
with diluted HNO;. The efficient removal of Zn/Al complex improves the electrical contact

between fine SWCNT bundles, lowering the electrical resistivity as observed.

3.3.4. Changes in surface chemistry and electrical properties of SWCNT on
HNO; treatment

The XPS examination clearly evidences the effectiveness of removal of the Zn/Al complex
from SWCNT film, as shown in Figure 3-9a. The Zn 2p peaks in the range from 1050 to 1020
eV and peaks of Al 2s, 2p, Zn 3p, 3s in the range from 140 to 70 eV disappear after acid
treatment, indicating SWCNT film free of Zn/Al complex. The atomic percentages of the
elements before and after acid treatment are shown in Table 3-1. The C content becomes almost

twice, while the O content almost triples after acid treatment. The resultant XPS data clearly
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indicate an effective removal of Zn/Al complex from the SWCNT film. Figures 3-9b, ¢ and d
show the Cls XPS spectra of the bare PET, SWCNT film before and after acid treatment with
their deconvoluted spectra, respectively. The bare PET has Cls peaks coming from the surface
oxygen groups (C-O at 286.19 eV and O=C-O at 288.77 eV) in addition to the Cls peak from the
C-C bonding at 284.36 e¢V.* The Cls XPS spectrum of the SWCNT film before acid treatment
has a weak peak coming from sp? SWCNTs at 284.94 ¢V in addition to the C1s peak from the
C-C bonding.®' The Cls peaks of the surface oxygen groups are relatively weak in comparison
with those of the bare PET. The Zn/Al complex dispersant should partially cover the PET surface.
The acid treatment gives a distinct Cls peak having a strong sp® carbon peak at 285.02 eV and
evident surface oxygen peaks due to removal of the Zn/Al complex. A slightly higher energy
shift of the sp” carbon peak from 284.94 ¢V to 285.02 eV after HNOs treatment> must be noted.
The literature™ reported that the sp” carbon peak of SWCNTs gave the higher energy shift after
doping with HNOs. Also it is well known that simple treatment with HNO; decreases the
electrical resistivity of SWCNTs due to creation of holes by doping effect.”> Consequently the
treatment of SWCNT-Zn/Al complex with the diluted HNO; for 10 min should induce the
doping effect.
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Figure 3-9. (a) XPS spectra of the film before and after acid treatment on the PET substrate. (b) Spectra
of C 1Is of PET substrate: Spectra of C 1s (c) after and (d) before the treatment with the deconvoluted

spectra.

Table 3-1. Chemical composition change of the SWCNT film

before and after acid treatment.

Before After

treatment treatment

Element at. % at. %
Zn 5.9 0.0
Al 5.5 0.0

C 43.8 83.4

O 433 15.9
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Figure 3-10. (a) Optical absorption spectra and (b) exposure time dependence of sheet resistance of

SWCNT film after acid treatment. Raman spectra recorded at the laser wavelengths of (c¢) 785 and (d)

Doping effect is also evidenced by the optical absorption spectra, as shown in Figure 3-10a.
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We clearly observe the S11 and S22 transitions of the semiconducting SWCNT and a weak M11



transition of metallic SWCNT. The dispersion treatment of SWCNT with Zn/Al complex
decreases slightly the absorbance of these transitions. This can be explained by the charge
transfer between SWCNT and Zn/Al complexes according to our preceding study.”’ We observe
the pronounced depression of these transitions after the acid treatment even for only 10 min with
diluted HNOs, which evidences the doping of SWCNT with HNO; according to the literature.
3334 Nevertheless, this doping effect is not stable under an ambient condition. The sheet
resistance of the film increases with the exposure time to air, as shown in Figure 3-10b. This

indicates evolution of doped nitrogen species, losing doping effect; the sheet resistance becomes

almost constant of 320 ohm/sq after 30 days.

