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Single-walled carbon nanotubes (SWCNTs) have shown exceptional electrical, 

optical, mechanical, and thermal properties. Solution processing is a critical first step 

to harness these nanomaterials for applications in electronics, biomedicine, and energy 

technologies. However, dispersion of SWCNTs in solutions requires assistance by 

surfactants or polymers, which cannot be cleanly removed easily and become unwanted 

contaminants, resulting in degraded performance of SWCNTs. 

In this dissertation, I developed strategies to attain clean, solution-processed 

SWCNTs and further demonstrated their applications as templates for the synthesis of 

van der Waals heterostructures. We investigated the role of surfactants in dispersing 

SWCNTs and found that the highest efficiency in dispersing SWCNTs occurs at the 

critical micelle concentration of surfactants, which is well below the typically required 

surfactant concentrations. Furthermore, we synthesized a thermally removable 

surfactant, ammonium deoxycholate (ADC) which can be removed cleanly at a 



  

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 (NH4
+) cation in place of the metal ion (Na+). ADC 

exhibits the same high dispersion efficiency for SWCNTs as DOC, but the peak thermal 

decomposition temperature of ADC is nearly 70 oC lower than that of DOC. A two-

step annealing process can remove this new nanotube surfactant while keeping the 

SWCNTs intact, even with a small diameter of just 0.76 nm. This work also reveals the 

chemical origin of residues from thermal annealing of surfactant-processed carbon 

nanomaterials. The clean SWCNTs enable the synthesis of van der Waals 

heterostructure consisting of pure chiral single-wall carbon nanotubes nested in boron 

nitride (SWCNT@BN). Transmission electron microscopy and electron energy-loss 

spectroscopic mapping confirm the successful synthesis of SWCNT@BN from the 

solution-purified nanotubes. The photoluminescence peak of (7,5)-SWCNT@BN 

heterostructure is found to redshift by 10 nm relative to that of (7,5)-SWCNT and the 

Raman G peak of (7,5)-SWCNTs downshift by 10 cm-1 after BN coating. 
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Chapter 1: Introduction 

1.1. The scope of this thesis 

Single-wall carbon nanotubes (SWCNTs) have drawn significant interest in both 

science and technology, as they exhibit intriguing electrical, optical, and mechanical 

properties. In order to study and utilize these properties of individual SWCNTs or 

assemble SWCNTs into macroscopic objects for their broad applications, solution 

processing is perhaps the most important first step for subsequent manipulation. Due 

to the poor solubility and low dispersibility of SWCNTs, surfactants or polymers are 

required to achieve the efficient de-bundling of SWCNTs in aqueous or organic 

solutions. However, it is notoriously difficult to cleanly remove the surfactants when 

they are no longer needed, 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 clean solution-processed SWCNTs. 

In Chapter 1, the structure, physical properties and the major applications of 

SWCNTs are reviewed. I will  also summarizes the challenges that impede SWCNT 

research and applications, and the corresponding solutions based on solution 

processing. In Chapter 2, I show that efficient SWCNT dispersion can be achieved at a 

surfactant concentration as low as ~0.08 wt/v% by introducing ñbareò nanotubes into 

water containing sodium deoxycholate (DOC, a commonly used surfactant). The 

highest dispersion efficiency occurs around the critical micelle concentration (CMC) 

for DOC and all the other surfactants tested. In Chapter 3, I report the synthesis of 
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ammonium deoxycholate (ADC) as a new surfactant that can be cleanly removed at a 

relatively low temperature that preserve the SWCNT structure. ADC is as efficient as 

DOC to disperse SWCNTs individually in water. However, the thermal decomposition 

temperature of ADC is significantly lower than that of DOC, which enables to remove 

surfactant ADC from SWCNTs after solution processing through annealing. A two-

step annealing process was developed to eliminate ADC and preserve SWCNTs. In 

Chapter 4, the synthesis of single-wall carbon nanotubes in boron nitride 

(SWCNT@BN) one-dimensional van der Waals heterostructure from solution-

processed chirality-pure SWCNTs is enabled by advances in nanotube chirality sorting, 

clean removal of the surfactant used for solution processing, and a simple method to 

fabricate free-standing sub-monolayer films of chirality pure SWCNTs as templates for 

the boron nitride (BN) growth. Furthermore, I also report the optical properties of the 

SWCNT@BN heterostructure and factors affecting the heterostructure formation. 

Chapter 5 shows promising results of aligning SWCNTs directly from chlorosulfonic 

acid (CSA) solutions, which would enable fabrication of arrays consisting of clean and 

aligned SWCNTs. 

In summary, I demonstrate that the optimal dispersion condition of SWCNTs in 

aqueous solutions occurs at approximately the CMC of surfactants, which is 

significantly lower than the surfactant concentrations used in the commonly practiced 

protocols. Furthermore, clean solution-processed SWCNTs is obtained by using a 

thermally removable surfactant. These clean solution-processed SWCNTs serve as 

templates for BN growth in order to synthesize SWCNT@BN van der Waals 

heterostructure with chirality-pure inner tubes. We are continuously working on the 
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alignment of clean SWCNTs dissolved by CSA, which will upgrade the performance 

of SWCNT electronic devices. 

 

1.2. Physical structure, properties, and applications of SWCNTs 

SWCNTs, as a one-dimensional nanomaterial, can be envisaged as a graphene sheet 

seamlessly wrapped along a lattice vector into a cylinder.1 The atomic helical 

arrangement of SWCNTs is widely defined by the lattice vector ὅᴆ 

ὅᴆ  ὲὥᴆ άὥᴆ  

where m and n are integers; ὥᴆand ὥᴆ are the unit vectors in the graphene plane 

(Figure 1-1).2 Generally, SWCNTs are distinguished as armchair (n=m), zigzag (m=0), 

and chiral (n m). The unique optical and electronic properties of SWCNTs are derived 

from their various atomic arrangement, which causes difference in the bandgap 

structure. For example, SWCNTs with n-m=3q (where q is an integer) exhibit metallic 

conductive behavior, otherwise SWCNTs is semiconducting with a band gap inversely 

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

and chiral by a lattice vector ὅᴆ which defines the chiral indices, (n, m). Metallic 

helicities are highlighted in purple. The figure is adapted from ref. 2. 

 

An individual SWCNT can be regarded as a quantum wire exhibiting ballistic 

electron transport i.e., without scattering. From experiments, the maximum electron 

mean free path in SWCNTs at room temperature is 1 ‘ά, which is superior to that in 

copper, 40 nm.3,4 The experimental electric current density of metallic SWCNTs can 

be as high as 109 A/cm2, while the conventional metals can reach a maximum of ~105 

A/cm2.5,6 Based on the extraordinary electrical conductivity and high electrochemically 

accessible surface area, SWCNTs was applied to electrochemical devices, such as 

supercapacitors7 and electromechanical actuators.8 Besides, high-quality 

semiconducting SWCNTs are attractive materials for field effect transistors (FET), 

which can be electrically switched on and off and have bandgaps determined by 
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diameter and chirality (Figure 1-2a). FETs based on SWCNTs with a channel length of 

sub-10 nm shows the diameter-normalized current density as 2.41 mA/m at 0.5 V, 

which outperform silicon devices.9 

Individual SWCNTs fluoresce brightly in the near infrared region (800-1600 nm), 

arising from van Hove singularities.10,11 Each (n,m)-SWCNT 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 the conduction 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 electroluminescence.12,13 Based on the optical 

properties, SWCNTs have been applied to high-performance light-emitting diodes13 

and photodetectors.14 Because the PL emission wavelength and intensity are sensitive 

to surrounding environment, SWCNTs are applied in the field of sensing, such as 

chemo- and biosensors15 based on optical signal outputs, and  bioimaging probes 

(Figure 1-2b).16 SWCNTs are also regarded as promising single photon source, since 

photon antibunching in the photoluminescence of SWCNTs was observed at cryogenic 

temperatures.17 

Due to the strong carbon-carbon covalent bonds and the uniform crystalline 

structure, SWCNTs possess superb mechanical strength. For example, the elastic 

modulus and strength of SWCNTs are as high as 1.0 TPa and 50 GPa.18 Meanwhile, 

SWCNTs exhibit high thermal conductivities as ~3500 W/(mϽK) at room 

temperature.19 Thus, it is attractive to develop high-performance macrostructures based 

on SWCNTs, such as SWCNT fibers, films, and arrays. Combining with the electrical 
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property of SWCNTs, fiber supercapacitors can be fabricated based on SWCNTs 

(Figure 1-2c). SWCNTs have also been dispersed into polymer matrix to fabricate 

nanocomposites with enhanced stiffness and fracture toughness.20,21 

 

Figure 1-2. Application of SWCNTs. (a) Schematic diagram and SEM images of a 

typical SWCNT FET. (b) Near-infrared photoluminescence image of BT-474 cells 

treated with the SWNT-Herceptin conjugate. (c) Photograph of a textile containing two 

nanotube-fiber supercapacitors woven in orthogonal directions. Figures are  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 aqueous or organic 

solutions is usually the critical 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 interactions (Ḑ500 eV per micrometer of tube-tube 

contact),23 the as-grown SWNCTs has an inherent tendency to aggregate as bundles. 

