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Singlewalled carbon nanotubes (SWCNTSs) have shown exceptional electrical,
optical, mechanical, and thermal properties. Solution processing is a critical first step
to harness these nanomaterials for applicaiioetectronics, biomedicin@ndenergy
technologiesHowever, dispersion 0SWCNTsin solutions requires assistance by
surfactants or polymers, which cannot be cleanly remoasityeand become unwanted
contaminantsresulting in degraded performance of SWCNTSs.

In this dissertation, tdevelomd strategies to attain cleasolutionprocessed
SWCNTsandfurther demonstratetteir applicationsas templates for the synthesis of
van der Waals heterostructur&ge investigated the role of surfactants in dispersing
SWCNTs andoundthat the highest efficiay in dispersng SWCNTsoccursat the
critical micelle concentration of surfactants, whickvedl below the typically required

surfactant concentratisn Furthermore, we synthesized a thermally removable

surfactant, ammonium deoxycholate (ADC) which can be removed cleanty



relatively low temperature without damaging the SWCNT structure. Compared to a
commonly used surfactant, sodium deoxycholate (DOC), ADC features the same
anion, but contains an ammonium (NHcationin place of thametal ion (Na). ADC
exhibits the samieighdispersion efficiency for SWCNTs as DOC, but the peak thermal
decomposition temperature of AD€nearly 70 °C lower than that of DOCA two-

step annealing process can remdivis new nanotube surfactawhile keepingthe
SWCNTsintact, even with a small diameter of just 0.76 fiims workalsorevealghe
chemical origin of residues frortihermal annealing of surfactaptocessed carbon
nanomaterials. The clea®WCNTs enable thesynthesis of van der Waals
heterostructureonsistingof pure chiralsinglewall carbon anotubesested in boon
nitride (SWCNT@BN) Transmission electron microscopyd electron energyoss
spectroscopic mapping confirm tiseiccessfukynthesis ofSWCNT@BN from the
solutionpurified nanotubes. The photoluminescence peak of -GYBCNT@BN
heterostructurés found to redshift by 10 nm relative to that of (#B)VCNT am the

Raman G peak of (7, WCNTs downshift by 10 crhafter BN coating.
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Chapllemtroducti on

1.1. The scope of this thesis

Singlewall carbon nanotubes (SWCNTSs) have drawn significant interest in both
science and technology, as they exhibit intriguing electrical, optical, and mechanical
properties. In ader to study and utilize these properties of individual SWCNTs or
assemble SWCNTs into macroscopic objectstfair broad applicatios) solution
processing iperhapghe most important first step for subsequent manipulation. Due
to the poorsolubility and low dispersibility of SWCNTSs, surfactants or polymers are
required to achieve the efficient -dendling of SWCNTs in aqueous or organic
solutions. However, it is notoriously difficult to cleanly remove the surfactants when
they are no longareeded, which degrade the performance of SWCNTs. For example,
surfactant residues can scatter electrons and interfere with electrical transport of
SWCNTs, and decrease fluorescence quantum yields of SWCNTs. Therefore, it is
highly desired to prepare cleaalutionprocessed SWCNTSs.

In Chapter 1 the structure, physical properties and the major applications of
SWCNTsare reviewedl will also summarizes the challenges that impede SWCNT
research and applications, anldde correspondingsolutions based on solution
processing. In Chapter 2, | show that efficient SWCNT dispersion can be achieved at a
surfactant concentration as | ow as ~0.08 w
water containingsodium deoxycholat¢dDOC, a common} used surfactapt The
highest dispersion efficiegaoccurs around the critical micelle concentration (CMC)

for DOC and all the other surfactants tested. In Chapter 3, | reporytitbesis of
1



ammonium deoxycholate (ADC) as a new surfactant that can be cleanly removed at a
relatively low emperature that preserve the SWCNT structure. ADC is as efficient as
DOCto dispers&&sWCNTsindividually in water. Howeverthe thermal decomposition
temperature of ADC is significaly lower than that of DOC, which enables to remove
surfactant ADC from SWCNTSs after solution processing through annedlingo-

step annealing proces&s developed teliminate ADC andoreserveSWCNTSs In
Chapter 4, the synthesis dfinglewall carbon nanotubes in boron nitride
(SWCNT@BN) onedimensional van der Waalbketerostructure from solutien
processed chiralitpure SWCNTSs is enabled by advances in nanotube chirality sorting,
clean removal of the surfactant used for solution processing, and a simple method to
fabricate freestanding submonolayer films of chiralit pure SWCNTSs as templates for
theboron nitride BN) growth. Furthermore, | also repdite optical properties of the
SWCNT@BN heterostructure arfdctors affecting the heterostructure formation
Chapter 5 shows promising results of aligning SWCHifscty from chlorosulfonic

acid (CSA) solutions, which would enalfibrication ofarrays consisting of clean and
aligned SWCNTs.

In summary, | demonstrate that the optimal dispersion condition of SWCNTs in
agueous solutions occurs approximately the CMC of surfactants, which is
significantly lower than the surfactant concentragioged in the commonly practiced
protocols. Furthermore, clean solutiprocessed SWCNT®s obtained by using a
thermally removable surfactant. Theslean solutiorprocessed SWCNTs serve as
templates for BN growth in order to synthesize SWCNT@Bdh der Waals

heterostructure with chiralifpure inner tubes. We are continuously working on the



alignment of clearSWCNTsdissolved by CSAwhich will upgra@ the performance

of SWCNT electronic devices.

1.2. Physical structure properties, and applications of SWCNTs

SWCNTSs, as a ondimensional nanomaterial, can be envisaged as a graphene sheet
seamlessly wrapped along a lattice vector into a cylihdBne atomic helical
arrangemst of SWCNTSs is widely defined by the lattice vectdt

® ¢ 4G o

wherem and n are integerdé and@® are the unit vectors in the graphene plane
(Figure %1).2 Generally, SWCNTSs are distinguished as armchair (n=m), zigzag (m=0),
and chiral (n m). The unique optical and electronic properties of SWCNTSs are derived
from their various atomic arrangement, which causes difference in the bandgap
structure. For exampl§WCNTs with am=3q (where q is an integer) exhibit metallic
conductive behavior, otherwise SWCNTSs is semiconducting with a band gap inversely

related to diameter.
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Armchair
(n=m)

Zig-zag

Figure 1-1. Chirality map of SWCNTs. SWCNT type is assigned as armchair, zigzag,

and chird by a lattice vecto® which defines the chiral indices, (n, m). Metallic

helicities are highlighted in purpl&he figureis adipted from ref2.

An individual SWCNTcan be regarded as a quantwine exhibiting ballistic
electron transport i.e., without scattering. From experiments, the maximum electron
mean free path in SWCNTs at room temperature' is{lwhich is superior to that in
copper, 40 nni:* The experimental electric current density of metallic SWCNTSs can
be as high as 2@0/cm?, while theconventional metals can reach a maximum of~10
A/cm?.>®Basedn the extraordinary electrical conductivity and high electrochemically
accessible surface area, SWCNTs was applied to electrochemical devices, such as
supercapacitofs and electromechanical actae® Besides, high-quality
semiconducting SWCNTs are attractive materials for fedffect transistors (FET),

which can be electrically switched on and off and have bandgaps determined by
4



diameter and chirality (Figureda).FETs based on SWCNTs with a channel length of
sub10 nm shows the diameteormalized current density as 2.41 mA/m at 0.5 V,
which outperform silicon devicés.

Individual SWCNTSs fluoresce brightly in the near infrared region {8600 nm),
arising from van Hove singularitiés$!!* Each (n,;HSWCNT exhibits unique transition
energies between the conduction and the valence bands, which closely associate with
the van Hove singularities in the density of states. Excitons generated optically or
electrically are an electron in ther@uction band and a hole in the valence band under
their mutual Coulomb interaction. The formation and subsequent behavior of excitons
cause the photoluminescence (PL) and electrolumineséehid@ased on the optical
properties, SWCNTs have been applied to Hpghformance lighemitting diode$®
and photodetectord.Because the PL emission wavelength and intensitysansitive
to surrounding environment, SWCNTs are applied in the field of sensing, such as
chemo and biosensots based on optical signal outputs, and bioimaging probes
(Figure 12b)1® SWCNTSs are also regarded as promising single photon source, since
photon antibunching in the photoluminescence of SWCNTs was observed at cryogenic
temperatures’

Due to the strong carberarbon covalent bonds and the uniform crystalline
structure, SWCNTs possess superb mechanical strength. For example, the elastic
modulus and strength of SWCNTSs are as high as 1.0 TPa an®&§ KBeanwhile,
SWCNTs exhibit high thermal conductivities as ~3500 WIK) at room
temperaturé?® Thus, it is attractive to develop higierformance macrostructures based

on SWCNTSs, such as SWCNT fibers, films, and arrays. Qundpwith the electrical



property of SWCNTSs, fiber supercapacitors can be fabricated based on SWCNTs
(Figure 12c). SWCNTshave also been dispersed into polymer matrix to fabricate

nanocomposites with enhanced stiffness and fracture tougiiriéss.
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Figure 1-2. Application of SWCNTSs. (a) Schematic diagram and SEM imajes
typical SWCNT FET.(b) Nearinfrared photoluminescence image of -BT4 cells
treated with the SWN-Herceptin conjugatéc) Photograph of a textile containing two
nanotubdiber supercapacitors woven in orthogonal directidfiguresare adapted

from ref.9, 16, 22 respectively.

1.3. The critical role of solution processing

Since SWCNTs are synthesized as bundles and mixture electronic types with
impurities commonly, individual dispersion of SWCNTs in agueous or organic
solutions is usually the tital first step to harness their exceptional properties for

further applications in a broad range.

1.3.1. Individualizing bundled SWCNTs

Due to strong van der Waals interactioD8@Q0 eV per micrometer of tukiabe
contact)?® the asgrown SWNCTs has an inherent tendency to aggreamtmindles.

However, the exceptional optical, electrical, and mechanical properties of SWCNTs
6



only occur in individually dispersed nanotubes. For example, bundled SWCNTs cause
interruption to the electronic states, which makes the spectrum broad oeltessfiir

This bundling effect has commonly been addressed through dispersing individual
SWCNTs with surfactants or polymers (Figur8)lin aqueous or organic solutions by
ultrasonication followed by ultracentrifugatiét?®?’ Besides, individual SWCNTs

can also be exfoliated ySA?® which are then stabilized in aqueous solutions through

surfactantsuperacid exchange (S2E) methods (Figusg.2

oHiy CoHyr CgHyr_CgHyy CeHy7 CaHyr N
) ¢
S Lmwnninn
n n s n
PFO PCz F8T2 J
rsns : = ¢ 1 N
" (4]
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[] Surfactants [124] "
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Biomolecules [101] TATAEATAT "
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- 333333300 3 g , Br N\~ COCH,N(CH,),
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and others Rhodamine B Polycyclic aromatic ammonium amphiphiles )

Figure 1-3. Summary of dispersant molecules used for stabilizing individual SWCNTSs,
including conjugated polymers, surfactants, biomolecules, and aromatic molecules.

Thefigureis adapted from ref30.



Figure 1-4. Schematic illustration of the neutralization of a SWGC&Uperacid
suspension with NaOH aqueous solution in the presence of the surfactant sodium

deoxycholateThe figureis adapted from ref29.

1.3.2. Purifying SWCNTs from mixed chiralities

The existing methods to synthesize SMITs still confront a major challenge that
SWCNTs are produced with broad distribution of chiralities together with a high degree
of impurities such as amorphous carbon and metal cataty$tdowever, purified and
chirality-controlled SWCNTSs are required for various applications. For example, high
performance thin film transisterbased on SWCNTs call for highly purified
semiconducting SWCNTSs since incorporated metallic SWCNTs can degradet curre
on/off ratio®® Multicolor bioimaging, which is regarded as a ngeneration
technology, can be achieved through utilizing several (n,m) species of SWCNTSs with
similar wavelength of excitation but different Esion wavelength. When those
SWCNTs injected at different sites are excited at the same time, the sites can be

observed selectively by using a bandpass fiftéfo this end, various solutien

8



processing methods have been developed for chirality separation (Figyre 1
including aqueous twphase extraction (ATPE) method®3’ gel column

chromatography®3°and density gradient centrifugation (DG19)*

—— SWCNT solution Cc ]
—SP1"
—SP1,

o
300 600 900 1200 / 6,5
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Figure 1-5. Solutionprocessing methods for chirality purification (a) Schematic of

the onepot ATPE method to separate (6S)VCNTs through tuning the surfactant
coverage and the optical absorption spectra before and after separation in only 1 or 2
steps.(b) Schematic of competitive adsorption of different semiconducting SWCNT
species in multicolumn gel chromatography and photogoégkparated metallic and
semiconducting SWCNT solutiongc) Photograph of the SWCNTs lagerin a
centrifugal tube after an 8 nonlinear DGU run and nea@frared absorbance spectra

of the collected SWCNT solutions from different layéfguresareadapted from ref.