The Raman spectroscopy using the excitation wavelengths of 532 nm and 785 nm gives the
information inherent to semiconducting and metallic SWCNTs, respectively. Figure 3-10c and d
shows Raman spectra of SWCNT film on the PET substrate before and after the acid treatment
with excitation using 532 and 785 nm. The RBM peaks of semiconducting and metallic
SWCNTs almost disappear after coating on the PET with Zn/Al complex dispersant. The acid
treatment does not recover the RBM peak due to loss of the resonance enhancement induced by
doping with NO3 ions.* The intensity ratio of the disordered peak (Ip) to graphite like band (Ig)
is 0.1, indicating quite high crystallinity of this SWCNT. The preceding study® showed the blue-
shift of both of G and G’-bands of SWCNT with Zn/Al complex due to the charge transfer
interaction. The acid treatment also induces similar blue shift of G and G’-bands of SWCNT.

This also indicates p-type doping of SWCNT on the HNO; treatment.
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Chapter 4

4. An essential role of viscosity of SWCNT inks in

homogeneous conducting film formation®

4.1. Introduction

Single Wall Carbon Nanotube (SWCNT) attracts attention in the fabrication of Transparent
and Conductive Film (TCF) due to the excellent opto-electrical properties.' However, the TCFs
are often not homogeneous in terms of the electrical conductivity and optical transparency
because of non-uniform distribution of SWCNT.** The parts with the thick layers of SWCNT
are more conductive and less transparent and vice versa.’ The uniformity of the electrical
conductivity and optical transparency of SWCNT films is important for the proper functionality
of touch panels,’ displays,”® solar cells,” and light emitting diodes.'” The better performances of
these devices can be achieved if we fundamentally understand the process for the scalable and

homogeneous film formation.

The TCF can be prepared by the techniques as follows: Spray coating;'' spin coating;'?
Langmuir-Blodgett;"> vacuum filtration;'* dip coating;'> and bar coating.** The bar coating
technique is the most promising for scalable and homogeneous film fabrication.””'®!” The
SWCNT ink spreads on the transparent substrate by moving a metal bar wound with a wire of
certain thickness, which controls the thickness of the film.'® The viscosity and dispersibility of
SWCNT are of the crucial importance for the uniform TCF formation.'® If the viscosity is high

* This chapter is adapted with permission from (R. Kukobat et al. Langmuir 2016, 32 (27), pp. 6909-6916 ).
Copyright © 2016, American Chemical Society.
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enough to suppress dewetting process, the homogenous film can be formed.” The dispersibility

and viscosity depend on the dispersant for the SWCNT ink preparation. The SWCNT inks can be

19-26 19,2729 30,31

prepared with the aid of organic surfactants, organic solvents, super

polymers,

3%3% and inorganic dispersants recently developed by our

3233 chemical functionalization,

acids,
group.””® Sodium Dodecyl Sulfonate (SDS), Sodium Dodecyl Benzene Sulfonate (SDBS),
lithium dodecyl sulfate, tetradecyl trimethyl ammonium bromide, and sodium cholate are widely
used organic surfactants for SWCNT ink preparation.”>*® In particular, SDS and SDBS are
commonly used organic surfactants for the SWCNT film preparation. However, the surfactant
based SWCNT inks have encountered several obstacles for the high performance SWCNT film
fabrication such as deterioration of high electrical conductivity of SWCNT, foam formation
during the dispersion process, and a serious difficulty in the uniform film production. Polymers,
organic solvents, and super acid based SWCNT inks are poorly dispersed,”” being non-
compatible for the production of SWCNT film by bar coating method. The chemical
functionalization method gives the stable dispersion of CNT in variety of solvents. Thus, the

35 and

MWCNT functionalized with supermolecular polymers,*® Eu (IIl) complex species,
ureidopyrimidinone molecules®® has the potential applications for the light emitting diodes,
photo-electrochemical diodes, mechanically robust optical memories, and fuel cells. On the

7

other hand, recently developed inorganic Zn/Al complex’’ and colloidal silica® dispersants

exhibit better dispersion properties than commonly used dispersants for SWCNT.