However, the exceptional optical, electrical, and mechanical properties of SWCNTs 
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only occur in individually dispersed nanotubes. For example, bundled SWCNTs cause 

interruption to the electronic states, which makes the spectrum broad or featureless.24 

This bundling effect has commonly been addressed through dispersing individual 

SWCNTs with surfactants or polymers (Figure 1-3) in aqueous or organic solutions by 

ultrasonication followed by ultracentrifugation.10,25ï27 Besides, individual SWCNTs 

can also be exfoliated by CSA28 which are then stabilized in aqueous solutions through 

surfactant-superacid exchange (S2E) methods (Figure 1-4).29 

 

Figure 1-3. Summary of dispersant molecules used for stabilizing individual SWCNTs, 

including conjugated polymers, surfactants, biomolecules, and aromatic molecules. 

The figure is adapted from ref. 30. 

 



 

 

8 

 

 

Figure 1-4. Schematic illustration of the neutralization of a SWCNT-superacid 

suspension with NaOH aqueous solution in the presence of the surfactant sodium 

deoxycholate. The figure is adapted from ref. 29. 

 

1.3.2. Purifying SWCNTs from mixed chiralities 

The existing methods to synthesize SWCNTs 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 catalysts.31,32 However, purified and 

chirality-controlled SWCNTs are required for various applications. For example, high 

performance thin film transistors based on SWCNTs call for highly purified 

semiconducting SWCNTs since incorporated metallic SWCNTs can degrade current 

on/off ratio.33 Multicolor bioimaging, which is regarded as a next-generation 

technology, can be achieved through utilizing several (n,m) species of SWCNTs with 

similar wavelength of excitation but different emission wavelength. When those 

SWCNTs injected at different sites are excited at the same time, the sites can be 

observed selectively by using a bandpass filter.34 To this end, various solution-
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processing methods have been developed for chirality separation (Figure 1-5), 

including aqueous two-phase extraction (ATPE) method,35ï37 gel column 

chromatography,38,39 and density gradient centrifugation (DGU).40,41 

 

Figure 1-5.  Solution-processing methods for chirality purification (a) Schematic of 

the one-pot ATPE method to separate (6,5)-SWCNTs 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 photograph of separated metallic and 

semiconducting SWCNT solutions. (c) Photograph of the SWCNTs layered in a 

centrifugal tube after an 18-h nonlinear DGU run and near-infrared absorbance spectra 

of the collected SWCNT solutions from different layers. Figures are adapted from ref. 

37, 38, 41respectively. 
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1.3.3. Fabrication of SWCNT macrostructures 

SWCNTs have been commonly macro-assembled as fibers, films, and arrays, 

which can be operated more conveniently than individual SWCNTs. Spinning from 

SWCNT solutions is widely used for making SWCNT fibers. SWCNTs dispersed in 

surfactant solutions are injected into a polymer solution with co-flowing stream. The 

polymer absorbs onto SWCNTs and displaces some surfactants to form a nanotube 

ribbon and during drying, a SWCNT fiber is obtained from the original ribbon (Figure 

1-6a).42 SWCNT films can be fabricated through airbrushing,43 Langmuir-Blodgett 

(LB) deposition (Figure 1-6b),44 and vacuum-filtering SWCNT solutions onto a 

filtration membrane.45  

Furthermore, alignment of SWCNTs in the macrostructures is important to display 

outstanding properties of SWCNTs. 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 fibers.46 FETs based on aligned SWCNTs 

outperform conventional ones with regard to power efficiency, electrostatic gate 

control, and switching speed.47 The alignment can be achieved by a dimension-limited 

self-alignment procedure (Figure 1-6c)48 and floating evaporative self-assembly 

method,49 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 LB-assembly (Figure 1-6b)44,50 and filtration method.51 
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Figure 1-6. Fabrication of SWCNT macrostructures from SWCNT solutions. (a) 

Schematic of the experimental setup used to make SWCNT ribbons and an optical 

micrograph the SWCNT ribbon.42 (b) Scheme of SWNT monolayer film made by LB 

technique50 and an atomic force microscopy image of the LB film of SWCNTs.44 (c) 

Schematic of the dimension-limited self-alignment process to prepare a wafer-scale 

aligned SWCNT array. Figures are adapted from ref. 42, 50, 44, 48 respectively. 

 

1.4. Clean solution processing 

1.4.1. Cleanly removable surfactants 

Due to the extremely low solubility of SWCNTs in water and organic solvents, 

surfactants or polymers are required to modify the surface of SWCNTs to enhance their 

solubility and processability. A commonly used surfactant, DOC, 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 
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surfactants such as sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate 

(SDBS), sodium cholate (SC) (Figure 1-7b).52 To solubilize SWCNTs, DOC tends to 

stack its hydrophobic rigid steroid backbone on SWCNT walls, while leaving their 

hydrophilic flexible polar tail extended towards the aqueous environment. Despite 

numerous studies have been enabled by this postgrowth solution processing of 

SWCNTs, compared with as-grown pristine SWCNTs which are generally free from 

any molecules on the surfaces, solution-processed SWCNTs have degraded 

performances, such as higher resistivity. This is presumably caused by the leftover of 

surfactants surrounding SWCNTs that induce scattering of electrons and interfere 

electrical transport.53ï55 Therefore, surfactants that disperse SWCNTs efficiently and 

can be removed completely are highly desirable. 

 

Figure 1-7. (a) Schematic (top) and spatial (bottom) chemical structures of DOC, showing 

the rigid steroid-ring backbone, the hydrophobic and hydrophilic segments. Color code: red, 

oxygen; purple, carbon; white, hydrogen. (b) Morphology of the typical networks fabricated 

from the same SWCNTs dispersed by using SDS, SDBS, SC and DOC. The finest mesh 

structure has the highest on/off ratio. Figure b is adapted from ref. 52. 
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Among the processes to remove surfactants, thermal annealing is an attractive 

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 oxidation in nitric 

acid can cause damages on SWCNTs.54,56
 

DOC has a steroid anion composed of carbon, hydrogen and oxygen, and 

sodium as a counter 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 surfactant, ammonium 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 chlorosulfonic acid 

Dispersing SWCNTs in chlorosulfonic acid (CSA) is another strategy to 

achieve clean solution processing. It has been found that SWCNTs can spontaneously 

dissolve in CSA due to the surface protonation effect.28,57 The positive charges are 

delocalized on the protonated SWCNTs, which exist as polycarbocations overcoming 

the strong tube-tube van der Waal attractions. The concentration of SWCNTs dissolved 

in CSA can be up to ~45 g/L and SWCNTs exist as a nematic mesophase at high 

concentration.57  

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

surfactants completely. Combing with the liquid crystalline behavior of SWCNT/CSA 
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solutions, there is a potential chance to fabricate clean and aligned SWCNT 

macrostructures, if we confine the SWCNTs at a two-dimensional  interface and quench 

the CSA effectively. 

1.5. Van der Waals heterostructure based on clean solution-processed 

SWCNTs 

With its all atoms on the surfaces, a SWCNT can be easily degraded and 

affected by surrounding chemical environments. SWCNT@BN one-dimensional van 

der Waals heterostructure have been emerged, which exhibit intriguing physical and 

chemical properties. BN is chosen as the protective shell because it has large bandgap 

(5.97eV) and a small lattice mismatch (1.7%) with graphene; BN is inert and atomically 

smooth due to being relatively free of dangling bonds and charge traps.58,59 

The one-dimensional van der Waals heterostructure can be fabricated by using 

a two-step chemical vapor deposition (CVD), in which the carbon nanotubes are first 

synthesized and followed by the growth of BN shells.60 However, in this scheme, as-

grown SWCNTs, which are a mixture of nanotubes with various chiralities, are used as 

the template for the further growth of BN. Unselective SWCNTs will impede further 

advanced applications in electronic devices and sensors. Our clean solution-processed 

SWCNTs with purified chirality enables SWCNT@BN heterostructure with well-

defined inner structure.  
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Chapter 2: Stabilizing individual carbon nanotubes by 

surfactants with critical micelle concentration 

This chapter is adapted from a manuscript in preparation: 

Wang, P.; Zhang, C.; Wang, Y. ñSurfactants Stabilize Individual Carbon Nanotubes in 

Water around the Critical Micelle Concentrationò 

C. Z. contributed to the development of superacid-surfactant exchange processing and 

spectroscopy characterization. 