37, 38, 41respectively



1.3.3. Fabrication of SWCNT macrostructures

SWCNTs have been commonly ma@ssembled as fibers, films, and arrays,
which can be operated mocenveniently than individual SWCNTSs. Spinning from
SWCNT solutios is widely used for making SWCNT fibers. SWCNTSs dispersed in
surfactant solutions are injected into a polymer solution witflosang stream. The
polymer absorbs onto SWCNTs and displacesesgurfactants to form a nanotube
ribbon and during drying, a SWCNT fiber is obtained from the original ribbon (Figure
1-6a)* SWCNT films @n be fabricated through airbrushitig,angmuirBlodgett
(LB) deposition (Figure -Bb)* and vacuurfiltering SWCNT solutions onto a
filtration membrand?

Furthermore, alignment of SWCNTSs in the macrostructures is important to display
outstanding properties of SWCNTSs. It has been found that SWCNT fibers comprising
axially aligned SWCNTs exhibit higher specific modulus and specific strength than
those of commercial carbon and polymer fitrBETs based on aligned SWCNTs
outperform conventional ones with regard to power efficiency, electrostatic gate
control, and switching speédThe alignment can be achieved by a dimensimited
self-alignment procdure (Figure 16c)*® and floating evaporative sedfssembly
method!® where SWCNTs are confined at the interface of two liquid phases and self
assembled along the contact line between the wafer and interface. Besides, SWCNTs

can also be aligned through t&&serbly (Figure 16bY**>and filtration method*

10
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Figure 1-6. Fabrication of SMENT macrostructures from SWCNT solutions. (a)
Schematic of the experimental setup used to make SWCNT ribbons and an optical
micrograph the SWCNT ribbdt.(b) Scheme of SWNT monolayer film made by LB
techniqué® and an atomic force microscopy imagetié LB film of SWCNTs* (c)
Schematic of the dimensidimited selfalignment process to prepare a weafeale

aligned SWCNT arrayriguresareadapted from refd2, 50, 44, 48rrespectively.

1.4. Clean solution processing

1.4.1. Cleanlyemovable surfactants

Due to the extremely low solubility of SWCNTSs in water and organic solvents,
surfactants or polymers are required to modify the surface of SWCNTSs to enhance their
solubility and processability. A commonly used surfactB@C, is shown in Figure
1-7a, which has a hydrophilic tail and a hydrophobic backbone. DOC is not only one

of the most common surfactant, also has the strongest dispersion ability among anionic

11



surfactants such as sodium dodecyl sulfate (SDS), sodium dodecylbentfenatesu
(SDBS), sodium cholate (SC) (Figurerh)>2 To solubilize SWCNTs, DOC tends to
stack its hydrophobic rigid steroid backbone on SWCNT walls, while leaving their
hydrophlic flexible polar tail extended towards the aqueous environment. Despite
numerous studies have been enabled by this postgrowth solution processing of
SWCNTSs, compared with aggown pristine SWCNTs which are generally free from
any molecules on the surfs; solutiopprocessed SWCNTs havedegraded
performances, such as higher resistivity. This is presumably caused by the leftover of
surfactand surrounding SWCNTSs that induce scattering of electrons iatadfere
electrical transpor®®>® Therefore, surfactants that disperse SWCNTSs efficiently and

can be removed completely are highly desirable.

a b

Rigid Steroid = @ _-e=====o_

Ring Backbgne ,’,," \~\\ Coarse— CNT Network - F|ne
DB Y. | SC-'| DOC"

Charged T
Carboxylate
group

Hydrophobic Face

Hydrophilic Face

Figure 1-7. (a) Schematic (top) arspatial (bottom) chemicaitructures of DOC, showing
the rigid steroiefing backbone, théydrophobic and hydrophilic segments. Color code: red,
oxygen; purple, carbon; white, hydrogen. (b) Morphology oftyipécal networks fabricated
from the same SWCNTdispersedby using SDS, SDBS, SC and DOC. The finest mesh

structurehas the highest on/off ratigigure bis adgpted from ref52.
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Among the processes to remove surfactants, thermal annealing is aivattract
method as it can potentially remove all the contaminants including those strongly
adhered to the SWCNT wall (such strongly attached contaminants are less likely to be
removed by the routine rinsing method). Other harsh method such as oxidatiom in nitri
acid can cause damages on SWCRfTS.

DOC has a steroid anion composed of carbon, hydrogen and oxygen, and
sodium as a cauer ion. Chemically, the anionic part of DOC can decompose
completely during annealing, but the sodium cation is not easily removed. To solve this
problem, we replace the sodium cation with an ammonium cation, and obtain a
thermally removable surfactanemmonium deoxycholate (ADC)Due to the
maintenance of the steroid backbone structure, such newly synthesized ADC
surfactants should keep the strong dispersion stability similar to DOC, but with much

less residues left after annealing.

1.4.2. Dispersion by chlorosulfonacid

Dispersing SWCNTs inchlorosulfonic acid (CSA) is another strategy to
achieve clean solution processiiitghas been found that SWCNTs can spontaneously
dissolve in CSA due to the surface protonation efféttThe positive charges are
delocalized on the protonated SWCNTSs, which exist as polycarbocations overcoming
the strong tubeube van der Waal attractions. The concentration of SWCNTSs dissolved
in CSA can be up to ~45 g/L drSWCNTs exist as a nematic mesophase at high
concentratior?/

Through utilizing CSA, the solution processing of SWCNTs can get rid of

surfactants completelfzombing with the liquid crystalline behavior of SWCNT/CSA
13



solutions, there is a potential chance to fabricate clean and aligned SWCNT
macrostructures, if we confine the SWCNTSs at atlivoensional interface and quench

the CSA effectively.

1.5. Van der Waals heterostructure based on clean solutieprocessed

SWCNTs

With its all atoms on the surfaces, a SWCNT can be easily degeatkd
affected by surrounding chemical environnseWCNT@BNonedimensionalvan
der Waalsheterostructure have been emerged, which exhibit intriguing physical and
chemical properties. BN is chosen as the protective shell becausdsitggabandgap
(5.97eV) and a small latticeismatch (1.7%) with graphene; BN is inert and atomically
smooth de to being relatively freef dangling bonds and charge traps>

The onedimensional van der Waals heterostructure cafatyecated by using
atwo-stepchemical vapor depositiogf€VD), in which the carbon nanotubes are first
synthesized and followed by the growth of BNelh®® However, in ths scheme, as
grown SWCNTSs, which ara mixtureof nanotubes with various chiralities, are used as
the template for the further growth of BNnselective SWCNTs will impede further
advanced applications in electronic devices semsorsOur clean solutiofprocessed
SWCNTs with purified chirsty enables SWCNT@BN heterostructure with well

defined inner structure.
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Chapte$ aBidgmrdi vi dual carbpon

surfactamtsiwial hmi cell e concentr

This chapter is adapted from a manuscript in preparation:

Wang, P.; Zhang, C.; Wang, fSurfactants Stabilize Individual Carbon Nanotubes in
Water around the Critical Micelle Concentration

C. Z.contributed to the devabment ofsuperacigsurfactant exchangaocessing and

spectroscopy characterization.

2.1. Introduction

Dispersion of singlevalled carbon nanotubes (SWCNTSs) in water with the aid
of surfactants is a critical step for many fundamental studies and technological
application€'® Ev er s i nc et alditsCdiscovesed that SWCNTs can be
stabilized in water as individual nanotubes bglism dodecyl sulfate (SD®) 2002°
a wide range of different surfactants have been explored to form aqueous SWCNT
solutions, including sodium dodecylbenzene sulfonate (SDBS),
cetyltrimethylammonium bromide (CTAB), sodium cholate (SC), and sodium
deoxycholate (DOCY® "°Unsurprisingly, the choice of surfactant molecllesid their
assembly on the nanotiiean affect the surface potential of the surfacBWCNTs
composites, resulting in different dispersion efficienétddany advanced studies on
SWCNTs are thus enabled including nanotube softifity’? fabrication of high
performance nanoelectronics deviéé& as well asfie exploration of SWCNTs as

biomedical drug/gene carriefs.
15
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The dispersion of SWCNTs starts with the adsorptbrsurfactants on the
nanotube surfaces, in which the hydrophobic segments of the surfactants associate with
the wall of nanotube while their ionic groups interact with water molecules in
solutiors. In order to gain a complete picture of the disperpratess of SWCNTs by
surfactants,it is essentialto obtain an insight on how surfactant molecules
spontaneouslinteract with a bare SWCNT surfadadeed, a better understanding of
the surfactarEWCNT interaction can help researchers to optimize thiactant
concentration for dispersion, which is critical to minimize unnecessary contamination
of the system with excess surfactiat can be difficult to remove and interfere with
other processes being studiéd.

However, a direct i nvest i g&WCNINn o f
interactions has been difficult due to the strong perturbation of simmichat is used
to exfoliate individualnanotubes from the synthetiaw materials i(e., SWCNT
bundles) to enable surfactants in solution to adsorb to the bare nanotube $firfaces
During this process, sonication induces high shear forces that can create gaps amid and
bundles exposing the ends of individual SWCNTs. Thewly exposed nanotube
surfaces hence provide vacant sites for the absorption of surfactants, which propagate
along the nanotubley further surfactant absorption until the entire SWCNT detaches
from the bundle and is stabilized in the aqueous soldfidlevertheless, sonication
induced highfrequency collisions between the water/surfactant molecules and
SWCNTs inevitaly affect many nanoscale physicochemical processes, such as

surfactant adsorption, micelle formation, and tshefactant interactiarherefore, the

16
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intrinsic adsorption behavior of surfactants on SWCNTs is overwhelmed by the
sonicatiorinduced higkfrequency collisions between the molecules.

To individually stabilize SWCNTs in aqueous solution without the use of
sonication, we have previously demonstrated adoergy route, called superacid
surfactant exchange (S2B)® In S2E, SWCNTs are individually dispersed in
chlorosulfonic acid (CSA), followed by adding the SWCNT/CSA mixture into an
agueous solution containing NaOH and surfasta®SA, which features a Hammett
acidity constant 0f12.8, candissolve SWCNTSs to form a thermodynamically stable
solution by the surface protonation effétt’ Upon the addition of the SWCNT/CSA
solution to an aqueous solution containing NaOH and surfactartythiexide ions
instantly neutralize the protons on the SWCNT surfaces, leaving the resulting bare
nanotubes available to interact with the surrounding surfactant mole€Eigase(21).

As a result, S2E approach is a unique platform to study intringiactions between
surfactant molecules and bare SWCNT surfaces, without any external energy
perturbation.

The impact of the surfactant concentration on the dispersion efficiency of
SWCNTs is investigated. We find the optimal dispggscondition occurs at
approximately the critical micelle concentration (CMC) of the surfactants, which is in
stark contrast to the prevalent intuitive belief and widely practiced protyc8i€that
require surfactants typically at -2lwt/v% well above the CMC(g, ~0.24 wt/v% for
DOC in neutral aqueous solution). Furthermore, the DOC is found to be the most potent
surfactant to stabilize individual SWCNT in aquesakition than any other surfactants

tested.
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Figure 2-1. Schematic of S2E as a low energy route to disperse SWCNTSs in aqueous
solution. Addition of theSWCNT/CSA solution into water containing surfactants and
NaOH results in the aqueous dispersddSWCNTSs. Surfactant molecules can diffuse,
interact with and adsorb to the bare SWCNT surfaces without the external energy (i.e.,
sonication) applied to the system. SWCNTSs are shown as teal cylinders. DOC is shown
as the representative surfactant molecwith the C (and H) and O atoms shown as
yellow and blue spheres, respectively. NaOH and water are not shown for clarity.
Yellow arrows represent the diffusion direction of DOC molecules, while teal arrows

indicate the diffusion direction of bare SWCNTs

2.2. Experimental section

2.2.1. Superacigsurfactant exchange (S2E)

CoMoCAT SG65i SWCNTs (Sigma Aldrich,737251G) were dissolved in

chlorosulfonic acid (Sigmaldrich, 99.9%) at a concentration B0.2 mg/mL. This
18



SWCNT/CSA mixture wasadded drogby-drop to an aqueous solution bfaOH

(Sigma-Aldrich, & 97%) and DOC SigmaAldrich, & 97%) until the CSA was

neutralized. The concentration of NaOH were varied among®M and DOC were

0.02-1.0 M. (Safety Note: All S2E experiments shoudd performed in a fume hood

with protection. Goggles, acid protectiogioves, and lab coats are required.