Then, we need to elucidate the role of viscosity, surface tension, and wettability of the
SWCNT ink to prepare the uniform SWCNT film with bar coating method. In particular, the
uniformity of the SWCNT film must be elucidated quantitatively. We elucidate the position
dependence of the sheet resistance and optical transmittance of the SWCNT film and show the
relationship between the uniformity of SWCNT film and contact angle, surface tension, and
viscosity of the SWCNT inks by use of Zn/Al complex, colloidal silica, SDS, and SDBS,

showing superiority of Zn/Al complex and silica dispersants.
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4.2. Experimental section

4.2.1. Materials and methods

The SWCNT inks were prepared using SDS, SDBS, Zn/Al complex, and silica dispersants.
SWCNT was purchased from Meijo Nano Carbon with diameter of 2 nm, produced by CVD
method.* SDS and SDBS purchased from Sigma Aldrich were used in this study. The Zn/Al
complex dispersant was synthesized from Zn-acetate and Al-nitrate; those substances were
mixed in ethanol to yield the solution of 3.00 wt.% and reacted at the molar fraction of Zn of
0.66 for 2 hours. After reaction ethanol was evaporated using rotary evaporator and dried at 100
°C in vacuum for 3 hours.”” The silica dispersant was synthesized from sodium silicate. The

sodium ions were exchanged with the hydrogen ions of HCI and silica dispersant was obtained.’®

The SWCNT inks were prepared using homogenizer tip (SONIC VS 505) by sonication at
very mild conditions: sonication time of 20 min, frequency of 20 kHz, and power of 100 W.
Amount of 50 mL of 0.05 wt.% of SWCNT was sonicated in 1.00 wt.% of the aqueous solution
of dispersant, giving the stable inks. The SWCNT ink was deposited on the polyethylene
terephthalate (PET) by bar coating method (Kobayashi Engineering Works). The coatings were
deposited at the diameter of bar wire of 0.2 mm and speed of 100 mm/s. After deposition, the
dispersant was removed from the film by washing with IM HNO; for 10 min. Then the films
were dried in the air for 30 min at room temperature prior to the sheet resistance and optical

transmittance measurements.

73



4.2.2. Characterization of the SWCNT films

The sheet resistance was measured using four point probe method (LORESTA-GP, MCP-

T610) and optical transmittance was measured using an optical spectrometer (JASCO V-670) at

550 nm. The standard deviation of the mean or standard error*

of sheet resistance and

transmittance were used for the quantitative evaluation of the film homogeneity. The scheme of

the film with the positions at which the sheet resistance and optical transmittance were measured

is shown in Figure 4-1.

17 cm

23cm

Figure 4-1. The sketch of SWCNT film of 23 cm x 17 ¢cm’ in size for the quantitative evaluation of the

film homogeneity. The sheet resistance and optical transmittance of the black points are measured.

The standard deviation of the mean sheet resistance (og) indicates the homogeneity of

SWCNT film in terms of the sheet resistance:**

OR

OR = N
where are:

og: The standard deviation of the mean sheet resistance (ohm/sq);

og: The standard deviation of sheet resistance (ohm/sq);
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N: Number of points (i) at which the sheet resistance was measured;

The standard deviation of sheet resistance can be calculated as follows:*

on = (ETIL R - RY? (42)
where are:
R;: Sheet resistance measured at position i (ohm/sq);
R: Mean value of the sheet resistance (ohm/sq).

In this case, the R; was measured at 56 different positions on the film of 23 cm x 17 cm” in

size as shown in Fig. S1; the N is 56. The R value was calculated as an arithmetic average of R;

values as follow:*
R=YN,R/N (4.3)

The standard deviation of the mean optical transmittance (o7) indicates the homogeneity of
SWCNT films in terms of the optical transmittance. It is defined analogously to og as expressed

as follow:

o1 = 7o (4.4)
where are:
o7: The standard deviation of the mean transmittance (%);
or: The standard deviation of transmittance (%);

N: Number of points (i) at which the transmittance was measured,

The standard deviation of transmittance is defined as follows:

or = | INL (T —T)? (4.5)

T;: The transmittance measured at position i (%);
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T: Mean value of the transmittance (%).

The 7; was measured at the same points as the R; on the size of 23 x 17 sz; N is equal 56.