 

2.1. Introduction 

Dispersion of single-walled carbon nanotubes (SWCNTs) in water with the aid 

of surfactants is a critical step for many fundamental studies and technological 

applications.61ï68 Ever since OôConnell et al. first discovered that SWCNTs can be 

stabilized in water as individual nanotubes by sodium dodecyl sulfate (SDS) in 2002,10 

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 (DOC).69,70 Unsurprisingly, the choice of surfactant molecules70 and their 

assembly on the nanotube64 can affect the surface potential of the surfactant-SWCNTs 

composites, resulting in different dispersion efficiencies.71 Many advanced studies on 

SWCNTs are thus enabled including nanotube sorting,35,64,72 fabrication of high 

performance nanoelectronics devices,73,74 as well as the exploration of SWCNTs as 

biomedical drug/gene carriers.75 



 

 

16 

 

The dispersion of SWCNTs starts with the adsorption of surfactants on the 

nanotube surfaces, in which the hydrophobic segments of the surfactants associate with 

the wall of nanotubes while their ionic groups interact with water molecules in 

solutions. In order to gain a complete picture of the dispersion process of SWCNTs by 

surfactants, it is essential to obtain an insight on how surfactant molecules 

spontaneously interact with a bare SWCNT surface. Indeed, a better understanding of 

the surfactant-SWCNT interaction can help researchers to optimize the surfactant 

concentration for dispersion, which is critical to minimize unnecessary contamination 

of the system with excess surfactants that can be difficult to remove and interfere with 

other processes being studied.76 

However, a direct investigation of the ñintrinsicò surfactant-SWCNT 

interactions has been difficult due to the strong perturbation of sonication that is used 

to exfoliate individual nanotubes from the synthetic-raw materials (i.e., SWCNT 

bundles) to enable surfactants in solution to adsorb to the bare nanotube surfaces.10 

During this process, sonication induces high shear forces that can create gaps amid and 

bundles, exposing the ends of individual SWCNTs. The newly exposed nanotube 

surfaces hence provide vacant sites for the absorption of surfactants, which propagate 

along the nanotube by further surfactant absorption until the entire SWCNT detaches 

from the bundle and is stabilized in the aqueous solution.77 Nevertheless, sonication-

induced high-frequency collisions between the water/surfactant molecules and 

SWCNTs inevitably affect many nanoscale physicochemical processes, such as 

surfactant adsorption, micelle formation, and tube-surfactant interaction. Therefore, the 
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intrinsic adsorption behavior of surfactants on SWCNTs is overwhelmed by the 

sonication-induced high-frequency collisions between the molecules. 

To individually stabilize SWCNTs in aqueous solution without the use of 

sonication, we have previously demonstrated a low-energy route, called superacid-

surfactant exchange (S2E).29,78 In S2E, SWCNTs are individually dispersed in 

chlorosulfonic acid (CSA), followed by adding the SWCNT/CSA mixture into an 

aqueous solution containing NaOH and surfactants. CSA, which features a Hammett 

acidity constant of -12.8, can dissolve SWCNTs to form a thermodynamically stable 

solution by the surface protonation effect.28,57 Upon the addition of the SWCNT/CSA 

solution to an aqueous solution containing NaOH and surfactant, the hydroxide ions 

instantly neutralize the protons on the SWCNT surfaces, leaving the resulting bare 

nanotubes available to interact with the surrounding surfactant molecules (Figure 2-1). 

As a result, S2E approach is a unique platform to study intrinsic interactions 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 dispersing condition occurs at 

approximately the critical micelle concentration (CMC) of the surfactants, which is in 

stark contrast to the prevalent intuitive belief and widely practiced protocols.69,79,80 that 

require surfactants typically at ~1-2 wt/v% well above the CMC (e.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 aqueous solution than any other surfactants 

tested.  
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Figure 2-1. Schematic of S2E as a low energy route to disperse SWCNTs in aqueous 

solution. Addition of the SWCNT/CSA solution into water containing surfactants and 

NaOH results in the aqueous dispersion of SWCNTs. Surfactant molecules can diffuse, 

interact with and adsorb to the bare SWCNT surfaces without the external energy (i.e., 

sonication) applied to the system. SWCNTs are shown as teal cylinders. DOC is shown 

as the representative surfactant molecule, with 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. Superacid-surfactant exchange (S2E) 

CoMoCAT SG65i SWCNTs (Sigma Aldrich, 773725-1G) were dissolved in 

chlorosulfonic acid (Sigma-Aldrich, 99.9%) at a concentration of Ḑ0.2 mg/mL. This 
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SWCNT/CSA mixture was added drop-by-drop to an aqueous solution of NaOH 

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

neutralized. The concentration of NaOH were varied among 0.01-1.5 M and DOC were 

0.01-1.0 M. (Safety Note: All S2E experiments should be performed in a fume hood 

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

Particularly, in the neutralization step, the addition of super acid-SWCNT mixture to 

basic aqueous solution may trigger violent acidībase reactions that can generate much 

heat and smoke.) 

2.2.2. Establishment of the standard working curve 

After the S2E process, the solution was gently stirred for 1 day using a magnetic 

stir bar, followed by ultracentrifugation at 154,325 g (Optima XE-90 ultracentrifuge, 

SW-41 Ti rotor, Bechman Coulter) for 60 min to remove any bundles. The precipitated 

bundles were carefully collected and rinsed with generous amounts of nanopure water 

and isopropanol (Sigma Aldrich, 99.9%) to remove the attached DOC surfactants. A 

typical UV-vis-NIR absorption spectra of the aqueous supernatant is shown in Figure 

2-3a. We then built a standard working curve to determine the dispersed SWCNT 

concentration in aqueous solution after the S2E process. The rinsed bundles were dried 

in a vacuum oven at 100 °C for 24 h and weighed. Based on the initial amount of 

SWCNTs (volume times concentration in CSA; VSWCNT-CSA × CSWCNT-CSA) used for S2E 

and the mass of the undissolved SWCNTs, which we determined by weighing the 

collected precipitates after ultracentrifugation, we built a working curve from the 

measured optical density (at a wavelength of 573 nm and 985 nm) of the aqueous 

solution (Figure 2-3b). This working curve can be used to determine the concentration 



 

 

20 

 

of the individually dispersed SWCNTs in subsequent experiments. We estimated the 

molar extinction coefficient to be ~2500 M-1 cm-1 based on our working curve, which 

is consistent with previous literature-reported values.81,82  

The same S2E procedures were also performed with the sodium cholate (SC) 

surfactants, and the corresponding dispersion efficiency was subsequently analyzed. 

2.2.3. Calculation of the dispersion efficiency of S2E 

The dispersion efficiency is defined as the ratio between the amount of 

individual SWCNTs stabilized by surfactants in water after S2E (NSWCNT-water) to the 

amount of individual SWCNTs in the CSA prior to S2E dispersion (NSWCNT-superacid; 

Equation 1) 

ὈὭίὴὩὶίὭέὲ ὉὪὪὭὧὭὩὲὧώ      (1) 

where VSWCNT-superacid and VSWCNT-water are the volume of the SWCNT/CSA solution used 

in S2E and the volume of the SWCNT aqueous solution after S2E, respectively; and 

CSWCNT-CSA and CSWCNT-water are the concentrations of SWCNTs in the superacid and in 

water after S2E, respectively. CSWCNT-CSA is measured based on the mass of SWCNTs 

added to the known volume of superacid, while the CSWCNT-water 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. Measurement of the critical micelle concentration of the surfactants 

The critical micelle concentrations (CMCs) of DOC (Sigma Aldrich, > 97%) 

and SC (Sigma Aldrich, > 99%) surfactants were measured using the 

photoluminescence spectroscopy approach following the reported method, in which 
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pyrene molecules were used as photoluminescent probes.83 Briefly, 5 mg of pyrene 

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

solution was further diluted 20-fold to reach the final pyrene concentration of ~ 12 ɛM. 