Particularly, in the neutralizatiostep, the addition of super acgWWCNT mixture to

basicaqueous ol ut i on may t r irgagtiensthat cao deecrmteichaci di b a:

heat and smoke.)

2.2.2. Establishmenmff the standard working curve

After the S2E procesthe solution was gently stirred for 1 day usimgagnetic
stir bar followed byultracentrifugtion at 154,325g (Optima XE9O0 ultracentrifuge,
SW-41 Ti rotor,Bechman Coulter) fo80 minto remove any bundle$he precipitated
bundles were carefully collected and rinsed wigmerousmouns of nanopure water
and isopropanol (Sigma Aldrich, 99.9%) to remove the attached DOC sut$aétan
typical UV-vis-NIR absorption spectra of the aqueous supernatant is shdviguire
2-3a. We then built a standard working curt@ daerminethe dispersed SWCNT
concentration in agueous solution after the S2E protassiinsed bundles wedgied
in a vacuum oven at 10€C for 24 hand weighed. Based on the initial amount of
SWCNTs yolume timesconcentration ilCSA; VswentcsaX Cswentesa) used for S2E
and the mass of the undissolved SWCNwWwhich wedetermined by weighing the
collected precipitates after ultracentrifugatiome built a working curvdrom the
measured optical density (at a wavelength of 573 nm and 985 nm) of the aqueous

solution(Figure 23b). This working curve can be used to detemntite concentration
19



of the individually dispersed SWCNTs in subsequent experiméfgsestimated the
molar extinctioncoefficient tobe ~2500M* cmt based on our working curve, which
is consistent with previous literatureported value8'-82

The sameS2E procedures were also performed withgbeium cholateSC)

surfactants, and the corresponding dispersion efficia@assubsequently analyzed.

2.2.3. Calculation of the dispersion efficiency of S2E

The dispersion efficiency is defined as the ratio betwtwn amount of
individual SWCNTs stabilized by surfactants in water after S2wéNwwater) to the
amount of individual SWCNTSs in th€SA prior to S2E dispersionNswcnTsuperacid

Equation 1)

0'Qi 1 QIOTQVENE VE—ee— 1)
whereVswcntsuperacid@NdVswentwater are the volume of the SWCNTSA soluion used

in S2E and the volume of the SWCNT aqueous solution after S2E, respectively; and
Cswentesaand Cswentwater are the concentrations of SWCNTS in the superacid and in
water after S2E, respectivel@swcntcsais measured based on the mass of SWENT
added to the known volume of superacid, while @@cnwwater iS determined by
measuring the optical density of the supernatant of the dispersed SWCNT aqueous

solution after removing the undissolved bundles by ultracentrifugation.

2.2.4.Measuremenof the critical micelle concentration of the surfactants

The critical micelle concentrationsCMCs) of DOC (Sigma Aldrich, >7%)
and SC (Sigma Aldrich, >99%) surfactants were measured using the

photoluminescence spectroscopy approach following the reported methebich
20



pyrene molecules were used as photoluminesoeites® Briefly, 5 mg of pyrene

(Sigma Aldrich, >99%) was dissolved in 10 mL methangdllfa Aesar, 99%. The

solution was further diluted0-foldt o r each the final pyrene co
50 ¢ Lis myrene sotution was then added and mixed with 3 mL of surfactant

agueous solution with different surfactant and NaOH concentrations, followad by
photoluminescence measurement the mixed solution The characteristic
photoluminescentpeaks of pyrene are highly sensitive to the local solvation
microenvironment, whicks reflected by the ratio of the photoluminescent peéakad

l1 (13/11). Therefore, as the concentration of thefatants surpasses the CMiie

pyrene begiato be solubilized into the micelles and extslaib abruptncreasen 13/11

2.2.5.Spectroscopicharacterization

We useda Horiba Jobin Yvon Nanologpectrofluorometer to characterize the
photoluminescence of the pyrene probes as well as the SWCNT solution. The pyrene
was excited at 331.5 nm wavelength. The excitation and emission sliswielth set
at2 nm and 1 nm, respectively. A Si detector wasd to collect the pyrene emission
from 340 nm to 410 nm. For the SWCNT solution PL measurement, a-hguidoled
InGaAs array detector was used to collect the NIR emission from the SWCNTs. The
UV-vis-NIR absorption spectra were measured using a spécttometer equipped

with a broadband InGaAs detector (Lambda 1050, PerkinElmer).

2.2.6.Thermal gravimetric analysis of the raw SWCNT powder

To accurately determine the dispersion efficiency of the S2E process, it is
important to know the SWCNT concentrtiin the initial superacid solution. Since

21



commercially available raw SWCNT powders contains metal catalysts, which should
be excluded from the amount of the initial materials dispersed in superacid (NSWCNT
superacid) in the calculation, we used thergralvimetric analysis (TGA; Mettler
Toledo, TGA/DSC 2) to determine the carbon content in the raw SWCNT materials.
The TGA curve was measured at a heating rate of 5 °C/min with 30 sccm of air, and at
a heating temperature range of 5000 °C. ~86% of the weght of the raw SWCNTs

was lost during the heating procedure, indicating ~86% of the weight was carbon, and
~14% was composed of nonactive materials, presumably metal/metal Thisl@4%

of the nonactive materials were excluded in our dispersion efficieslculation i e.,

Vswentesax Cswentesa X 86%0).

2.2.7. Determination of the dispersion efficiency of S2E with other surfactants

S2E wasalso performed with other surfactants in NaOH solutions, including
SDS (Sigma Aldrich, 99%), CTAB (Sigma Aldrich, 99%), Tr#¥a00 (Sigma
Aldrich, laboratory gradepand ssDNA (sequence5-TTATATTATATT -3; Integrated
DNA Technologies)The concentratioof the different surfactants was kept at their
CMC values respectively.HE SWCNT concentrations right after S2E is ltdverefore
an extra concentration step is necessary to increase the SWCNT concentration.
However, unlikethe DOC or SC stabilized SWCNTSs that can be easily concentrated
by a coagulatiofredispersion process Iyning the solution pHrefer to FiguresS8 in
Ref. 78),"® SWCNTs stabilized by SDS/CTAB/ifon X-100/ssDNA cannot be
concentrated easilyrherefore, we used photoluminescence measurements to estimate
the dispersion efficiency with these types of surfactants. The photoluminescence of the

SWCNT solution after S2E with different surfactants wasasured. The initial
22



concentration of the S2mdividulaized SWCNTs was diluted to reach the linear
regime, where the inner filter effect of the photoluminescence is alisand, the
concentration is then back Icalated by multiplying by the dilution factor. By
comparing with the photoluminescence intensity of the B¥faBilized SWCNT
solution, we can estimate the dispersion efficiency of the other studied surfactants. For
example,n Figure2-6, the corrected PL intensity of SEs$abilized SWCNT is ~12

times lower than the corrected PL intensity of D&t@bilized SWCNTs solution (~150
versus.~1800), representing that the concentration of S2Bilized SWCNTs after

S2E is ~12times lower than t concentration of DOGtabilized SWCNTSs, which is
already known from the working curv€&igure 2-3). Therefore, this method can be

used to obtain the dispersion efficiencies of the other surfactants with high accuracy.

2.3 Results and discussions

2.3.1.The dispersion efficienayf S2E as a function of the DOC and NaOH

concentrations

The CMC is the concentration at which individual surfactant molecules begin
to form micelles in the solution and is an important characteristic property of
surfactants. In orddpo understand how the concentration of the surfactantOC)
and NaOH can impact the stabilization of SWCNTSs during the S2E process, we first
measured the CW of the DOC surfactant at different NaOH concentrations using
pyrene molecules as probesréhe is an aromatic hydrocarbon that when dissolved in
water shows five characteristic emission peaks in the fluorescence spectrum. A
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reduction in the third peak is observed in polar solvents, while the first pégis
insensitive to the solvent polgri Thus, the ratio of the peak intensitiég (1) can be

used to detect the surrounding microenvironment of pyrBigre 2-2). At a low
surfactant concentration where surfactant micelles are absent, ggreseethe polar
environment consisting of the surrounding water molecules, causing a decréase in
and the subsequently a drophli. On the other hand, as the sutéenxt concentration
increases beyond the CMC where surfactant micelles begin to form, the pyrene
molecules are encapsulated by surfactant micelles and therefore sense a more
hydrophobic environment, as reflected by a sudden enhancemgi 8t Therefore,

in this manner, the ratity/ |1 can be used to determine the CMC of surfactants. We
studied the dependence of the DG®IC onthe NaOH concentratiori-{gure 2-2d):

we determined the CMC of DOC to be ~0.24 wt/v% (~6.5 mM); as the NaOH
concentration increadethe CMC of DOC monotonically decreased to ~0.016 wt/v%

(~0.37 mM) at 1.5M NaOH.
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Figure 2-2. Determination of the CMC of DOC based on a pyrene fluorescent probe.
(a) Spectral shift of the pyrene photoluminescence due to surfactant encapsulation.
Below the CMC, pyrene senses the aqueous polar environment. Above the CMC,
pyrene is stabilized in thenterior of the micelles and senses a less polar
microenvironment, which induces &missionintensity enhancement of peak B) (
Photoluminescence spectra of the pyrene molecules in water with 0.1 wt/v % DOC
(below the CMC orangespectrun), and in watewith 0.5 wt/v % DOC (above the
CMC,; purplespectrun. The aggregation states of the DOC molecules can be detected
by the change of the emission intensity between p8atwsd 1 (I3/11). (c) I3/l1 at

different DOC concentrations (black circles). Thesultswere fit by a sigmoidal
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function (black line), and the CMC of the DOC surfactant is shown by the first
derivative of the fitted sigmoidalot (redcurve. (d) Contour map of the CMC of DOC

(cyan line)atdifferent DOC and NaOH concentrations.

We thenperformed S2E at a range of NaOH and DOC concentrations and
determined the dispersion efficienagye(, the yield of individual SWCNTs that were
stabilized by surfactants in water) using absorption spectros€agyré 23a). Note
that the undissolved SWQONbundles are removed by ultracentrifugation before this
measurement. A working curve was established for the purpose of determining the

nanotube concentration directly from the optical measurerféqnire 23b).
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Figure 2-3. Experimentaldetermination of the dispersion efficiency using the S2E
method. (a) UWis-NIR absorption spectrum afdividually-dispersedCoMoCAT SG
651 SWCNTs in aqueous solution obtained using the B&itess Note that the
solution was diluted 4 times tconductthe absorption measuremeni.; and E»

represent the characteristic absorption of (6,5) SWCNTs atn&Y and 985 nm,
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respectively. (b) Absorbanceoncentration working curve to determine the
concentration ofhe individual SWCNTSsin supernatant by opticalensity (based on

E2)).

A two-dimensional plot of the dispersion efficiency of SWCNTs as a function
of the DOC and NaOH concentrations with the superimposition of the DOC CMC is
shown inFigure 24a. These results reveal that when the concentration of DOC is below
0.01 wt/v% (~24 mM), the dispersion efficiency of the S2E process is less than ~10%
regardless of the NaOH concentration. This can be easily understood since in this
condition the amount of surfactant is too low to cover the SWCNTSs to induce enough
electrostatic repuisn that can balance the attractive van der Waals attraction between
bare nanotubes in water. As the DOC concentration increases, the measured dispersion
efficiency rapidly grows, peaking around the CMC value of the DOC surfactant
regardless of the NaOH koentration, with the highest S2E dispersion efficiency
measured to be ~29% (at ~0.08 wt/v%, 0.5M NaOH).