The T value is determined analogously to R as follow:**
T=3XL,Ti/N (4.6)

The oz and o7 values express quantitatively the homogeneity of SWCNT films. The
SWCNT films with low 0z and 07 values indicate the homogeneous films. On the other hand,

large values of 0z and 07 indicates inhomogeneous films.
4.2.3. Characterization of the SWCNT inks

Surface tension of the ink was measured using Wilhelmy plate method (CBVP-A3,
KYOWA). Contact angle of the ink on the PET substrate was recorded by a contact angle meter
(DMC-MC3). Viscosity of the ink was determined using an Ostwald viscometer at room
temperature, referring to viscosity of water. Observation of the film homogeneity was conducted
using an optical microscope (Olympus DP73). The optical microscopy was also employed for the
study of drying process of the SWCNT film on the substrate upon coating with SWCNT ink. The
videos of drying process were recorded using Microscope digital camera DP73. The micrographs
of the film were recorded using Atomic Force Microscopy (5500 SU1 AFM/SPM, Agilent
technologies). The roughness parameters were evaluated from AFM images using WSxM
software.”* Dispersed SWCNT was observed with a high resolution transmission electron

microscope (HR-TEM, JEOL, JEM 2100).
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4.3. Results and discussion

4.3.1. Effect of the dispersant on film homogeneity

The homogeneity of SWCNT films depends on the SWCNT inks. Figure 4-2 shows oz and
o7 values of the SWCNT films obtained using different dispersants after acid treatment,
respectively. The SDS and SDBS based SWCNT films have large oz and o7 values, indicating
that the distribution of SWCNT on the substrate is not homogeneous. The regions with the thick
and thin layers of SWCNTs are alternately distributed on the film. The parts with thick layers of
SWCNT give the low value of the sheet resistance and transmittance and vice versa. Thus, the
SDS based SWCNT ink gives the film with the minimum and maximum value of oz of 1300
ohm/sq and 3400 ohm/sq, respectively. In case of SDBS based SWCNT film, the distribution of
o values is narrower; it varies in the range of 670-1200 ohm/sq. The g7 shows similar
tendency of the SDS and SDBS based SWCNT films; it has a wide range of o7 distribution of
42-85 %, approximately. On the other hand, the Zn/Al complex and silica based SWCNT films
have g values in the range of 170-190 ohm/sq and 260-300 ohm/sq, respectively; a7 are in the
range of 90-91 %. The oz and o7 values do not vary significantly, suggesting the uniform
distribution of SWCNT in the network. Therefore, the Zn/Al complex and silica based films are

more homogeneous in comparison with SDS and SDBS based SWCNT films.
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Figure 4-2. (a) The oz and (b) o7 values of SWCNT films prepared by use of different dispersants. The

sheet resistance and optical transmittance were recorded after HNOs treatment.
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The film homogeneity/inhomogeneity can be easily confirmed in the centimeter scale images,
as shown in Figure 4-3. The films obtained from the SDS and SDBS-SWCNT inks have many
stains of the ink on PET substrate as shown in Figures 4-3a and b. On the other hand, the films
obtained from the Zn/Al complex and silica based SWCNT inks have no such stains, being quite

homogeneous, as shown in Figures 4-3c and 2d.

Figure 4-3. Images of the SWCNT films of 20 x 13 c¢m in size. The films are prepared of SWCNT
inks aided with (a) SDS, (b) SDBS, (c) Zn/Al complex and (d) silica dispersants.

The optical microscopy images of SWCNT inks dispersed with the aid of SDS, SDBS, Zn/Al
complex, and silica dispersants with the corresponding films are shown in Figure 4-4. The
droplets of SWCNT inks show the homogeneous dispersion as shown in Figures 4-4a;-d;.
However, after spreading and drying on the substrate, the SDS and SDBS based inks form the
stains of SWCNT as shown in Figures 4-4a; and b;. On the other hand, the Zn/Al complex and
silica based SWCNT inks give the homogeneous films as shown in Figures 4-4c; and d,. The
inhomogeneity can be ascribed to the drying process of inks on substrate. The SDS and SDBS
based SWCNT inks are more fluidic than Zn/Al complex and silica based inks, leading to the
non-uniform drying of the ink on PET substrate.
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Figure 4-4. The droplets of SDS, SDBS, Zn/Al complex, and Silica based SWCNT inks (a;, by, ¢, and d;,

respectively) with the corresponding films after bar coating (a,, b,, ¢,, and d,) on the PET substrate.
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4.3.2. Effect of the SWCNT ink properties on uniformity of SWCNT film

The film formation has two steps: Coating and drying processes. The coating process
includes wetting and spreading processes of the ink on the substrate. The drying process occurs
between the film coating and solidification of SWCNT on the substrate. The contact angle and
surface tension are the key factors of the wettability and spreadability of the ink on the substrate,

while the viscosity plays a primary role at drying process.