50 ɛL of this pyrene solution was then added and mixed with 3 mL of surfactant 

aqueous solution with different surfactant and NaOH concentrations, followed by a 

photoluminescence measurement of the mixed solution. The characteristic 

photoluminescent peaks of pyrene are highly sensitive to the local solvation 

microenvironment, which is reflected by the ratio of the photoluminescent peaks I3 and 

I1 (I3/I1). Therefore, as the concentration of the surfactants surpasses the CMC, the 

pyrene begins to be solubilized into the micelles and exhibits an abrupt increase in I3/I1  

2.2.5. Spectroscopic characterization 

We used a Horiba Jobin Yvon Nanolog spectrofluorometer 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 slit widths were set 

at 2 nm and 1 nm, respectively. A Si detector was used to collect the pyrene emission 

from 340 nm to 410 nm. For the SWCNT solution PL measurement, a liquid-N2 cooled 

InGaAs array detector was used to collect the NIR emission from the SWCNTs. The 

UV-vis-NIR absorption spectra were measured using a spectrophotometer 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 concentration in the initial superacid solution. Since 
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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 thermal gravimetric 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 50ï1000 °C. ~86% of the weight 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 oxide. This 14% 

of the nonactive materials were excluded in our dispersion efficiency calculation (i.e., 

VSWCNT-CSA × CSWCNT-CSA  × 86%).  

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

S2E was also performed with other surfactants in NaOH solutions, including 

SDS (Sigma Aldrich, 99%), CTAB (Sigma Aldrich, 99%), Triton-X100 (Sigma 

Aldrich, laboratory grade), and ss-DNA (sequence: 5-TTATATTATATT -3; Integrated 

DNA Technologies). The concentration of the different surfactants was kept at their 

CMC values respectively. The SWCNT concentrations right after S2E is low, therefore 

an extra concentration step is necessary to increase the SWCNT concentration. 

However, unlike the DOC or SC stabilized SWCNTs that can be easily concentrated 

by a coagulation-redispersion process by tuning the solution pH (refer to Figure S8 in 

Ref. 78),78 SWCNTs stabilized by SDS/CTAB/Triton X-100/ss-DNA cannot be 

concentrated easily. Therefore, 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 was measured. The initial 
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concentration of the S2E-individulaized SWCNTs was diluted to reach the linear 

regime, where the inner filter effect of the photoluminescence is absent,84 and the 

concentration is then back calculated by multiplying by the dilution factor. By 

comparing with the photoluminescence intensity of the DOC-stabilized SWCNT 

solution, we can estimate the dispersion efficiency of the other studied surfactants. For 

example, in Figure 2-6, the corrected PL intensity of SDS-stabilized SWCNT is ~12-

times lower than the corrected PL intensity of DOC-stabilized SWCNTs solution (~150 

versus. ~1800), representing that the concentration of SDS-stabilized SWCNTs after 

S2E is ~12-times lower than the concentration of DOC-stabilized SWCNTs, which is 

already known from the working curve (Figure 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 efficiency of 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 order to understand how the concentration of the surfactant (i.e., DOC) 

and NaOH can impact the stabilization of SWCNTs during the S2E process, we first 

measured the CMC of the DOC surfactant at different NaOH concentrations using 

pyrene molecules as probes. Pyrene 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 I3 is observed in polar solvents, while the first peak I1 is 

insensitive to the solvent polarity. Thus, the ratio of the peak intensities (I3/ I1) can be 

used to detect the surrounding microenvironment of pyrene (Figure 2-2). At a low 

surfactant concentration where surfactant micelles are absent, pyrene senses the polar 

environment consisting of the surrounding water molecules, causing a decrease in I3 

and the subsequently a drop in I3/ I1. On the other hand, as the surfactant 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 enhancement of I3/ I1.
85  Therefore, 

in this manner, the ratio I3/ I1 can be used to determine the CMC of surfactants. We 

studied the dependence of the DOC CMC on the NaOH concentration (Figure 2-2d): 

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

concentration increased, the 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 the interior of the micelles and senses a less polar 

microenvironment, which induces an emission intensity enhancement of peak 3. (b) 

Photoluminescence spectra of the pyrene molecules in water with 0.1 wt/v % DOC 

(below the CMC; orange spectrum), and in water with 0.5 wt/v % DOC (above the 

CMC; purple spectrum). The aggregation states of the DOC molecules can be detected 

by the change of the emission intensity between peaks 3 and 1 (I3/I1). (c) I3/I1 at 

different DOC concentrations (black circles). The results were 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 sigmoidal plot (red curve). (d) Contour map of the CMC of DOC 

(cyan line) at different DOC and NaOH concentrations. 

 

We then performed S2E at a range of NaOH and DOC concentrations and 

determined the dispersion efficiency (i.e., the yield of individual SWCNTs that were 

stabilized by surfactants in water) using absorption spectroscopy (Figure 2-3a). Note 

that the undissolved SWCNT bundles are removed by ultracentrifugation before this 

measurement. A working curve was established for the purpose of determining the 

nanotube concentration directly from the optical measurement (Figure 2-3b). 

 

Figure 2-3. Experimental determination of the dispersion efficiency using the S2E 

method. (a) UV-vis-NIR absorption spectrum of individually-dispersed CoMoCAT SG 

65i SWCNTs in aqueous solution obtained using the S2E process. Note that the 

solution was diluted 4 times to conduct the absorption measurements. E11 and E22 

represent the characteristic absorption of (6,5) SWCNTs at 575 nm and 985 nm, 
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respectively. (b) Absorbance-concentration working curve to determine the 

concentration of the individual SWCNTs in supernatant by optical density (based on 

E22). 

 

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 in Figure 2-4a. These results reveal that when the concentration of DOC is below 

0.01 wt/v% (~0.24 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 SWCNTs to induce enough 

electrostatic repulsion 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 concentration, 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 SWCNT surface to enhance the electrostatic repulsion. The increasing 

number of micelles may further boost the depletion attractions (osmotic pressure) 

between adjacent SWCNTs, causing them to form bundles.42 Such depletion attraction 
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by nature is an entropic effect: SWCNTs tend to stay close to maximize the excluded 

volume accessible to the micelles and hence the entropy of the whole system.86 

Kinetically, contrary to the conventional sonication-assisted SWCNT-dispersion where 

the surfactants can constantly collide with nanotubes to reach the adsorption, the S2E 

requires a timely adsorption of surfactants on the nanotube surfaces before re-bundling 

occurs. However, at high surfactant concentrations, the formed relatively large 

micelles87 can prevent the diffusion of individual surfactants toward the SWCNTs, 

causing a molecular ñtraffic jamò that prevents stabilization of the nanotubes in 

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 observed (Figure 2-4b,c). 
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Figure 2-4. The dispersion efficiency of SWCNTs as a function of the DOC and NaOH 

concentrations in S2E. (a) The dispersion efficiency 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 SWCNTs occurs at the surfactant around the CMC. (c) High surfactant 

concentration well above the CMC is not favorable to disperse the SWCNTs. 
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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 surfactant solubilize 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, Triton-X100, 

and single-stranded (ss)-DNA (sequence: 5-TTATATTATATT -3). The maximum 

dispersion efficiencies of S2E using these different surfactants are summarized in 

Figure 2-5a, which we determined from the corresponding UV-vis-NIR absorption 

spectra and photoluminescence spectra of the solutions (Figure 2-6). The bile salt 

derivatives (DOC and SC) were found to yield the best solubility of the SWCNTs, 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 well-accommodated on the SWCNT 

surfaces.69,70,87  

In order to understand how the concentration of SC affects the SWCNT 

dispersion efficiency, we used the same technique based on pyrene (described above) 

to evaluate the SC CMC (Figure 2-7). Although similar to the structure of DOC, SC 

has a higher CMC than that of DOC at all tested NaOH concentrations (Figure 2-5b) 

and the SWCNT dispersion efficiency of SC at CMC is lower than that of DOC (Figure 

2-5c). 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 closer to the SWCNT surface, since 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 (Na+) is lower, which results in larger electrostatic potential 

than the one obtained for SC.  

 

Figure 2-5. The S2E dispersion efficiency strongly depends on the choice of surfactant. 

(a) The dispersion efficiency of the S2E process for various surfactants, including 

DOC, SC, SDS, CTAB, and Triton-X100, as well as ss-DNA (sequence: 5-

TTATATTATATT -3). The DOC 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 concentration.  (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 NaOH. (d) Molecular structures of DOC and SC. Note that the 

only difference between DOC and SC is a single oxygen atom, which is highlighted in 

the red dashed square. 

 

 

Figure 2-6. S2E dispersion efficiencies for surfactants calculated from their PL spectra. 