However, at a DOC concentration greater than the CMC, we observed a sharp
drop of the dispersion efficiency, decreasing to lower than ~5% for a DOC
concentration of >1wt/v%. We attribute this phenomenon to both thermodynamic and
kinetic factors. Thermodynamically, as the concentration surpasses the CMC, the ever
added DOC molecules mainly contribute to the formation of micelles rather than
adsorbed on WCNT surface to enhance the electrostatic repulsion. The increasing
number of micelles may further boost the depletion attractions (osmotic pressure)

between adjacent SWCNTSs, causing them to form buftisch depletion attraction
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by nature is an entropic effect: SWCNTSs tend to stay close to maximize the excluded
volume accessible to the micelles and hence the entropy of the whole stem.
Kinetically, contrary to the conventional sonicatiassisted SWCN-ispersion where

the surfactants can constantly collide with nanotubes to reach the adsorption, the S2E
requres a timely adsorption of surfactants on the nanotube surfaces beboredfieg

occurs. However, at high surfactant concentrations, the formed relatively large
micelle$’ can prevent the diffusion of individual surfactants toward the SWCNTSs,
causing a molecul ar Atraffic jamod that
solution. Therefore, effective nanotube dispersion requires having neither too little nor
too much surfactant in solution, with the ideal condition occurring around the CMC as

we experimentally observe#igure 24b,c).
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Figure 2-4. The dispersion efficiency of SWCNTSs as a function of the DOC and NaOH
concentrations in S2E. (a) The dispersidicicy is plotted using a color scale, with

the data points marked by white crosses. The cyan line marks the experimentally
measured CMC values for DOC at different NaOH concentrations. (b) Efficient
dispersion of SWCNTSs occurs at the surfactant aronedCMC. (c) High surfactant

concentration well above the CMC is not favorable to disperse the SWCNTSs.
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2.3.2. The S2E dispersion efficiency strongly depends on the choice of

surfactants

Having verified that DOC is an effective surfactantubilize SWCNTs at a
concentration near the CMC in the S2E process, we further explored the possibility of
using other types of surfactants and polymers, including SDS, SDBS, SC;X1id0n
and singlestranded (ssPNA (sequence: HSTATATTATATT -3). The maximum
dispersion efficiencies of S2E using these different surfactants are summarized in
Figure 25a which we determined from the corresponding-U$NIR absorption
spectra and photoluminescence spectra of the solutibgaré 26). The bile salt
deirivatives (DOC and SC) were found to yield the best solubility of the SWCNTSs, with
dispersion efficiencies of ~29% and ~19%, respectively. In contrast, the other
surfactants and polymers only dispersed SWCNTs with dispersion efficiencies of lower
than ~4%The observed higher dispersion efficiency of DOC and SC may be attributed
to their slightly bent steroid rings that are weaticommodated on the SWCNT
surfaces$?® 7087

In order to understand how the concentration of SC affects the SWCNT
dispersion efficiency, we usede same technique based on pyrene (described above)
to evaluate the SC CM@igure2-7). Although similar to the structure of DOC, SC
has a higher CMC than that of DOC at all tested NaOH concentrédianse 25b)
and the SWCNT dispersion efficiency®€ at CMC is lower than that of DOEigure
2-5¢). The lower dispersion efficiency of SC than DOC could be explained by that the
hydrophobic interaction between the SWCNT and DOC is stronger, which could result
in a higher density of DOC absorbed closeh®SWCNT surfaceince DOC has one
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less-OH group on the steroid ring compared to SC. Therefore, the interaction between
DOC and the counter ions (Nas lower, which results in larger electrostatic potential

than the one obtained for SC.
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Figure 2-5. The S2E dispersion efficiency strongly depends on the choice of surfactant.
(&) The dispersion efficiency of the S2E process for various surfactants, including
DOC, SC, SDS, CTAB, and Trite100, as well as sBNA (sequence: 5
TTATATTATATT -3). The DQC and SC concentrations were set to be around their
CMC. (b) The CMCs of DOC (red) and SC (blue) at different NaOH concentrations.
The CMC of SC is ~0.63 wt/v% (16.7 mM) in neutral aqueous solution and decreases
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to ~0.13% wt/v% (~3.3 mM) at 1 M NaOH contextion. (c) The S2E dispersion
efficiencies of DOC and SC as a function of the surfactant concentration at a NaOH
concentration of 0.5 M. The red and blue arrows indicate the CMCs of DOC and SC,
respectively, at 0.5 M NaOHd) Molecular structures of DOand SC. Note that the
only difference between DOC and SC is a single oxygen atom, which is highlighted in

the red dashed square.
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Figure 2-6. S2E dispersion efficiencies for surfactacasculated frontherr PL spectra.
(a) PL emission spectra (at 565 nm excitation) of COMoCAT SG65i dispersed by

different surfactants, including DOC, SDS, CTAB, anddrkiX100, as well as ss
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DNA (sequence: HTATATTATATT -3). (b) PL emission spectra from (a)
normalized by the peak intensityg) PL intensity as a function dlie dilution. Note

that the initial concentration of the S2E dispersed SWCNTs is diluted until the linear
regime is reached, where the inner filter effect is absent, and the concentration is then
backcalculated bymultiplying by the dilution factor(d) Zoomedin region of(c) as

indicated by the dashed rectangle for SDS, CTAB, and FX0D.
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Figure 2-7. (a) I3/l1 at different SC concentrations (black circles) at 0.5 M NaOH. The
resultswerefit by a sigmoidal function (black line), and the CMC of the SC surfactant
is shown by the first derivative (red line; note the scale is normalizgd}ontour map

of the CMCof SC (cyan line) at varying concentrations of SC and NaOH. The scale

bar represents the normalized valueepd#/ll) / apdifferent NaOH conditions.

24. Conclusions

We have investigated dispersion of SWCNTs in aqueous solutions with

different types of surfactants. The elimination of sonication from the SWCNT
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di spersion process enabled wus to study

SWCNTs with surfactants. Our fimgs suggest the optimal dispersion condition of
SWCNTSs occurs at approximately the CMC (~0.08 wt/v%) of the surfactant, which is
in stark contrast to the commonly practiced protocols that use surfactants typically at
1-2 wt/v%, a concentration well aboube CMC. We further showed that DOC
stabilized SWCNTs are better stabilized in the aqueous phase thaald@ized
SWCNTSs. Such one atom difference in the chemical structure of DOC and SC can
therefore have a significant impact on their SWGCd3persioncapability, which
suggests an interesting way to tune the hydrophobicity of the surfactant molecule
through just a single atonthis study can facilitate future investigations on a broad
range of research areas where the solution processing of nanoimatesiizg
surfactants is necessary, including SWCNT chirality sorting, exfoliation of two

dimensional materials, colloidal stabilization, and functional ink synthesis.
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ChaptAgrcl3eanly removable surfact
nanot ubes

This chapter imdapted from a published manuscft:
Zhang, C.; Wang, P.; Barnes, B.; Fortner, J.; Wan@hém. Mater2021, 33,4551

C. Z.and Y.W.conceived and designed the experime@tsZ performed the
major experimerst B.B. performed Raman spectroscopy. F.performed
photoluminescencmicroscopy measurementC. Z and Y.W.wrote the manuscript

with inputs from all authors.

3.1. Introduction

SWCNTs which exhibit extraordinary electrical, optical, andechanical
propertie§8%? are synthesizeds a heterogenous mixture of different structures that
bundle strongly Polymerg®27919 and surfactant§®45° such as sodium dodecyl
sulfate (SDS) and sodium deoxycholate (DOC), are widely used to disperse SWCNTs
in solution for subsequent purificati8hfiber spinning® ink formulation’® and the
fabrication of high performance nanoelectronic deviéésdowever, after solution
processing, surfactants become unwanted contaminants. For exsumnfaletants that
remain on the surfaces of SWCNTSs can scatter electrons and interfere with electrical
transport in thiffilm devices, significantly reducing the sigrtatnoise ratio,
conductivity, and sensitivity>°%°7 Similarly, residual surfactant molecules can
degrade the optical performance of SWCNTSs, resulting in lower fluorescence quantum

yields and broadened absorption pe¥k8! Surfactant adsorption also interferes with
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the interaction of SWCNTSs with other molecules, including obstructing active sites on
the surface of sensdfé and preventing reactant access for nanotube
functionalizationt®® Therefore, while surfactants are often necessary to utilize
SWCNTs, improved mabds of removing them are needed to ensure optimal

performance.

Multiple approaches have been investigated for the removal of polymers and
surfactants from SWCNTSs, including rinsing with organic solvéift?® acidic
oxidation1%41% and annealing in inéff1° or oxygen atmospherés:t'? For
exampe, acetone and acetonitrile have been shown to interrupt the SVWW@factant
interaction, thereby releasing the surfactants from the nanotube surfaces. However, this
technique also causes large nanotube bundles that negatively impact the SWCNT
functional ty as wel | as weaken the material 6s
efficiency®*'*Moreover, it has been found that surfactant layers tightly clinging to
the SWCNT sidewalls cannot be completely removed by simply rid&tAgf1
Although harsher methods, such as acidic treatment (e.g., nitric acid), ciendffi
etch obstinate residué®;'%’the strong oxidative nature of such treatments can also
induce covalent defects in the nanotube sideWw#slternatively, annealing haseen
routinely used to increase the conductivity of devices fabricated from SWCNTs that
are solutiosprocessed using surfactants and poly®&¥21121%owever, a residue

often remains after anneadj, which limits the efficacy of this approati§:111:116119

Inthiswor k, we addr ess t hipocessed SWCNTohy Acl e al
designing and synthesizing a new SWCNT surfaétammonium deoxycholate

(ADC)o that can be thermally removed at significantly lower temperatures. We find
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this surfactant can disperse SWCGNUp to 10 mg/mL (in 1 wt% ADC aqueous
solution), comparable to DO®which is known for its high dispersion efficiency and
features the same amphiphilic anion. More importantly, ADC can be thermally
removed, with the ammonium (NH cation decomposing to gaseous ammonia under
heating. Therral gravimetric (TGA) analysis reveals that the ADC surfactant can be
thermally decomposed at a significantly lower temperature, B¢, #@an DOC. By

first annealing in Ar at low temperature (4%C) and then removing the small amount

of remaining residue with 5% JCat the same heating condition, 98.5 + 0.6% of the
ADC can be removed from the SWCNTSs. In contrast, only 77.0 £ 0.4% of DOC
(containing N&) can be removed under these conditions, withlzstinate black char
remaining. Transmission electron microscopy (TEM) directly confirms the cleanness
of the processed SWCNTs. Furthermore, the SWCNT crystalline structure remains

intact, ensuring the material s intrinsic

3.2. Experimental section

3.2.1. Synthesis of the ammonium deoxycholate surfactant

0.5 g of deoxycholic acid) 9 Signa Adrich)and 30 mL of liquid ammonia
(mole ratio of 1:9400) were mixed and stirred overnight in a 100 mL rbaottdm
flask equipped with aondenser filled with dry ice and immersed i °C ethanol
bath. The temperature was then increaseB@®°C to evaporate the excess liquid
ammonia (boiling point:33.34°C). The resulting ADC product was directly collected
as a white powder. A 1 ¥4 aqueous solution of this surfactant was prepared by simply

dissolving the powder in water.
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Alternatively, we can prepare ADC solution by reacting deoxycholic acid with
ammonium hydroxide. For preparing 200 mL of 1 wt% ADC aqueous solution, 2 g of
deoxycholic acid was mixed with 98 g of water to form a suspension. We then added 1
mL of ammonium kdroxide (J.T. Baker, ~I@5% ammonia), which caused the
deoxycholic acid to completely dissolve (pH =98 Then the concentration of ADC

was tuned to 1 wt% by adding 99 g of water.