Figure 4-5 and Figure 4-6 show the contact angle and surface tension of Zn/Al complex,
silica, SDS, and SDBS-SWCNT based inks together with reference data of water. The contact
angle and surface tension of the Zn/Al complex and silica dispersant-based inks are close to
those of water (71.5°and 72 mNm™). This can be explained by the structure of dispersants. The
Zn/Al complex has a molecular structure, consisting of the Al-acetate and ionic structure of the
hydrated Zn-nitrate, which are weakly interacted.’” The silica dispersant has a polymeric
structure, consisting of the chains of -Si-O-Si- with hydroxyl groups.’®* Therefore, both
dispersants are mostly hydrophilic. Thus, the dispersants have water like polar structures,
suggesting that the ink-substrate interaction is similar to that of water; the contact angle and
surface tension are very close to that of the pure water. On the other hand, SDS and SDBS-
SWCNT-based inks have significantly lower contact angle and surface tension than water. The
surfactants are amphiphilic molecules with long hydrophobic chains that are adhered onto the
hydrophobic surface of SWCNT. Also, the long hydrophobic chains interact strongly with the
PET substrate which possesses hydrophobicity, lowering the contact angle and surface tension.
Here, SDBS-based ink reduces the surface tension and contact angle more than SDS-based ink
through the ©-m interactions of the benzene ring‘zg”% Hence, the wettability and spreadability of

those inks on the PET substrate are enough to give the uniform liquid film coating.

Water Zn/Al Silica SDS SDBS

W W
L. . N L .

Figure 4-5. Contact angle of SWCNT inks and water on the PET substrate. Here Zn/Al, silica, SDS, and
SDBS denote SWCNT inks dispersed with Zn/Al complex, silica, SDS, and SDBS, respectively.
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Figure 4-6. Surface tension of SWCNT inks, dispersant solution, and water as a solvent.

® SWCNT ink and® dispersant solution.

The film has a wavy pattern on bar coating, being followed by the flow of the ink, flattening
the film. Then the film is exposed to the further processes such as de-wetting and non-uniform
solvent evaporation, which are the driving forces for the local flow of the ink on the substrate.’
The dominant local flow produces stains where SWCNTs are aggregated. Hence, the film

homogeneity requests an optimum viscosity of the SWCNT ink to avoid the local flow.
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Figure 4-7. (a). Viscosity of SWCNT inks, dispersant solution, and water as a solvent.
8 SWCNT ink and® dispersant solution.
The viscosities of SDS, SDBS, Zn/Al complex, and silica dispersant-based inks, and water
as a reference are shown in Figure 4-7. The SDS and SDBS based-inks have smaller viscosities
than Zn/Al complex and silica dispersant. The surfactants SDS and SDBS are adsorbed on the

SWCNT surface, yielding stable dispersion.””** However, the viscosities of those inks are rather
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close to that of water of 0.90 mPa-s. Thus, the flow of the surfactant based SWCNT-inks on the
substrate induces stains after drying. On the other hand, the Zn/Al complex and silica based
SWCNT-inks have the jelly structures®”® in which SWCNTs are entangled, as shown in Figures
4-8a and b.

Figure 4-8. HR-TEM images of SWCNT dispersed with (a) Zn/Al complex dispersant and (b) silica

dispersant.