(a) PL emission spectra (at 565 nm excitation) of CoMoCAT SG65i dispersed by 

different surfactants, including DOC, SDS, CTAB, and Triton-X100, as well as ss-
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DNA (sequence: 5-TTATATTATATT -3). (b) PL emission spectra from (a), 

normalized by the peak intensity. (c) PL intensity as a function of the 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 

back calculated by multiplying by the dilution factor. (d) Zoomed-in region of (c) as 

indicated by the dashed rectangle for SDS, CTAB, and Triton-X100. 

 

 

Figure 2-7. (a) I3/I1 at different SC concentrations (black circles) at 0.5 M NaOH. The 

results were fit  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 normalized). (b) Contour map 

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

bar represents the normalized values of ȹ(I3/I1)/ȹc at different NaOH conditions. 

 

2.4. 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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dispersion process enabled us to study the ñintrinsicò interactions between bare 

SWCNTs with surfactants. Our findings suggest the optimal dispersion condition of 

SWCNTs 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 above the CMC. We further showed that DOC-

stabilized SWCNTs are better stabilized in the aqueous phase than SC-solubilized 

SWCNTs. Such one atom difference in the chemical structure of DOC and SC can 

therefore have a significant impact on their SWCNT-dispersion capability, which 

suggests an interesting way to tune the hydrophobicity of the surfactant molecule 

through just a single atom. This study can facilitate future investigations on a broad 

range of research areas where the solution processing of nanomaterials using 

surfactants is necessary, including SWCNT chirality sorting, exfoliation of two-

dimensional materials, colloidal stabilization, and functional ink synthesis. 
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Chapter 3: A cleanly removable surfactant for carbon 

nanotubes 

This chapter is adapted from a published manuscript:88 

Zhang, C.; Wang, P.; Barnes, B.; Fortner, J.; Wang, Y. Chem. Mater. 2021, 33,4551 

C. Z. and Y.W. conceived and designed the experiments. C. Z. performed the 

major experiments. B.B. performed Raman spectroscopy. F.J. performed 

photoluminescence microscopy measurements. C. Z. and Y.W. wrote the manuscript 

with inputs from all authors. 

 

3.1. Introduction 

SWCNTs which exhibit extraordinary electrical, optical, and mechanical 

properties61,89,90 are synthesized as a heterogenous mixture of different structures that 

bundle strongly. Polymers26,27,91ï93 and surfactants10,64,69 such as sodium dodecyl 

sulfate (SDS) and sodium deoxycholate (DOC), are widely used to disperse SWCNTs 

in solution for subsequent purification,94 fiber spinning,95 ink formulation,76 and the 

fabrication of high performance nanoelectronic devices.64 However, after solution 

processing, surfactants become unwanted contaminants. For example, surfactants that 

remain on the surfaces of SWCNTs can scatter electrons and interfere with electrical 

transport in thin-film devices, significantly reducing the signal-to-noise ratio, 

conductivity, and sensitivity.53,96,97 Similarly, residual surfactant molecules can 

degrade the optical performance of SWCNTs, resulting in lower fluorescence quantum 

yields and broadened absorption peaks.98ï101 Surfactant adsorption also interferes with 
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the interaction of SWCNTs with other molecules, including obstructing active sites on 

the surface of sensors102 and preventing reactant access for nanotube 

functionalization.103 Therefore, while surfactants are often necessary to utilize 

SWCNTs, improved methods of removing them are needed to ensure optimal 

performance.  

Multiple approaches have been investigated for the removal of polymers and 

surfactants from SWCNTs, including rinsing with organic solvents,104ï106 acidic 

oxidation,106ï108 and annealing in inert108ï110 or oxygen atmospheres.111,112 For 

example, acetone and acetonitrile have been shown to interrupt the SWCNT-surfactant 

interaction, thereby releasing the surfactants from the nanotube surfaces. However, this 

technique also causes large nanotube bundles that negatively impact the SWCNT 

functionality as well as weaken the materialôs intrinsic photoluminescence (PL) 

efficiency.104,113 Moreover, it has been found that surfactant layers tightly clinging to 

the SWCNT sidewalls cannot be completely removed by simply rinsing.104,106,114 

Although harsher methods, such as acidic treatment (e.g., nitric acid), can efficiently 

etch obstinate residues,106,107 the strong oxidative nature of such treatments can also 

induce covalent defects in the nanotube sidewalls.108 Alternatively, annealing has been 

routinely used to increase the conductivity of devices fabricated from SWCNTs that 

are solution-processed using surfactants and polymers.108,109,112,115 However, a residue 

often remains after annealing, which limits the efficacy of this approach.102,111,116ï119  

 In this work, we address this need for ñcleanò solution-processed SWCNTs by 

designing and synthesizing a new SWCNT surfactantðammonium deoxycholate 

(ADC)ðthat can be thermally removed at significantly lower temperatures. We find 
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this surfactant can disperse SWCNTs up to 10 mg/mL (in 1 wt% ADC aqueous 

solution), comparable to DOC,69 which is known for its high dispersion efficiency and 

features the same amphiphilic anion. More importantly, ADC can be thermally 

removed, with the ammonium (NH4
+) cation decomposing to gaseous ammonia under 

heating. Thermal gravimetric (TGA) analysis reveals that the ADC surfactant can be 

thermally decomposed at a significantly lower temperature, by 70oC, than DOC. By 

first annealing in Ar at low temperature (400 oC) and then removing the small amount 

of remaining residue with 5% O2 at the same heating condition, 98.5 ± 0.6% of the 

ADC can be removed from the SWCNTs. In contrast, only 77.0 ± 0.4% of DOC 

(containing Na+) can be removed under these conditions, with an obstinate black char 

remaining. Transmission electron microscopy (TEM) directly confirms the cleanness 

of the processed SWCNTs. Furthermore, the SWCNT crystalline structure remains 

intact, ensuring the materialôs intrinsic properties are retained.  

3.2. Experimental section 

3.2.1. Synthesis of the ammonium deoxycholate surfactant 

0.5 g of deoxycholic acid (Ó 98%, Sigma Adrich) and 30 mL of liquid ammonia 

(mole ratio of 1:9400) were mixed and stirred overnight in a 100 mL round-bottom 

flask equipped with a condenser filled with dry ice and immersed in a -40 oC ethanol 

bath. The temperature was then increased to -30 oC to evaporate the excess liquid 

ammonia (boiling point: -33.34 oC). The resulting ADC product was directly collected 

as a white powder. A 1 wt% aqueous solution of this surfactant was prepared by simply 

dissolving the powder in water.   



 

 

38 

 

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 hydroxide (J.T. Baker, ~10ï35% ammonia), which caused the 

deoxycholic acid to completely dissolve (pH = ~8ï9). Then the concentration of ADC 

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

3.2.2. SWCNT dispersion 

Three sources of SWCNTs, including CoMoCAT 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 

concentration of 0.7 mg/mL. The mixtures were probe-sonicated 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 nanotube bundles. Note, in Figure 3-4, the solutions were prepared by 

dissolving 0.5ï10 mg of CoMoCAT SG65 SWCNT powder in 1 mL of 1 wt% ADC 

aqueous solution though tip sonication without centrifugation. For control groups, 

SWCNTs were dispersed in 1 wt% DOC (Ó 98%, Sigma Adrich) aqueous solution and 

in chloroform without surfactants using the same process of tip sonication and 

centrifugation.  
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3.2.3. Spectroscopic characterization 

The optical absorption spectra of the SWCNT supernatants were measured 

using a UV-Vis-NIR spectrophotometer (PerkinElmer Lambda 1050) equipped with a 

broadband InGaAs detector. The PL maps were generated with a NanoLog 

spectrofluorometer (Horiba Jobin Yvon) using a liquid-N2 cooled InGaAs array. FTIR 

spectra were measured using a Thermo Nicolet NEXUS 670 FTIR with a KBr beam 

splitter. The scanning range was ~4000ï650 cm-1. Mass spectra were collected using a 

JEOL ACCUTOF-CS mass spectrometer with DART ionization sources in positive-

ion mode. Raman spectra was measured using a Yvon Jobin LabRam ARAMIS Raman 

microscope with a 532 nm laser. 