3.22. SWCNT dispersion

Three sources of SWCNTSs, includi@pMoCAT SG65 SWCNTs (Southwest
Nanotechonologies), EC1.5 (Meijo Nano Carbon Co., Ltd), and EC2.0 (Meijo
NAnoCarbon Co. Ltd) were used to demonstrate the ability of ADC to disperse
SWCNTs. The SWCNT powders were added to 1 wt% ADC aqueous solution at a
conentration of 0/ mg/mL. The mixtures were prots®nicated for 30 min at 30 W
(MiSonix4000 ultrasonicator). The resulting dark solutions were then centrifuged for 1
h at 25,000 x g (Eppendorf 5417R refrigerated centrifuge) to remove any large
undissolved naotube bundlesNote, in Figure3-4, the solutions were prepared by
dissolving 0.510 mg of COMoCAT SG65 SWCNT powder in 1 mL of 1 wt% ADC
agueous solution though tip sonication without centrifugation. For control groups,
SWCNTs were dispersed in 1 wt% DQC 9 Sigma Adrich) aqueous solution and
in chloroform without surfactants using the same process of tip sonication and

centrifugation.
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3.23. Yectroscopic characterization

The optical absorption spectra of the SWCNT supernatants were measured
using aUV-Vis-NIR spectrophotometer (PerkinElmer Lambda 1050) equipped with a
broadband InGaAs detector. The PL maps were generated with a NanolLog
spectrofluorometer (Horiba Jobin Yvon) using a lighigicooled InGaAs array. FTIR
spectra were measured using @itho Nicolet NEXUS 670 FTIR with a KBr beam
splitter. The scanning range was ~40880 cm!. Mass spectra were collected using a
JEOL ACCUTOFCS mass spectrometer with DART ionization sources in positive
ion mode. Raman spectra was measured using a YbamlLlabRam ARAMIS Raman

microscope with a 532 nm laser

3.24. Thermal gravimetric analysis and annealing

To optimize the heateatment for removing the ADC surfactant and keeping
the SWCNTSs intact, TGA was performed on the ADC powder (synthesized bygmixi
liquid ammonia and deoxycholic acid) and SWCNTSs in Ar (99.999% purity, including
1 ppm of Q and 1 ppm of KO, Airgas) atmosphere and various oxidizing conditions
(oxygen concentrationi 20%) from 30°C to 700 °C at a rate of 5 °C/min. The initial
massof all samples was ¥4 mg, measured in a 7Q alumina crucible. TGAwvas
performed on a TGA module (TGA/DSC 2, Mettler Toledo) equipped with a gas

controller (GC 200).
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3.25. TEM observations

A perfect loop was inserted into the SWCNT solution dispersed by (ADC,
DOC, or chloroform) to pick up an ulttain solution layer that was then transferred
on a holy silicon nitride membrane (Ted Pella, Inc., hole size = 200 nm). The silicon
nitride membanes with suspended SWCNTs were then annealed in a tube furnace
following the optimized recipe (annealing in Ar at 400 °C for 1 h and then in 5% O2
for another 1 h), followed by characterization using a JEOL JEM 2100 LaB6 TEM with

200 kV accelerating voltge.

3.26. Fabrication of electrical devices of SWCNTs

El ectrodes (10 nm Cr, 60 nm Pt, W= 48 ¢n
by photolithography and-beam deposition, followed by lififf processes. The final
nanotube channel lengths wereé #30 8V deposited EC1.5 SWCNTSs across the
electrode gaps using electrophoresis at a frequency of 10 MHz and an alternating
voltage from-5 V to +5 V. The resistance of the SWCNT channels were measured
using a Keithley 4200 parameter analyzer with a sweepg®Ibf-1 V to +1 V. The
morphology of the SWCNT channels was characterized by a HitacliOSREG SEM

with 1.0 kV accelerating voltage.

3.2.7. Hyperspectral photoluminescence imaging

A SWCNT film was prepared by filtrating SG65 SWCNT solution dispersed
by 1 wt % ADC through arelumina anodisE membrane (Whatman, UK). The
SWCNT film was then transferred on a sapphire substrate. The hyperspectral imaging

was performed on a custebuild microscopé2’ We used an infrared optimized x50
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objective, along with a continuous wave laser atf®l(JiveTM Cobolt AB, Sweden)
as the excitation light source. PL emission from the sample was filtered through an 870

nm long pass emission filter.

3.3. Results and discussions

3.3.1. Synthesis and dispersion capability of ADC

We synthesized ADC by reacting deoxycholic acid with an excess amount of
liquid ammonia, yielding ADC as a solid white powder (Figgxka). The solubility of
deoxycholic acid in water is merely ~43ug)/L (Figure3-1b)?while the synthesized
solid ADC shows an excellent solubility of ~21000 mg/L at pH = 7 (Figtke). The
successful synthesis of ADC is supported by both direct analysis itimea{DART)
mass spectrometry and Fa-transform infrared (FTIR) spectroscopy. DART mass
spectrum of the synthesized ADC displays a peak at m/z 410.3, corresponding to the
protonated ADC moleculérigure 399). In FTIR, the synthesized ADC features a
strong NH bending peak at 1543 chard the NH stretching at 3390 ct which are
spectral signatures of the ammonium moieties, while the breaddtetching peak of

-COOH group of the deoxycholic acid precursor at 3334 disappears (Figurg-2).

To i nvestigat e ADCO s di spersion abil it
CoMoCAT SG65 SWCNTs with 1 wt% ADC aqueous solution followed by tip
sonication and ultracentrifugatiomhe nanotubes readily dispersed to forstable,
homogenous SWCNT suspension (Figdwil). We then used ultraviokeisible-near

infrared (U\tvis-NIR) absorption spectroscopy (FiguBle) and PL excitation
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emission mapping (Figurg-1f) to characterize the dispersion quality of the ADC
wrappedSWCNTs. The sharp absorption peaks originating from the SWCNT van
Hove singularities and strong PL intensity of the dispersion indicate8WIENTs

were weltindividualized in the aqueous solution rather than bundi@the SWCNT
suspension was stable for more than 1 year (Figt8®, . We note that ADC can
disperse SWCs at a concentration of at least 10 mg/mL (Fi@4¢, which is similar

to that of DOC?® one of the most efficient and commonly used surfactants for SWCNT
dispersion. We note that excess ammonium hydroxide can be introduced ikiGhe
agueous solution without affecting its dispersion ability and the properties of the

dispersed SWCNTSs (FiguBe3c, d, since ammonia is a weak base.
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Figure 3-1. A one-pot synthesis of ammonium deoxycholate (ADC) and its nanotube
dispersion capabilitya) The onegot reaction scheme for synthesizing ADC by mixing
deoxycholic acid and liquid ammonia. Photographs of the (b) deoxycholic acid

suspension, (c) ADC solution, and (d) aqueous solution of SG65 SWCNTSs stabilized
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by 1 wt% ADC (e) UV-vis-NIR absorption spectrum of individual SWCNTSs dispersed
in 1 wt% ADC (red) and DOC (blue) aqueous solutions. (f) Excitatimmssion PL
map of SWCNTSs dispersed in 1 wt% ADC aqueous solution, showing PL signatures

characteristic of individuallgispersed SWCNTSs.
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Figure 3-2. FTIR spectra of the synthesized ADC (red) and the precursor deoxycholic

acid (blue).

43



0.4

0.2

Optical Density

0.0
300

0.6 \

600

Wavelength [nm]

900

1200

0.8 1

0.6 1

0.4 1

Optical Density

0.2 1

0.0

300

600

Wavelength [nm]

900

1200

Excitation [nm]

Excitation [nm]

750

600

300 '.

1000 1200 1400

Emission [nm]

450

300 WL
1000 1200 1400

Emission [nm]

'»3000

-2500
-2000
1500
1000
500
0
PL intensity
3000
-2500
-2000
1500
1000
500

0
PL intensity

Figure 3-3. (a) UV-vis-NIR absorption spectraf freshly prepared6G65 SWCNTs

dispersed in 1 wt% ADC aqueous solution (red) and theesdispersion prepared 1

year ago (gray)b) Excitation-emission PL map @&G65SWCNTSs dispersed in 1 wt%

ADC aqueous solution prepared one y@@or, which displays the same PL obtained

from the freshly prepared SWCNT solution (Fig@r&f). (¢) UV-vis-NIR absorption

spectra ofSG65SWCNTSs dispersed in 1 wt% ADC aqueous solution, prepared by

dissolving deoxycholic acid in ammonium hydroxide solutioka¢k) andusingsolid

ADC (synthesized from deoxycholic acid and liquid ammonia) dissahvedter (red).

(d) Excitationremission PL map d8G65SWCNTSs dispersed in 1 wt% ADC aqueous

solution prepared by addirexcessammonium hydroxidéo deoxycholic acid The
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results appear theame aghe PL obtained from the SWCNTSs dispersed usioigl

ADC dissolvedn water (Figures-1f).
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Figure 3-4. The optical density of SG65 SWCNTs at 985 nm (first van Hove

transition) as a measure of theriousconcentratios of the solutions.

3.32. Heding removes ADC at low temperature

We then compared the thermal stability
the materials in Ar) (9mMmOIPRYr e duSamiimg (RGA
b). A higher content of ADC was removed at
at mospheres, with a maxi U m.Tged d mpvo sihtaiderd
peaks), |l eaving nearCy(2etoNrg&sveéuah masan
i n akcohntr bheto,f tDHOEC was a¥imi diheas w4 45 mosp

More significantly, 93.6 N 0.3% and 60.7 N

respectively, at t¥mpehiateres! y ovel Nt ®.ad %44
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of DOC ovaposdeect at the same annealing condi
thermal stability of deoxycholate salt der|
cati 6)n wWiNah ampmipni Time (NHf f erence in the dec
of ADC awcdn DO€ attributed to the fact t h
deoxycholic acid and a gaseous ammonia | e:
|l eave in the gas phase as Na due to its h

equations bel ow.

6 006®m 60 O 800680506060

8 OGO6W 609 60660006
The | ower decomposition temperature of ADC
the surfactant while minimizing damage to

Additionally, we note a second peak appears in the derivative TGA (dTGA)
curve of the akannealed ADC thermogram at ~5@(Figure3-5b, grey shaded peak),
suggesting thermally stable intermediates may be produced whgimn@olved in the
annealing process. To investigate howafects the removal of ADC, we annealed the
surfactant in atmospheres of different €@ncentrations {®20%). With increasing
oxygen, the intensity of the TGA shoulder between®®@8nd 550C increases (Figure
3-5¢), which indicates that ADC is reacting with @&hd generating more intermediate
products. These intermediates are then decomposed at higher temperaturés (D

°Q).
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3.3.3. The origin of the surfactant residue after annealing

intermediates by heating the white ADC powder (FiguéaBto 400°C for 1 h in 20%

O2 (air), which produced a large amount of brownish char (that appeared black in large
guantities; Figure-®8b). In contrast, only a small amount of brownish residue remained
after annealing the ADC in Ar under the same conditions (Figae.INotably, ths

fairly clean removal of ADC in Ar is quite different from its sodium variant (DOC),

which produced a significant amount of black char under the same annealing conditions

To better understand this annealing process, we visually observed these

a7

(0]



(Figure3-7). This difference can be explained based on that while heating ADC in Ar
a white solid condenses on the furnace wall of the cooling region downstream of the
heater (Figur&-8). Characterization using DART mass spectrometry reveals that this
solid features a peak at m/z 392.4, which corresponds to the mass of ADC minus one
amnonia molecule (Figure-9). These results suggest the ionic structure of ADC
thermally decomposes under heat treatment, with the ammonium ion leaving in the
form of gaseous ammonia, while the carbon skeleton of the deoxycholic anion remains
intact. HoweverADC cannot be completely removed through sublimatsra small
amount of brownish residue remains after Ar annealing (Figa@.3This residue is
the same brownish color as that of the char produced from Hamrealed ADC
sample (Figure-8b). Thesimilarity between these materials suggests the residue after
Ar-annealing may be the same compound as the char, generatgopu@ties in the
Ar gas flow.