The viscosity of Zn/Al complex and silica based SWCNT inks of 2.80 and 4.80 mPa-s,
respectively is slightly higher than that of SDS and SDBS. However, this small viscosity is
enough to minimize the local flow due to the presence of jelly like network, giving the

homogeneous film.
4.3.3. The texture structure of SWCNT film

The texture structure is associated with the orientation of SWCNT on the substrate.*’
Normally SWCNTs are randomly distributed, indicating the presence of a random texture.” The
texture structure determines the properties of the SWCNT films such as electrical conductivity
and optical transmittance. Thus, we need to understand the texture structure of the SWCNT film
on the substrate. The texture structure of SWCNT films is analyzed from AFM micrographs.
AFM micrographs with the corresponding X-Z cross-sectional profiles of the SWCNT films
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prepared using SDS, SDBS, Zn/Al complex, and silica based-SWCNT inks before and after acid
treatment are shown in Figure 4-9. The films obtained from SWCNT inks using SDS, SDBS,
and silica dispersants are completely covered with the dispersants before acid treatment. Only the
film produced from Zn/Al complex-SWCNT ink is partially covered with the Zn/Al complex,
providing visible SWCNT networks. In case of silica based SWCNT ink, there are so many
aggregates on the substrate, giving the AFM image different from the others. The film treatment
with 1M HNOj for 10 minutes does not completely remove the SDS and SDBS, while the Zn/Al
complex and silica dispersants can be removed from the film as observed in Figs. 8ay-d,.
Removal of the SDS and SDBS requires the treatment with 12M HNOs5 for 1 hour.’"> The
SWCNT bundles of SDS and SDBS based films are hardly visible due to the non-efficient
removal with 1M HNOjs. On the other hand, this treatment reveals the SWCNT bundles of Zn/Al
complex based film; the SWCNT bundles of silica based films are revealed partially. The Zn/Al
complex can be completely removed from the film after the treatment.'® The SWCNT bundles of
silica based film are partially covered with the aggregated silica particles; the sheet resistance of

silica based film decreases from 10 to 10> ohm/sq due to the removal of silica particles.

The AFM image can be associated with the interaction between the dispersant coated
SWCNT and PET substrate. The surfactant molecules, possessing long hydrophobic chains have
a strong affinity to the PET substrate, giving rise to the highly dense coating. The silica particles

have a strong tendency for mutual aggregation layers on the SWCNT,**>?

giving the film coated
with the large aggregates. The hydrophobic moieties of Zn/Al complex mostly used for the

interaction with SWCNT provide relatively sparse layers of SWCNT-dispersant.
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Figure 4-9. AFM micrographs with the corresponding X-Z profiles of the films, prepared from different
SWCNT inks before and after acid treatment. X axis refers to the distance, while Z axis refers to the
height of the SWCNT bundles. (a;), (a;) SDS-SWCNT films. (b,), (b,) SDBS-SWCNT films. (c;), (¢y)
Zn/Al complex-SWCNT films. (d;) and (d) silica-SWCNT films. (1) and (2) indicate ,,before and after”

acid treatment.

The texture structure of SWCNT on the substrate before and after acid treatment can be
evaluated by use of the roughness parameters from the AFM micrograph, which are roughness
average, skewness, and kurtosis, as shown in Table 4-1. Roughness average is a commonly used
parameter, which describes the surface roughness of the materials. It is an average absolute

deviation from the X-Z profile mean line;** a small roughness average shows a smooth surface.
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Skewness gives the information about the symmetry of the roughness peaks observed in X-Z
profile.”® The positive skewness value indicates that the X-Z profile peaks are skew to the right
and vice versa. The absolute value of skewness distribution greater than 1 means that the X-Z
profile peaks are highly skew, the distribution between 2 and 1 means moderately skew, and the
lower than % means fairly skew symmetrical distribution.”® Kurtosis is a measure of the degree
of peakedness of the X-Z profile peaks. Kurtosis value greater than 3 means that the X-Z profile

peaks are thin, while kurtosis smaller than 3 indicates the broad X-Z profile peaks.”