3.2.4. Thermal gravimetric analysis and annealing 

To optimize the heat treatment for removing the ADC surfactant and keeping 

the SWCNTs intact, TGA was performed on the ADC powder (synthesized by mixing 

liquid ammonia and deoxycholic acid) and SWCNTs in Ar (99.999% purity, including 

1 ppm of O2 and 1 ppm of H2O, Airgas) atmosphere and various oxidizing conditions 

(oxygen concentration: 1ï20%) from 30 °C to 700 °C at a rate of 5 °C/min. The initial 

mass of all samples was ~4ï6 mg, measured in a 70 ‘L alumina crucible.  TGA was 

performed on a TGA module (TGA/DSC 2, Mettler Toledo) equipped with a gas 

controller (GC 200). 
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3.2.5. TEM observations 

A perfect loop was inserted into the SWCNT solution dispersed by (ADC, 

DOC, or chloroform) to pick up an ultra-thin solution layer that was then transferred 

on a holy silicon nitride membrane (Ted Pella, Inc., hole size = 200 nm). The silicon 

nitride membranes 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 voltage. 

3.2.6. Fabrication of electrical devices of SWCNTs 

Electrodes (10 nm Cr, 60 nm Pt, W= 48 ɛm) were fabricated on a Si/SiO2 wafer 

by photolithography and e-beam deposition, followed by lift-off processes. The final 

nanotube channel lengths were ~3ï10 ɛm. We deposited EC1.5 SWCNTs 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 sweep voltage of -1 V to +1 V. The 

morphology of the SWCNT channels was characterized by a Hitachi SU-70 FEG 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 an alumina anodiscÊ membrane (Whatman, UK). The 

SWCNT film was then transferred on a sapphire substrate. The hyperspectral imaging 

was performed on a custom-build microscope.120 We used an infrared optimized ×50 
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objective, along with a continuous wave laser at 561 nm (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 (Figure 3-1a). The solubility of 

deoxycholic acid in water is merely ~43.6 mg/L (Figure 3-1b),121 while the synthesized 

solid ADC shows an excellent solubility of ~21000 mg/L at pH = 7 (Figure 3-1c). The 

successful synthesis of ADC is supported by both direct analysis in real-time (DART) 

mass spectrometry and Fourier-transform infrared (FTIR) spectroscopy. DART mass 

spectrum of the synthesized ADC displays a peak at m/z 410.3, corresponding to the 

protonated ADC molecule (Figure 3-9a). In FTIR, the synthesized ADC features a 

strong N-H bending peak at 1543 cm-1 and the N-H stretching at 3390 cm-1, which are 

spectral signatures of the ammonium moieties, while the broad O-H stretching peak of 

-COOH group of the deoxycholic acid precursor at 3334 cm-1 disappears (Figure 3-2).  

To investigate ADCôs dispersion ability for SWCNTs, we first mixed 

CoMoCAT SG65 SWCNTs with 1 wt% ADC aqueous solution followed by tip 

sonication and ultracentrifugation. The nanotubes readily dispersed to form a stable, 

homogenous SWCNT suspension (Figure 3-1d). We then used ultraviolet-visible-near 

infrared (UV-vis-NIR) absorption spectroscopy (Figure 3-1e) and PL excitation-
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emission mapping (Figure 3-1f) to characterize the dispersion quality of the ADC-

wrapped SWCNTs. The sharp absorption peaks originating from the SWCNT van 

Hove singularities and strong PL intensity of the dispersion indicated the SWCNTs 

were well-individualized in the aqueous solution rather than bundled.10 The SWCNT 

suspension was stable for more than 1 year (Figure 3-3a, b). We note that ADC can 

disperse SWCNTs at a concentration of at least 10 mg/mL (Figure 3-4), which is similar 

to that of DOC,69 one of the most efficient and commonly used surfactants for SWCNT 

dispersion. We note that excess ammonium hydroxide can be introduced into the ADC 

aqueous solution without affecting its dispersion ability and the properties of the 

dispersed SWCNTs (Figure 3-3c, d), since ammonia is a weak base.  

 

Figure 3-1. A one-pot synthesis of ammonium deoxycholate (ADC) and its nanotube 

dispersion capability. (a) The one-pot 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 SWCNTs stabilized 



 

 

43 

 

by 1 wt% ADC. (e) UV-vis-NIR absorption spectrum of individual SWCNTs dispersed 

in 1 wt% ADC (red) and DOC (blue) aqueous solutions. (f) Excitation-emission PL 

map of SWCNTs dispersed in 1 wt% ADC aqueous solution, showing PL signatures 

characteristic of individually dispersed SWCNTs.  

 

 

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

acid (blue). 
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Figure 3-3. (a) UV-vis-NIR absorption spectra of freshly prepared SG65 SWCNTs 

dispersed in 1 wt% ADC aqueous solution (red) and the same dispersion prepared 1 

year ago (gray). (b) Excitation-emission PL map of SG65 SWCNTs dispersed in 1 wt% 

ADC aqueous solution prepared one year prior, which displays the same PL obtained 

from the freshly prepared SWCNT solution (Figure 3-1f). (c) UV-vis-NIR absorption 

spectra of SG65 SWCNTs dispersed in 1 wt% ADC aqueous solution, prepared by 

dissolving deoxycholic acid in ammonium hydroxide solution (black) and using solid 

ADC (synthesized from deoxycholic acid and liquid ammonia) dissolved in water (red). 

(d) Excitation-emission PL map of SG65 SWCNTs dispersed in 1 wt% ADC aqueous 

solution prepared by adding excess ammonium hydroxide to deoxycholic acid. The 
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results appear the same as the PL obtained from the SWCNTs dispersed using solid 

ADC dissolved in water (Figure 3-1f). 

 

 

Figure 3-4. The optical density of  SG65 SWCNTs at 985 nm (first van Hove 

transition) as a measure of the various concentrations of the solutions. 

 

3.3.2. Heating removes ADC at low temperature 

We then compared the thermal stability of the solid ADC with DOC by heating 

the materials in Ar (99.999%) and air (20% O2) atmospheres using TGA (Figure 3-5a, 

b). A higher content of ADC was removed at lower temperature than DOC in both 

atmospheres, with a maximum decomposition rate at ~375 oC (Tmax, yellow shaded 

peaks), leaving nearly zero residual mass at 700 oC (2.1 Ñ 1.7% in Ar and 1.6 Ñ 2.0% 

in air). In contrast, the Tmax of DOC was as high as ~445 
oC in the two atmospheres. 

More significantly, 93.6 Ñ 0.3% and 60.7 Ñ 3.5% of ADC was removed in Ar and air, 

respectively, at temperatures lower than 400 oC, while only 9.1Ñ 0.6% and 24.0 Ñ 1.0% 
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of DOC was decomposed at the same annealing conditions. These results suggest the 

thermal stability of deoxycholate salt derivatives can be tailored by replacing the metal 

cation (Na+) with ammonium (NH4
+). The difference in the decomposition temperature 

of ADC and DOC can be attributed to the fact that ADC can decompose into 

deoxycholic acid and a gaseous ammonia leaving group, while sodium ions cannot 

leave in the gas phase as Na due to its highly reactive nature, as contrasted by the 

equations below. 

ὅ Ὄ ὕὅὕὕὔὌ  O  ὅ Ὄ ὕὅὕὕὌὔὌ  ᴻ  

ὅ Ὄ ὕὅὕὕ ὔὥ ɑ ὅ Ὄ ὕὅὕὕὔὥ   

The lower decomposition temperature of ADC may also allow us to selectively remove 

the surfactant while minimizing damage to the SWCNT structure.  

Additionally, we note a second peak appears in the derivative TGA (dTGA) 

curve of the air-annealed ADC thermogram at ~509 oC (Figure 3-5b, grey shaded peak), 

suggesting thermally stable intermediates may be produced when O2 is involved in the 

annealing process. To investigate how O2 affects the removal of ADC, we annealed the 

surfactant in atmospheres of different O2 concentrations (0ï20%). With increasing 

oxygen, the intensity of the TGA shoulder between 390 oC and 550 oC increases (Figure 

3-5c), which indicates that ADC is reacting with O2 and generating more intermediate 

products. These intermediates are then decomposed at higher temperature (Tmax > 500 

oC). 
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Figure 3-5. Heating removes ADC at low temperature. TGA and dTGA plots of ADC 

(red) and DOC (blue) in (a) Ar and (b) air, in which the final residual mass of ADC 

was nearly zero (~2%) and the Tmax of ADC was significantly lower than DOCôs in 

both atmospheres. (c) TGA and dTGA plots of ADC in Ar (black), 5% O2 (red), 10% 

O2 (blue), and 20% O2 (air, green). The yellow shaded peaks in the dTGA curves 

indicate the Tmax of ADC in both Ar and air is 375 °C. The grey shaded peaks may 

correspond to thermally stable intermediates that are produced from annealing ADC in 

the presence of oxygen. 