To investigate how to remove this residue, we used TGA to characterize the
char produced frorthe airannealed ADC (Figure-8e). After heating in Ar, 20% of
the char remained even at /@) indicating that it cannot completely decompose into
gaseous species under these conditions. The loss of mass that was observed is
potentially due to the remalof unreacted ADC trapped in the char as the TGA curve
shows the typical flax of ADC in Ar (yellow shaded peak, ~378). The chemical
origin of the high thermal stability of the char is hinted by its FTIR spectrum, which
shows strong C=0 (1726 cthandC-O-C (1170 crt) stretching peaks that are absent
in the ADC spectrum (Figure-&). These results suggest a large amount of C=0

(possibly from the oxidation of theOH groups on the -6arbon rings of the
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deoxycholate anions) and@-C bonds (possibly ém the loss of one water molecule
between-OH groups on separate ADC molecules, which could crosslink the ADC
molecules) are formed when ADC reacts with air below 400 °C, resulting in a high
thermal stability that prevents the char from being removed bgnAealing alone.
However, when we anneal the char in 5%{gure 36e), only 2.4% mass remains,
indicatingthe char can be etched by Bough it requires a high temperature of 809

(Tmax grey shaded peak).
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Figure 3-6. The origin of thesurfactant residue after annealifnotographs ahe(a)
initial 30 mg ofADC solidand(b) the chambtainedafterannealinghe ADC in airat
400°C for 1 h. (c) The residue after annealing ADC in Ar at 4Qfor 1 h, (d) which
can beremoved bysubsequently annealing 3% & at 400°C for 1 h. (e) TGA and
dTGA plots of the char annealed in either Ar (black) or 5%¢@own). The yellow
shaded peak in the dTGA plot corresponds to the removal of ADC, while the gray
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shaded peak indicatd®e Tmax0f the char in @is 509 °C. (f) FTIR spectra of the ADC
(red) and char (black), showing that ADC is oxidized below 400 °C, forming C=0 and

C-O-C bonds.

Figure 3-7. Photograph ofhe charobtainedafterannealingDOC at 400°C in Ar for

1h.

Figure 3-8. Photograph of the condensed solid (red circle) that appears downstream of

the furnace after annealing ADAE 400°C in Arfor 1 h.

50



x10°  Intensity (110818)

a ADC = 2ZH;0-1NH;
4 ADC 357.2758
1004
80+
60
40 4
ADC
4 358.2769  _410.3188
138.1320
20 |
ADCH 1H,0-1NH;
375.2931
4 58.0567 ADC
— 3H,0-1NH; 411.3319
1 98.0960 339.2789
|l 139.1361 L
0 L S P A A S S e e i
100 200 300 400 500 600
miz
x10°  Intensity
b ADC - 2H,0-1NH;
. 357.2869
1o.| Condensed solid
from Ar annealing
o
8
74
6
5
4
a3
358.2880
2
356.2761
AD(—SHZO-lgl\:l}g,z?Bg ADC - 1H,0-1NH,
14 . 74.3254
74325 \pc-1NH,
2552333 3pp2313 (392.3544
| i
o0 I\ P _
100 200 300 400 500 600
miz
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3.3.4. Cleanness of ADC dispersed SWCNTSs afigoatep annealing

process

While the ADC char can be removed by heating in oxygen, it is important to
investigate whether SWCNTs could survive in similar conditions without degradation.
SWCNTs feature a broad range of diameters and chiralities, and nesaiitio smaller
diameters are generally more susceptible to degradation at high temperature due to
straininduced reactivity?> SG65 SWCNTs (synthesized by the COMoCAT process)
mainly consist of small diameter nanotubes (~0.78 nm), which are less thermally stable
than the larger diameter nanotubes found in BG11Z' 3 nm) and EC2.0 (¥3 nm)
SWCNT sourcesand therefore represent the lower limit for the heat treatment
condition. We conducted TGA on the SG65 SWCNTs in 5%@Ql compared the
degradation temperature to tha¥®C andAD C (Figure 310). The wide dGA peak
of the SWCNTSs indicates the nanotubes begin to thermally decompose at 400 °C, with
the highest decomposition rate occurring at 523 °C. The significant overlap of the
decomposition temperature between the SWCNTs and DQ& £1445 °C) makes
selecive removal of the surfactant by thermal annealing impossible without also
damaging the SWCNTSs. In contrast, the narrow dTGA pé#DC (Tmax =375 °C)
under the same conditions is well separated from the SWCNT decomposition peak,
which allows us to removiie small amount of ADC char by heating in oxygen at 400

°C.
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Figure 3-10. TGA and dTGA plots of SG65 SWCNTs (black), ADC (red), and DOC
(blue) in 5% @, showing the Tax of ADC (yellow shaded, 375 °C) andnd of the

SG65 SWCNTSs (purple shaded, 523 °C) are separated. Therefore, the removal of ADC
at 400°C should not damage the SG65 SWCNTSs. In contrast, the combustion peaks of
the DOC and SG65 SWCNTSs significantly overlap, suggesting the DOC cannot be

fully removed without also oxidizing the nanotubes.

These findings suggest a tvwetep process to successfully remove ADC. First,
we must avoid the formation of a large amount of char by annealing in Ar. We find that
after annealing ADC in Ar at 400 °C for 1 hetimajority of ADC (98.1%) is sublimated
and the small amount of residue that remains as char, which is induced possibly due to
oxygen impurities in the Ar gas flow, can subsequently be removed by heating the
material in 5% Qat a relatively low temperateiof 400 °C for 1 h (Figure-8d), under

which conditions the nanotube structure is preserved.
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TGA confirms that ADC can be cleanly removed from the SWCNTSs using this
two-step annealing process, in which 98.5 £ 0.6% of ADC is eliminated, while only
77.0 £0.4% of DOC is removed under the same conditions (Fi§tt#a). These
findings are further supported by TEM. Fig@&1b shows the AD&lispersed EC2.0
SWCNTSs (the large diameter of which helps in observing the nanotube morphology).
After the twostep anealing treatment, ADC is completely removed and the SWCNTs
feature clean and smooth walls, as shown in Figtréc. The annealing recipe is also
applicable to other species of SWCNTs (Fig@ré2). In particular, even small
diameter SWCNTs (0.9 nm) suvel and exhibit a clean surface (Fig#éld). The
cleanliness of the annealed SWCNTSs is comparableogethspersed in chloroform
by tip sonication without the use of any surfactant (Figfe3). In contrast, DOC
leaves behind a large amount of residliestered on the side walls after annealing
(Figure 3-11e). Raman spectroscopy further confirms that the ADC surfactant is
selectively removed with minimal damage to even the small diameter nanotubes
(Figure3-14), as evidenced by the low D/G ratio. Wdenthat electrical conductance
of metallic nanotubes (EC1.5) increases by up to 100 folds after the annealing (Figure
3-15). PL of nanotubes remains observable from a thin film of mixed small diameter
SG65 nanotubes but becomes dimmed by ~10 folds (Fignl®, which can be
attributed to the removal of surfactant molecules that separate the semiconducting
nanotubes from the metallic ones. These findings unambiguously reveal that ADC can
be cleanly and selectively removed from SWCNTs of various diameténsuty

damaging the graphitic structure.
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Figure 3-11. Cleanness of ADC dispersed SWCNTs after the-dtep annealing
process(a) TGA plots of SG65 SWCNTSs (black), DOC (blue), and ADC (red) at 400
°C in Ar (yellow region) and then 5% @purple region) at 400 °C. The temperature
profile is shown below. (b, ¢) TEM images of EC2.0 SWCNT4 8-2m) dispersed

by 1 wt% ADC (b) beforand (c) after the twstep annealing process. (d) Annealed
SG65 SWCNTs (~0.78 nm) dispersed by 1 wit% ADC, demonstrating the clean
nanotube surfaces and intact SWCNT structures. (e) Annealed EC2.0 SWCNTs
dispersed by 1 wt% DOC solution as a control, showingemoved DOC residue
clinging to the surface of the SWCNTs. The black arrows show surfactants and their

residues. The white arrows indicate the clean straight SWCNT walls after annealing.
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Before annealing i Before annealing
(EC1.5) (SG65)

After annealing
{SG65)

Figure 3-12. TEM images of (a) EC.5 and (b)SG65 SWCNTSs dispeed by 1 wt%
ADC aqueous solution (top) and aftée two-step annealing process (bottorihe
clusters and dotindicatedby the blackarrows are surfactants and residues after

annealingWhite arrows show the clean straight SWCNT walls after annealing.
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Figure 3-13. TEM images of EC1.5 SWCNTs deposited from chloroform without

surfactants.
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Figure 3-14.Raman spectra of SG65 SWCNTs before (black) and after (red) the two

step annealingrocess
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Figure 3-15. (a) Photograph of the SWCNT electrical device. In the red circle,
SWCNTSs cross the Rilectrode channels at various length (L 38 0. (b, c) SEM
images of EC1.5 SWCNTs wrapped by ADC surfactants and crossing (b) H@ad

(c) 17.8' & channels bfore and after annealing. (d) The resistance reduction
percentage (resistance after annealing divided by initial resistance) of the EC1.5

SWCNTs is related to the initial resistance and channel length.
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Figure 3-16. Hyperspectral images of thei/HPL from a SG65 SWCNT film on a

sapphire substrate (a) before and (b) after annealing.
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3.4. Conclusions

In conclusion, we report the synthesis of ADC, a new SWCNT surfactant that
can be cleanly removed by thermal annealing without damaging even small diameter
SWCNTs. ADC disperses SWCNTSs as efficiently as DOC, which features the same
anion. However, by replacing the Naation with NH*, we find ADC thermally
decomposes at a significantly lower temperature (by°Gp and can be almost
completely removed through a sublimation mechanism in Ar without the formation of
an obstinate char. We further find that the formation of char occurdneomplete
oxidation of the surfactant, which explains the chemical origin of similar residue
leftover from the thermal annealing of surfactpricessed carbon nanotubes. To
completely avoid @induced char, we developed a tatep protocol that invobs first
annealing in Ar at 400C to vaporize the majority of the surfactant, and then in 5% O
at 400°C to clean the remaining residue from the SWCNTSs. This strategy works even
for nanotubes of small diameters (~0.78 nm), which are susceptible to therma
oxidation at elevated temperatures. This work provides new insights for the choice or
design of surfactants in applications such as electrical ser$ds printable
electronics’®*?>and opbelectronic?® where the clean removal of the surfactant after

solution processing is key to enhanced device performance.
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This chapter is adapted from a manusdoppear inACS Nano

Chiyu Zhang,Jacob FortnerPeng Wang, Jeffery Fagan, Shuhui Wang, Ming Liu,

Shigeo MaruyamayuHuang Wang

Y.W.,S.M.,andC.Z. conceived and designed the experimeBt&. performed
the synthesis and othanajor experiments]. Fortnerperformed photoluminescence
microscopy measuremenP.W. and J. Fagan sorted SWCN3$M., S.W., and M. L.
contributed tamproving CVD conditionsC. Z.and Y.W.wrote the manuscript with

inputs from all authors

4.1. Introduction

Singlewall carbon nanotube in boron nitride nanotube CGVW@BN)
heterostructureBave recentlyemerged as a materials platform to study the physics of
manipulated crystal®, heterojunction diode¥, and enhanced thermal conducttfs.

The SWCNTSs feature ballistic transport propertf@s*°while the BN is chemically

inert and has a large bandgap (5.96 ¥VY.This combination delivers enhanced
transport as well as thermal and chemical stability. However, these heterostructures
inherit the (n, m) chirality challenge of SYNTSs, as they are synthesized through a

two-step chemical vapor deposition (CVD) process, irctvkhe carbon nanotubes are
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first synthesized and followed by the growth of BN as a shell coating. As chirality
control is currently a challenge for SWCNT synthesis, the resulting SWCNT@BN van
der Waals heterostructures are a complex mixfthehich prevents applications and
studies requiring defined structures and propeffi&%:133

While SWCNTSs are generally synthesized in a mixtdrehiralities, solution
processing has enabled the purification and sorting of SVgGMth single chirality
purity 376392|n these approaches SWCNTs are dispersed in solution with the aid of
surfactants and polymers, aiding individualization, buhtroducing additional
components undesirable for heterostructure growth. It is typically difficult to remove
these surfactants and polymers from the dispersed SWCNTs, and any residues make
the clean SWCNTurface inaccessible, which is required for the growth of perfect
outer crystals. BN usually grows one or two layers from a single starting point on a
clean SWCNT surface, while on a contaminated surface, BN formscpdtalline
shells due to the fachat contaminations serve as multiple nucleation $te's®
Recently, several of the authors developed a thermally removable surfactant
ammonium deoxycholate (AD&)that can be removed cleanly allow the synthesis
of chirality pure SWCNT@BN heterostructurds. this study, weincorporate this
advance andemonstrate the successful growth of BN on solgpi@tessed nanotube
of purified chirality.