Table 4-1. Surface roughness parameters of the films prepared from different SWCNT inks before

and after the acid treatment (B and A denote the roughness parameters before and after acid treatment,

respectively).
Estimated roughness parameters
Parameter SDS SDBS Zn/Al-complex Silica

B A B A B A B A
Roughness

8 14 7 8 10 11 33 15
average
Skewness 1 3 2 2 1 3 1 -0.5
Kurtosis 7 18 10 21 8 16 3 4

The roughness average increases after acid treatment due to removal of the dispersants from
the film. The roughness peaks are shown in the X-Z profiles. The shape of each peak before acid
treatment corresponds to the shape of aggregates of SWCNT bundles covered with dispersants.
On the other hand, the shape of the peaks after acid treatment represents the shape of SWCNT
bundles and dispersant residuals on the surface. The SWCNT films except for silica based film
have the low positive skewness values, indicating that the cross-sectional peaks are skew to the
right. The silica based SWCNT film has the skewness of -0.5, indicating that those peaks are
negligible skew to the left with fairly symmetrical distribution. This symmetrical distribution can
be assigned to the round shape of silica particles®® on the film surface. Kurtosis indicates the
presence of the thin X-Z profile peaks. This value increases after acid treatment, indicating the

presence of the thin bundles of SWCNT on the substrate.
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The texture structure of SWCNT films obtained by bar coating method is relatively smooth,

being promising for the fabrication of light emitting diodes'® and solar cells.’
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Chapter 5

5. General conclusions

This study was carried out in order to prepare highly conductive and transparent SWCNT films

from sol-gel dispersant based SWCNT inks.

Chapter 1 gives a general overview of the TCFs, materials, and methods for their synthesis. The
SWCNT inks based on surfactants, polymers, superacids, chemical functionalization methods
were described thoroughly. The techniques for the TCF fabrication such as bar coating, spray
coating, dip coating, vacuum filtration, and Langmuir-Blodgett were described. The bar coating
method was explained more detailed because it was used for the film fabrication in this study;
this technique is scalable. Those methods for SWCNT ink preparation have advantages and
disadvantages, regarding the properties and ease of the film fabrication on the large scale. The
excellent optoelectrical properties of SWCNTSs are often suppressed and electrical conductivity
and optical transparency are rather modest. Therefore, the study of SWCNT inks for TCF

fabrication is highly encouraged.

Chapter 2 deals with the synthesis of sol-gel Zn/Al complex dispersant for SWCNT ink
preparation. The dispersibility of SWCNTs by Zn/Al complex dispersant in aqueous media is
comparable with that of CTAB and SDS based SWCNT inks. The Zn/Al complex was
synthesized from the reaction mixture of Zn(CH3;COQ), and AI(NO;) with the molar fraction of
Zn of 0.66. The Zn/Al complex is stable and can be preserved in powder form; it can be used to
disperse SWCNT in water just after quick dissolution. The complex containing amorphous
Al(CH3CO0);, Zn*", and NO3 ions is strongly adsorbed onto the surfaces of the SWCNTs,
leading to their stabilization. Optical absorption suggests a charge transfer interaction between
Zn/Al complexes and SWCNTs, causing positive charge of SWCNTs of + 55 mV; the stability

of SWCNTs arises from the electrostatic repulsive interactions. The Zn/Al complex is a potential
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material for the fabrication of transparent and conducting films as well as hybrid materials based

on SWCNT-Zn/Al species.

Chapter 3 deals with the TCFs fabrication by Zn/Al complex-SWCNT based inks. The Zn/Al
complex dispersant offers SWCNT inks for the fabrication of TCFs by bar coating method. The
Zn/Al complex-based SWCNT ink has sufficient viscosity (> 1.30 mPa-s) to suppress local flows
which cause inhomogeneous film formation. Dipping the film in IM HNO; for 10 min
completely removes the Zn/Al complex, decreasing the sheet resistance significantly; the sheet

resistance and optical transmittance at 550 nm are 150 ohm/sq and 90 %, respectively.

Chapter 4 deals with the homogeneity study of SWCNT films obtained from Zn/Al complex,
silica, SDS, and SDBS-based SWCNT inks. The Zn/Al complex and silica-based SWCNT inks
are more appropriate than SDS and SDBS-based inks for the scalable fabrication of SWCNT
films by bar coating method. Due to the relatively high viscosity of Zn/Al complex and silica-
based inks in comparison with SDS and SDBS-based inks, Zn/Al complex and silica are
promising for the homogeneous film fabrication. In particular, the Zn/Al complex is highly
recommended for production of uniform SWCNT films due to excellent stability. The viscous
jelly like Zn/Al complex and silica-SWCNT inks can be applicable to the fabrication of

composite and ceramic materials with good mechanical properties.
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