 

3.3.3. The origin of the surfactant residue after annealing 

To better understand this annealing process, we visually observed these 

intermediates by heating the white ADC powder (Figure 3-6a) to 400 oC for 1 h in 20% 

O2 (air), which produced a large amount of brownish char (that appeared black in large 

quantities; Figure 3-6b). In contrast, only a small amount of brownish residue remained 

after annealing the ADC in Ar under the same conditions (Figure 3-6c). Notably, this 

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 
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(Figure 3-7). 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 (Figure 3-8). 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 

ammonia molecule (Figure 3-9). 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. However, ADC cannot be completely removed through sublimation, as a small 

amount of brownish residue remains after Ar annealing (Figure 3-6c). This residue is 

the same brownish color as that of the char produced from the air-annealed ADC 

sample (Figure 3-6b). The similarity between these materials suggests the residue after 

Ar-annealing may be the same compound as the char, generated by O2 impurities in the 

Ar gas flow.  

To investigate how to remove this residue, we used TGA to characterize the 

char produced from the air-annealed ADC (Figure 3-6e). After heating in Ar, 20% of 

the char remained even at 700 oC, indicating that it cannot completely decompose into 

gaseous species under these conditions. The loss of mass that was observed is 

potentially due to the removal of unreacted ADC trapped in the char as the TGA curve 

shows the typical Tmax of ADC in Ar (yellow shaded peak, ~375 oC). The chemical 

origin of the high thermal stability of the char is hinted by its FTIR spectrum, which 

shows strong C=O (1726 cm-1) and C-O-C (1170 cm-1) stretching peaks that are absent 

in the ADC spectrum (Figure 3-6f). These results suggest a large amount of C=O 

(possibly from the oxidation of the -OH groups on the 6-carbon rings of the 
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deoxycholate anions) and C-O-C bonds (possibly from 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 by Ar-annealing alone. 

However, when we anneal the char in 5% O2 (Figure 3-6e), only 2.4% mass remains, 

indicating the char can be etched by O2 though it requires a high temperature of 509 oC 

(Tmax, grey shaded peak).  

 

Figure 3-6. The origin of the surfactant residue after annealing. Photographs of the (a) 

initial 30 mg of ADC solid and (b) the char obtained after annealing the ADC in air at 

400 oC for 1 h. (c) The residue after annealing ADC in Ar at 400 oC for 1 h, (d) which 

can be removed by subsequently annealing at 5% O2 at 400 °C for 1 h. (e) TGA and 

dTGA plots of the char annealed in either Ar (black) or 5% O2 (brown). The yellow-

shaded peak in the dTGA plot corresponds to the removal of ADC, while the gray-
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shaded peak indicates the Tmax of the char in O2 is 509 °C.  (f) FTIR spectra of the ADC 

(red) and char (black), showing that ADC is oxidized below 400 °C, forming C=O and 

C-O-C bonds.  

 

 

Figure 3-7. Photograph of the char obtained after annealing DOC at 400 oC in Ar for 

1 h. 

 

 

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

the furnace after annealing ADC at 400 oC in Ar for 1 h. 
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Figure 3-9. The DART mass spectra of (a) ADC and (b) the condensed solid formed 

downstream of the furnace while annealing ADC in Ar. These results show that when 

annealed in Ar, the majority of ADC vaporizes and loses NH3, while the carbon 

backbone remains intact.  
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3.3.4. Cleanness of ADC dispersed SWCNTs after a two-step 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 nanotubes with smaller 

diameters are generally more susceptible to degradation at high temperature due to 

strain-induced reactivity.122 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 EC1.5 (~1ï3 nm) and EC2.0 (~2ï3 nm) 

SWCNT sources, and therefore represent the lower limit for the heat treatment 

condition. We conducted TGA on the SG65 SWCNTs in 5% O2 and compared the 

degradation temperature to that of DOC and ADC (Figure 3-10). The wide dTGA peak 

of the SWCNTs 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 DOC (Tmax = 445 °C) makes 

selective removal of the surfactant by thermal annealing impossible without also 

damaging the SWCNTs. In contrast, the narrow dTGA peak of ADC (Tmax =375 °C) 

under the same conditions is well separated from the SWCNT decomposition peak, 

which allows us to remove the 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% O2, showing the Tmax of ADC (yellow shaded, 375 °C) and Tmax of the 

SG65 SWCNTs (purple shaded, 523 °C) are separated. Therefore, the removal of ADC 

at 400 oC should not damage the SG65 SWCNTs. In contrast, the combustion peaks of 

the DOC and SG65 SWCNTs significantly overlap, suggesting the DOC cannot be 

fully removed without also oxidizing the nanotubes.  

 

These findings suggest a two-step 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 h, the majority 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% O2 at a relatively low temperature of 400 °C for 1 h (Figure 3-6d), under 

which conditions the nanotube structure is preserved.  



 

 

54 

 

TGA confirms that ADC can be cleanly removed from the SWCNTs 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 (Figure 3-11a). These 

findings are further supported by TEM. Figure 3-11b shows the ADC-dispersed EC2.0 

SWCNTs (the large diameter of which helps in observing the nanotube morphology). 

After the two-step annealing treatment, ADC is completely removed and the SWCNTs 

feature clean and smooth walls, as shown in Figure 3-11c. The annealing recipe is also 

applicable to other species of SWCNTs (Figure 3-12). In particular, even small 

diameter SWCNTs (0.9 nm) survive and exhibit a clean surface (Figure 3-11d). The 

cleanliness of the annealed SWCNTs is comparable to those dispersed in chloroform 

by tip sonication without the use of any surfactant (Figure 3-13). In contrast, DOC 

leaves behind a large amount of residue clustered 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 

(Figure 3-14), as evidenced by the low D/G ratio. We note that 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 (Figure 3-16), 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 diameters without 

damaging the graphitic structure.  
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Figure 3-11. Cleanness of ADC dispersed SWCNTs after the two-step annealing 

process. (a) TGA plots of SG65 SWCNTs (black), DOC (blue), and ADC (red) at 400 

°C in Ar (yellow region) and then 5% O2 (purple region) at 400 °C. The temperature 

profile is shown below. (b, c) TEM images of EC2.0 SWCNTs (~2ï3 nm) dispersed 

by 1 wt% ADC (b) before and (c) after the two-step annealing process. (d) Annealed 

SG65 SWCNTs (~0.78 nm) dispersed by 1 wt% ADC, demonstrating the clean 

nanotube surfaces and intact SWCNT structures. (e) Annealed EC2.0 SWCNTs 

dispersed by 1 wt% DOC solution as a control, showing unremoved 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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Figure 3-12. TEM images of (a) EC1.5 and (b) SG65 SWCNTs dispersed by 1 wt% 

ADC aqueous solution (top) and after the two-step annealing process (bottom). The 

clusters and dots indicated by the black arrows are surfactants and residues after 

annealing. White 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. 

 

 

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

step annealing process. 
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Figure 3-15. (a) Photograph of the SWCNT electrical device. In the red circle, 

SWCNTs cross the Pt-electrode channels at various length (L, ~3ï18 ‘ά). (b, c) SEM 

images of EC1.5 SWCNTs wrapped by ADC surfactants and crossing (b) 10.3 ‘ά and 

(c) 17.8 ‘ά channels before 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. 

 

Figure 3-16. Hyperspectral images of the E11 PL 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 SWCNTs as efficiently as DOC, which features the same 

anion. However, by replacing the Na+ cation with NH4
+, we find ADC thermally 

decomposes at a significantly lower temperature (by 70 oC) 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 occurs due to incomplete 

oxidation of the surfactant, which explains the chemical origin of similar residue 

leftover from the thermal annealing of surfactant-processed carbon nanotubes. To 

completely avoid O2-induced char, we developed a two-step protocol that involves first 

annealing in Ar at 400 oC to vaporize the majority of the surfactant, and then in 5% O2 

at 400 oC to clean the remaining residue from the SWCNTs. This strategy works even 

for nanotubes of small diameters (~0.78 nm), which are susceptible to thermal 

oxidation at elevated temperatures. This work provides new insights for the choice or 

design of surfactants in applications such as electrical sensors,123,124 printable 

electronics,76,125 and optoelectronics126 where the clean removal of the surfactant after 

solution processing is key to enhanced device performance.  
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Chapter 4: van der Waals SWCNT@BN heterostructures 

synthesized from solution-processed chirality-pure single-

wall carbon nanotubes 

This chapter is adapted from a manuscript to appear in ACS Nano: 

Chiyu Zhang, Jacob Fortner, Peng Wang, Jeffery Fagan, Shuhui Wang, Ming Liu, 

Shigeo Maruyama, YuHuang Wang. 