We use established methods such@seous twgphase extraction (ATPE)to
sort polydisperseSWCNTspopulations fordesired chiralityspeciesincluding(6,5),
(7,5) and 8,4) used in this studyl'he surfactants and polymers from this provesise

then thoroughly exchanged for ADC using ultrafiltration and volumetric exchange with
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ADC solution; clean sumonolayer films were generated by filtratiowe then
transfer andsuspend ultrghin and freestanding films of the purified SWCNT
solutionson a SéN4 TEM grid (Figure4-1). BN was grown on the suspended SWCNT
templates through a CVD proce®¥e foundthe growth rate was accelerateyg ~6
timeswhenpure H was used as the carrier gas in place of the 3 v/y%#rldourceand
the BN crystallizationcan beimproved usinga Cu catalyst. The BN coating was
characterized byransmission electron microscopy (TEMN)d electron energjoss
spectroscopic (EELSapping. Hyperspectral imaging confirms the synthesis of

photoluminescet (7,5 SWCNT@BNSs.

Figdi®verview of the SWCNT@BN semiconduct ol
SWCNT@BN suspendsfsdgrom anhol(dy @icross a hol
of the red recthasnrgd et hTeegBMns hainld aiCNA e wn |

igel.l omc) Atomic model of a SWCNT wrapped w
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4.2. Experimental section

4.2.1. Fabrication of frestandings uthonol ayer thin fil m

solution processing

(7,5) and (6,5) SWCNTs were purified and sorted ouhbyATPE methot! &
from CoMoCAT SG65family SWCNTs (Souttvest Nanotechnologies Chasm
Nanotechnologigs Surfactants of the purified SWNCT solution wesechanged to
10.0 g/L ADC through ultrafiltration using a centrifugal filter urinficonUltra-15,
pore 100 kDa)ln step 1,an anodic aluminum oxideAAO) membrangWhatman,
diameter 25 mm, pore 0.1In) was placed on a fritted glass base assembled Wilitra
flask, which was connected to vacuum. ~30Q0of water was added to wet the whole
AAO membrane surface and then vacuum filtered. We then turned off the vacuum and
added the SWCNT solution to the AAO membrane. The vacuum was then turned on to
filter the solution and a thin SWCNT film was formed on the AAO membrane. We
used 150 Usolution of purified (6,58WCNTs with an optical density (OD) of 1.52
at the &1 wavelength (985 nm) to fabricate the 25 mm diameter-&BLNT film,
which hal an optical transmittance of 93.1 % at.& The (7,5) and (8,4)enriched
SWCNT film, which ha 86.3% transmittance at thei&vavelength (1033 nnof (7,5)
was prepared from 200 Osolution with an OD of 1.81 atEi: of (7,5) Excess
isopropanol (Sigm&ldrich, 99.5%) and nanopungaterwere added on the AAO
membrane and vacuum filtered to wash out the surfactant, followed by +285MCI
(VWR, 36.5 to 38.0%)In step 2, the SWCNT thin film was released from the AAO by

immersing the membrane in water. In step 3, we insertegNa @orcada Inc., pore
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20‘ &) grid into water below the floating film by using a tweezer to transfer the
SWCNT film on the grid.

For EC 2.0 SWCNTd\Meijo NanoCarbon Co. Ltd> 90%), which have a larger
diameter (~ 2 nm), the nanotube soot was useccas/egl without further purification.
The nanotubes were directly dispersed in 10.0 g/L ADC aqueous solution by tip
sonication and the resulting solution were then centrifuged to remove large undissolved

bundles. The same procedure was used for the fabriaatEC 2.0 SWCNT films.

4.2.2. Synthesis of SWCNT@BN

The SgN4 TEM grid with the suspended (6;SWCNT film was placed on a
guartz chip and tented by a Cu foil (purity 99.8%, thickness 0.025Atfen Aesal).
The whole apparatus was placed at the center of a tube furnace &Ryuted mg of
ammonia borane (97%, Sigrddrich) was loaded upstream as the BN precursor,
which was heated to 6% using a separate furnace. BN vapor was carried by a flow
of 50 £cm of pure Hto the zone where the grid was located which had been heated to
a temperature of 106® for BN growth. The chamber pressure was maintained at 1.23
Torr. After 5min, the process was stopped, and the power of the furnaces was turned
off. After the furnace cooled down to room temperature (approximately 2.5 h), the
sample wasaken out from the furnace.

For the control samples, we used the identical growth temperature @65
but the carrier gas (50 sccm of purgdi 3 v/v% Hx/Ar), Cu foil (usedor not), and

growth time (2 min, 5 min, or 30 min) were varied.
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Figure 4-2. (a) Schematic of CVD seip for synthesizing SWCNT@BN. Photo of (b)
showingthat a SiN4 grid is placed on a quartz chip aeshtedby a Cu foil and (cj)he

SizN4 grid with asuspende@,5)}SWCNT film.

4.2.3. Spectroscopic characterization

The optical absorption spectra of tB&®VCNT supernatants were measured
using a ultraviolefi visiblel nearinfrared spectrophotometer (PerkinElmer Lambda
1050) equipped with a broadband InGaAs deted@aman spectra wemaeasured
using a Yvon Jobin LabRam ARAMIS Raman microscogieag 632.8 nm and32 nm

lases operated at a power of 2 m@ver a focused spot @D.8um in diameter
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4.2.4. TEM and EELS observat®n

The suspended SWCNT@BN networks were characterized using a JEOL JEM
2100 LaB6 TEM witha 200 kV accelerating voltage. EELS mapping was performed

by a JEM 2100 FHEM.

4.2.5.Hyperspectral photoluminescence imaging

The hyperspectral images and emission spectrum were measured on a custom
built microscop&?°We used aB0x or 20x objectiveunless separately specifiedong
with a continuous wave laser at 730 nm (Shanghai Dream Laser Technology Co., Ltd.)
and561 nm (JiveTM Cobolt AB, Sweden) as the excitation light seufideeimages
were captured using%0x or 20x objectiveat an excitation power density 6{20 to

45) W/cn? as specified in the caption for each figure

4.3. Results and discussions

43.1. Fabrication of freestandings uthonol ayer thin film

solution processing

We developed a simple method to fabricate-ftmding submonolayer films
from solutionprocessed SWCNTanddeposit the film on a 84 TEM grid tosuspend
theSWCNTs which servas templates for BN growth (Figu4e3). The film was made
on an AAO membrane through vacuum filtration. We removed the majority of
surfactant with copious water and isopropanol, rinsed the film with HCI solution,
released the SWCNT thifilm from the AAO by immersing the membrane in water,

and finally transferred the SWCNT film onto &l$i grid by inserting the grid into
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water below the floating film and picking it up (Figute8a). Figure4-3b shows the
freed thin SWCNT film floatingon the water surface. Figu#e3c shows a TEM image

of the homogenous SWCNT network suspended across ‘anR@iameter pore.
Compared with traditional filtration methods which involve dissolving the filtration
membrane to release the SWCNT fiitrgur method is cleaner and simpler.

Importantly, we note that the HCI treatment is critical to achieving the release
of the submonolayer SWCNT film from the AAO membrane. Witht the acid
treatment, the film cannot be released when immersed in water. Although the detailed
mechanism underlying this phenomenon requires further studies, we can reason that
this submonolayer release occurs due to HCI chemistry at the-SMICNT inteface.
Because the AAO membrane is hydrophilic and nanoporous, a hydration layer can form
on the surfacé®® On the other handhe SWCNT thin film exhibits hydrophobicigs
the surfactant is removed from the SWCNTke hydrationadyer prevents the AAO
surface from direct contact with the SWCNT film. When we added HCI, the AAO
membrane was etched by HCI, as evidenced by its complete dissolution if left in the
acid for 12 h, allowing water to enter the interlayer during immersioarefbre, the

SWCNT film detaches from the AAO surface easily and floats on the water.
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me mbr@neTEM i mage of the SWCNT filsMa suspenc

grid.

4.3.2. Growth of BN on SWCNT templates

To grow BN on purified SWCNT films, we obtained solution of
semiconducting SWCNTs with single chirality (6,5) (diameter = 0.78 nm) byEATP
(Figure4-4a). During ATPE, individual SWCNTSs selectively partition between the two
polymeraqueous phases of different hydrophobicity in a manner that is tunéble w
respect to SWCNT chirality by controlling the concentration of competing co
surfactants. Through stepwise tuning of the concentration of surfactants, pure
semiconducting SWCNTs with tailored chirality were sorted out. Figutle shows
the absorption mectrum of the sorted (6/9WCNTs.In order to avoid surfactant
residues hindering the BN coating, we exchanged the surfactants of thesameé&
(6,5-SWCNT solution to a thermally removable surfactant, Ay ultrafiltration.

A free-standing submonolayer film (transmittance 93% at the k; wavelength was
fabricated from the chirality pure (6;9WCNTsand transferred on $isN4 grid. We
placedthe grid (Figured-2c) on a quartz chip and tented with a Cu foil (Figdu2b),

which was placed in a tube furnace for CVD deposition (Fighga). We used
ammonia borane as a precursor to provide boron and nitrogen, with the source located
upstream oftte grid outside of the primary furnace hot zone. When the temperature of
the grid increased to 106&, the ammonia borane was heated td®5Sublimated
ammonia borane was carried by td deposit on the SWCNT templates to form the
SWCNT@BN heterostructa. We confirmed the coating was BN by EELS mapping

(Figure4-4c). In Figured-4(d, e), we used TEM to characterize the morphology of the
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resulting SWCNT@BN networks, revealing individual SWCNTs coated with a
uniform BN shell. Based on the statistics fréfnanotubes, we found that individual
SWCNTs are coated by-3 layers of BN while small bundles consisting of two
SWCNTs are coated by-@ layers of BN (Figurel-5). It is noted that the BN shell
protects SWCNTs fromaxternal attacks such as electron beahtaked (6,5) SWCNT

can be damaged by the electron beam during TEM characterization, while those

covered by a BN shell were protected (Figd@.
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Figure 4-5. Number of BN layersoatingSWCNTSs. Thénistogram is constructed from

a total of56 isolated(6,5-SWCNT@BN heterostructures, which contaither an
individual SWCNT (red bars) or a two-nanotube bundle (blue bars).For
heterostructures with varyir@N layersalongthe length of a nanotubthye number of

BN layersis measured from the thickest region
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Naked SWCNT

ke

Figure 4-6. TEM image ofan individual (6,5)SWCNT@BN with portion of the
nanotube protected by BN'he naked part of the (6;9WCNT is damagedby the

TEM electron beanwhile the BN-proteced part is itact.

We observed accelerated growth of BN by using puras-tarrier gas in place
of 3 viv% H/Ar used by some of us in previous experim&is 13’and improved BN
crystallization with Cu catalyst, ovenming the slow growth rate of BN#In pure H,
thick andamorphous BN wrapped (6;9WCNTs in 2 min at 106%C (Figure4-7a),
while 1-3 layers of BN grow on (6,53WCNTSs in 3 v/v% HAr for 30 min (Figured-
7c¢). We also found that the BN crystallization grown in pusec&h be improved by
using Cu foil. As show in Figure4-7b, we observed-B crystalline layers of BN
instead of amorphous ones when Cu was used. With Cu, the SWCNT@BN exhibits

more uniform morphology (Figur-8) andEELS spectra of boron atoms present that
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an increasedntensity ratio of' * peak to the, * peak Cu has been idely used to
catalyze the growth of hexagonal boron nitride and boron nitride nanotubes since it is
able to dissolve both boron and nitrogen with equivalent proportihEAt 1065°C,

which is close to the melting point of Cu (1083, wehypothesizeéhat Cu deposited

on the grid or inlie gas phase catalyz#scomposition ofhe ammonia borarend BN
growth, resulting in the more homogenous morphology we observed. Interestingly, Cu
does not accelerate, but rather it seems to slow down the growth rate of BN. When
growing in 3 viv% H/Ar, with Cu in 5 min, BN did not form a shell to wrap the
SWCNTs completely (Figur¢-7d) and the EELS signal of B, N was very weak (Figure
4-9). We further note that the growth rate of BN is impacted by the curvature of the
SWCNT templates. When BN grew wi@u catalyst in pure Hat 1070°C for 2 min,

an individual EC 2.0 SWCNT (diameter = ~2 nm) was wrapped-ByBN layers,

while ~4 BN layers grew on a bundle of EC2.0 SWCNTs composedbh$B/CNTs

(Figure4-10).
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We also fabricated SWCNT@BN heterostructures using -(86§ (8,4)
enriched SWCNTs (diameter = 0.83 nrRjgure 411 shows abgption spectrum of
the (7,5) and (8,4)enriched SWCNTsBefore annealing, the ADC surfactant was
observed on the SWCNTSs (Figutd 29. After annealing in 8/v% Hz/Ar for 30 mins
at 1065°C, which is the same as tloendition for BN growth, the surfactant was
removed (Figurél-12b). Successful growth of BN coating is confirmed by TEM and
EELS (in Figure 4-13). Optical properties of both semiconducting SWCNTs
populations before and after being wrapped by the BHr&awere characterized by
hyperspectral PL imaging ancesonantRaman scattering. Figure-4la shows
broadband PL image of the bare (7&0)d 8,4)- enrichedSWCNT film suspended on
the 20' m pores of the SIN4 grid. After the BN growth, the SWCNT film PL intensity

decreased by anaer of magnitude (Figure-#4b). The PL spectrum (Figure ¥ic)
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demonstrates that (7,8hd (84)-SWCNT@BN heterostructures possess a similar E
peak to the barBWCNTSs, but with an ~10 nm red shift. However, photoluminescence
of the (6,55 SWCNTs disappearaaiter the BN coating (Figur 15). Because smaller
diameter SWCNTs are more chemically vulnerable and prone to damage, we
hypothesize that the PL of the (6 S)WCNTs accumulated structural damage from the
high temperature environment during BN growth. sTidea was corroborated by
annealing a (6,5pWCNT film to the same temperature for BN growth (106%
without the presence of the ammonia borane precursor. The PL sagmahown in
Figure 4-16, wascompletely suppressed after the treatment, while scanning electron
microscopyconfirmed the continued existence of (6;SWCNTSs.In Figure 414d,
resonanRaman scatteringesolvesthetypical radial breathing mod&BM) of (7,5)
SWCNTs a85 cm' after BN coating, whildéts intensity decreases significantlphis
spectral change may arise from the radial confineraedtstrain poseldy the grown

BN shells!*° The tangential vibrational modes (G peak) of SWNCTs downshi7by
cm® (from 158 cmt to 158 cm?) after BN coatingThe downshift can battributed

to uniaxialdistortion of SWCNTSs caused by the difference in thermal expansion of the
SWCNT and BN Furthermorethe D peak of SWCNTs becoswiderand stronger
signaling contributions frorthe B-N stretchingat 13® cm! thatoverlaps with the D
peakat 1299cnit.241 143 After the BN growth, a peak also emerges at 800 (Figure

4-17), which corresponds to the® bending modgé?®144
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Figure 4-11. Absorption spectrum of (7,5) and (8d@nriched SWCNT solution. Due
to the similar diameter, it is difficult to completely separai@d XSWCNTs (k1=

1121 nm, E=593 nm) from (7,58WCNTs (k1= 1033 nm, k&= 649 nm).
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Figure 4-12. TEM images of (7,55WCNTSs (a)containing residuahADC surfactant
(as highlighted by white arrowbgfore heat treatment and (b) extiig clean straight
SWCNT walls(as highlighted by yellow arrowsifter anneahg in 3 vv% Ho/Ar at

1065°C for 30 mins.

0,1 um 0.1 pm

Figure 4-13. (a) TEM image 6(7,5-SWCNT@BN networks and (b) corresponding

EELS mapping of carbon, boron, and nitrogen.
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4.4. Conclusions

In conclusion we have synthesized the SWCNT@BN van der Waals
heterostructures from solutigorocessed chiralitpure SWCNTSs, including (6),
(7,5)and (7,5). We discovered an ael SWCNT transfer method that enables the
fabrication of freestanding, sumonolayers of purified SWCNTs from the solutions
as templates. The use of ADC, a thermally removable surfactant, made clean SWCNT
surface accssible forthe BN growth. The SWCNT@BN heterostructure exhibits PL
of the inner SWCNTs but shows a spectral sh\atably, the use of puréi:
significantly improve the growth rate while Cu is found to improve the crystallization

of BN. This work provides a synthetic path to chirality pure SWCNT@BN
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heterostructures that are emerging experimental platforms for exploration of the

chemistry and physiasf 1D van der Waals heterostructures.
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Chapt &ati gnment of ChDhiogmpesmudddni c

SWCNTs

5.1. Introduction

SWCNTs are promising candidates for nggheration field effect transistors
(FETs), as SWCNTSs exhibit ballistic electron transport resulting th&WeNTscan
be 10 times more energefficient than conventional complementary metal oxide
semiconductor FETE:*SWCNTSs possess remarkable electronic properties including
high chargecarrier mobility, electrostatic gate control, and switching speed, while
aligned SWCNT arrays are required for these FETs to maximize their perforniam
example, transistors using arrays consisting of horizontally aligned SWCNTs can
achieve mobility of 8@n? V'! s %, and on/off ratio as high as10#7:145146

Approaches for fabricating SWCNT arrays by dirgrowing aligned SWCNTs
through chemical vapor deposition (CVH)'#8 and aligning SWCNTs from
solutiong*484951.14852 have been developed. However, metallic SWCNTs (m
SWCNTSs) and semiconducting SWCNTsS®/CNTSs) are typically mixed in the CVD
production. In order to achieve a high FET on/off ratieG¥WCNTs must be removed
postgravth. Alignment of SWCNTSs from solutions seferableas the electronic type
of SWCNTs can be purified prior to deposition during solution processing. However,
solution methods including vacuum filtratiéh, DNA-directed assembf#?
evaporative selassembly?15915dimensionlimited seltalignment!® and Langmuir

Blodgett methotf-*52are all required surfactants or polymers, which scattmtrons
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and interfere with the ballistic electron transport, resulting in degradation of the
performance of SWCNT devices.

To address the need for clean aligned SWCNT arrays, we propose to align
SWCNTs from chlorosulfoniacid (CSA) solutions direlgt SWCNTSs can dissolve in
CSA spontaneously since SWCNTSs are protonated by CSA and the induced coulombic
repulsion overcomes the van der Waals attraction between 2ffSesligning
SWCNTs from CSA can provide platform to study the intrinsic properties of SWCNTs
without influences from surfactambr polymers. Furthermore, SWCNT dispersion by
CSA eliminates ultrasonication, resulting in pdestructive long SWCNTs with

exceptional electrical propertié¥.

5.2. Experimental section

5.2.1. SWCNT dispersion by CSA

EC1.5 SWCNT eijo Nano Carbon Co., Lydpowderswere dissolved into
chlorosulfonic acid $igmaAldrich, 99.9%) to prepare 1 mg/mL solution by stirring
with a PTFE stir bar for 2 days in a roubdttom flask. To observe the interaction
between CSA and CHg&/ICHCE (SigmaAldrich, 99.9%was added intthe EC1.5
SWCNT/CSA solution with various volume ratio d3A:VchHciz was from 2:1 to 1:4).

The mixturestande for two daysandit is observedvhether SWCNTSs precipitated out.

5.2.2. Align SWCNTSs from CSA solutions

In Figure 52, two Si/SiQ wafers were inserted into nanopure water vertically

to form a channel @ 0 p® DA pd wd). The temperature of water was
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controlled as 8C by an ice bath. The 1mg/mL of SWCNT/CSA solution was diluted
by the mixture of CSA and CHg&to achieve a commtration as 2.5 g/mL with
VesaVeneiz = 11 and stirred for 1 day. 15Q of the diluted SWCNT/(CSA€HC)
solution was injected into the channel and the flow was parallel to the water surface.
Then the Si/Si@substrate with SWCNT deposition was pdllout.

In Figure 54, a glass slide was inserted into €C3igmaAldrich, 99.9%)
vertically. The 1 mg/mL of SWCNT/CSA solution was diluted to 0.5 mg/mL by adding
CSA and stirred for 1 day. 1 drop (~2b) of the 0.5 mg/mL of SWCNT/CSA solution
wasadded on the glass slide below the &kface. The glass slide was pulled out and

baked on a hot plate at 280 for 40 min to remove the CSA.

5.2.3. SEM characterization

The SEM images of deposited SWCNTs were characterized by Hitadtd SU

FEG SEM with10 kV and 3 kV accelerating voltage.

5.3. Results and discussions

We found that CHGlis misible with chlorosulfonicacid (CSA), and when
CHClis added into SWCNT/CSA solution with a volume ratio of CSA: GHigiher
than 2:3, the SWCNTSs are still dispersed in the solution stably without precipitation;
while when lower than 2:3, bundles of SWCNTSs will be formed in the solution (Figure
5-1a). This phenomenon can be explained by that the H atom is shared Ky dben3s
of CSA resonant structures, which can form hydrogen bonds with the H fromg CHCI

(Figure 51b). It indicates that chloroform can interact with CSA and may serve as a
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Awedgeo to avoid SWCNT aggregating dur.i

Therefore,we proposed that when SWCNT/(CSAHCI) solution flows over the
surface of water, the CSA is quenched by water and &di®es SWCNTSs to spread

on the water surface, resulting in that SWCNTs are aligned with the flow ancs CHCI

evaporation.
| Ny ' { | I
| 4B i B cPyg
| .~ HO.
s crKC
VesaVenos 21 1:1 2:3 1:3 Cl

Figure 5-1. Interaction between CSA and CH(la) Photo of SWCNT/CSA solutions
mixed with CHC} with various volume ratio. As thécsaVchciz is smaller than 2:3,

the SWCNTs bundle togetheb) (Schematic ofnteraction between CSA and CHCI

As shown in Figuré-2, two parallel 8SiO, wafers was inserted into water
vertically, forming a channeldd 0 p®®da pdwd). One wafer serves as
substrate for the deposition of SWCNTs and the other one serves as a barfigr. 150
of 2.5' g/mL SWCNT/(CSA+CHQ) (V(CSA):V(CHCk)=1:1) flows in the channel
over the water surface and the substrate was pulled out at the same time. SEM shows
that SWCNTSs tend to be aligned locally (Figur8)5while not in the same direction
on the whole wafer. Since the reaction betw&€3A and water is vigorous which
releases heat and generate gaseous HCI, the alignment of SWCNTs can be disturbed
when CSA is quenching by water.
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Figure 5-2. Experimental apparatus for aligning SWCNTs from (CSA+GHCI

solution by tangential flow.

10.0kV 8.1mm x10.0k SE(M)

Figure 5-3. SEM image of locally aligned SWCNTs on Si/Si€dbstrate.
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To avoid the disturbance by the reaction of CSA and water, we considered using
CCls. Meanwhile, we found that CSA is affiliative to glass. For example, +26f
SWCNT/CSA solution carspread to an area with diameter-of3.2 cm on glass.
Therefore, we confined the SWCNT/CSA solution into-amension at the interface
of glass and CGJ which isolate moisture from air. As shown in Figure4 a glass
slide was inserted into C@lertically. SWCNT/CSA solution was dropped on the glass
slide below the surface of CGind then the glass slide was lifted. In Figu® SEM
exhibits the alignment of SWCNTSs, which is parallel to the direction of the lifting up.
However, the SWCNT depositiowas not uniform and SWCNT aggregates were
observed, indicating SWCNTs were not individualized completely by CSA. It is hard
to remove the aggregates through centrifugation. After centrifugin@7atly for 1h
the SWCNT/CSA solution, the black SWCNT aggates still suspended in the
solution instead of sinking down to the bottdbue to the strong acidity of CSA, it is
dangerous to centrifuge SWCNT/CSA solutions with a higher speed. In addition, a
more uniform delivery method of SWCNT/CSAlston at the interface of C@blass

is necessary, instead of dropping.

Glass slide
SWCNT/CSA

Lift up /

CCl4
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Figure 5-4. Experimental apparatus for aligning SWCNTs from CSA solution by

confining SWCNT/CSA at the interface of G@ind glass.

Figure 5-5. SEM images of aligned SWCNTs orgkass slide with magnification of
(a) 700 and (b) 6000. The alignment direction is parallel to the direction of pulling
the glass substrat&he majority of SWCNT is aligned while thedeposition is not

uniform, which includes aggregates.

5.4 Conclusions

We have obtained promising results of aligned SWCNT deposition from
superacid directly on Si/SiQvafers and glass slides, which were confirmed by SEM.
However, the alignment of SWCNTs was not uniform and globally, due to the
unremoved aggregates of SWCNTSs in the CSA solutionsundarm delivery of the
SWCNT/CSA solutions on the substrate, and vlgorous reaction between water

(even moisture from air) and CSA.
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