Y.W., S.M., and C.Z. conceived and designed the experiments. C.Z. performed 

the synthesis and other major experiments. J. Fortner performed photoluminescence 

microscopy measurements. P.W. and J. Fagan sorted SWCNTs. S.M., S.W., and M. L. 

contributed to improving CVD conditions. C. Z. and Y.W. wrote the manuscript with 

inputs from all authors. 

 

4.1. Introduction 

Single-wall carbon nanotube in boron nitride nanotube (SWCNT@BN) 

heterostructures have recently emerged as a materials platform to study the physics of 

manipulated crystals,60 heterojunction diodes,127 and enhanced thermal conductors.128 

The SWCNTs feature ballistic transport properties,129,130 while the BN is chemically 

inert and has a large bandgap (5.96 eV).58,59 This combination delivers enhanced 

transport as well as thermal and chemical stability. However, these heterostructures 

inherit the (n, m) chirality challenge of SWCNTs, as they are synthesized through a 

two-step chemical vapor deposition (CVD) process, in which the 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 mixture,131 which prevents applications and 

studies requiring defined structures and properties.76,132,133  

While SWCNTs are generally synthesized in a mixture of chiralities, solution 

processing has enabled the purification and sorting of SWCNTs with single chirality 

purity.37,63,92 In these approaches SWCNTs are dispersed in solution with the aid of 

surfactants and polymers, aiding individualization, but introducing 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 SWCNT surface 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 forms poly-crystalline 

shells due to the fact that contaminations serve as multiple nucleation sites.134,135 

Recently, several of the authors developed a thermally removable surfactant 

ammonium deoxycholate (ADC)88 that can be removed cleanly to allow the synthesis 

of chirality pure SWCNT@BN heterostructures. In this study, we incorporate this 

advance and demonstrate the successful growth of BN on solution-processed nanotubes 

of purified chirality. 

We use established methods such as aqueous two-phase extraction (ATPE)36 to 

sort polydisperse SWCNTs populations for desired chirality species, including (6,5), 

(7,5) and (8,4) used in this study. The surfactants and polymers from this process were 

then thoroughly exchanged for ADC using ultrafiltration and volumetric exchange with 
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ADC solution; clean sub-monolayer films were generated by filtration. We then 

transfer and suspend ultra-thin and free-standing films of the purified SWCNT 

solutions on a Si3N4 TEM grid (Figure 4-1). BN was grown on the suspended SWCNT 

templates through a CVD process. We found the growth rate was accelerated by ~6 

times when pure H2 was used as the carrier gas in place of the 3 v/v% H2/Ar source and 

the BN crystallization can be improved using a Cu catalyst. The BN coating was 

characterized by transmission electron microscopy (TEM) and electron energy-loss 

spectroscopic (EELS) mapping. Hyperspectral imaging confirms the synthesis of 

photoluminescent (7,5)-SWCNT@BNs.   

 

Figure 4-1. Overview of the SWCNT@BN semiconductor networks. Schematic of (a) 

SWCNT@BN suspended on a holey Si3N4 grid and (b) across a hole (enlarged drawing 

of the red rectangle region in (a)), where the BN shell is shown in blue and SWCNTs 

is yellow. (c) Atomic model of a SWCNT wrapped with a BN shell. 
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4.2. Experimental section 

4.2.1. Fabrication of free-standing, sub-monolayer thin film of SWCNTs from 

solution processing 

(7,5) and (6,5) SWCNTs were purified and sorted out by the ATPE method37,80 

from CoMoCAT SG65 family SWCNTs (Southwest Nanotechnologies / Chasm 

Nanotechnologies). Surfactants of the purified SWNCT solution were exchanged to 

10.0 g/L ADC through ultrafiltration using a centrifugal filter unit (AmiconUltra-15, 

pore 100 kDa). In step 1, an anodic aluminum oxide (AAO) membrane (Whatman, 

diameter 25 mm, pore 0.1 ‘m) was placed on a fritted glass base assembled with a filter 

flask, which was connected to vacuum. ~300 ‘L of 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 ‘ὒ solution of purified (6,5)-SWCNTs with an optical density (OD) of 1.52 

at the E11 wavelength (985 nm) to fabricate the 25 mm diameter (6,5)-SWCNT film, 

which had an optical transmittance of 93.1 % at E11. The (7,5)- and (8,4)-enriched 

SWCNT film, which had 86.3% transmittance at the E11 wavelength (1033 nm) of (7,5), 

was prepared from 200 ‘ὒ solution with an OD of 1.81 at E11 of (7,5). Excess 

isopropanol (Sigma-Aldrich,  99.5%) and nanopure water were added on the AAO 

membrane and vacuum filtered to wash out the surfactant, followed by ~250 ‘L of HCl 

(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 inserted a Si3N4 (Norcada Inc., pore 
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20 ‘ά) grid into water below the floating film by using a tweezer to transfer the 

SWCNT film on the grid.  

For EC 2.0 SWCNTs (Meijo Nano Carbon Co. Ltd, > 90%), which have a larger 

diameter (~ 2 nm), the nanotube soot was used as received 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 fabrication of EC 2.0 SWCNT films. 

 

4.2.2. Synthesis of SWCNT@BN 

The Si3N4 TEM grid with the suspended (6,5)-SWCNT film was placed on a 

quartz chip and tented by a Cu foil (purity 99.8%, thickness 0.025 mm, Alfa Aesar). 

The whole apparatus was placed at the center of a tube furnace (Figure 4-2). 10 mg of 

ammonia borane (97%, Sigma-Aldrich) was loaded upstream as the BN precursor, 

which was heated to 65 oC using a separate furnace. BN vapor was carried by a flow 

of 50 sccm of pure H2 to the zone where the grid was located which had been heated to 

a temperature of 1065 oC for BN growth. The chamber pressure was maintained at 1.23 

Torr.  After 5 min, the process was stopped, and the power of the furnaces was turned 

off. Af ter the furnace cooled down to room temperature (approximately 2.5 h), the 

sample was taken out from the furnace.  

For the control samples, we used the identical growth temperature (1065 oC), 

but the carrier gas (50 sccm of pure H2 or 3 v/v% H2/Ar), Cu foil (used or not), and 

growth time (2 min, 5 min, or 30 min) were varied.  
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Figure 4-2. (a) Schematic of CVD set-up for synthesizing SWCNT@BN. Photo of (b) 

showing that a Si3N4 grid is placed on a quartz chip and tented by a Cu foil and (c) the 

Si3N4 grid with a suspended (6,5)-SWCNT film.  

 

4.2.3. Spectroscopic characterization 

The optical absorption spectra of the SWCNT supernatants were measured 

using an ultravioletïvisibleïnear infrared spectrophotometer (PerkinElmer Lambda 

1050) equipped with a broadband InGaAs detector. Raman spectra were measured 

using a Yvon Jobin LabRam ARAMIS Raman microscope using 632.8 nm and 532 nm 

lasers operated at a power of 2 mW over a focused spot of å0.8 µm in diameter. 
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4.2.4. TEM and EELS observations 

The suspended SWCNT@BN networks were characterized using a JEOL JEM 

2100 LaB6 TEM with a 200 kV accelerating voltage. EELS mapping was performed 

by a JEM 2100 FE-TEM. 

4.2.5. Hyperspectral photoluminescence imaging 

The hyperspectral images and emission spectrum were measured on a custom-

built microscope.120 We used an 50× or 20× objective unless separately specified, along 

with a continuous wave laser at 730 nm (Shanghai Dream Laser Technology Co., Ltd.) 

and 561 nm (JiveTM Cobolt AB, Sweden) as the excitation light sources. The images 

were captured using a 50× or 20× objective at an excitation power density of ~(20 to 

45) W/cm2 as specified in the caption for each figure. 

4.3. Results and discussions 

4.3.1. Fabrication of free-standing, sub-monolayer thin film of SWCNTs from 

solution processing 

We developed a simple method to fabricate free-standing sub-monolayer films 

from solution-processed SWCNTs and deposit the film on a Si3N4 TEM grid to suspend 

the SWCNTs, which serve as templates for BN growth (Figure 4-3). 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 HCl solution, 

released the SWCNT thin film from the AAO by immersing the membrane in water, 

and finally transferred the SWCNT film onto a Si3N4 grid by inserting the grid into 
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water below the floating film and picking it up (Figure 4-3a). Figure 4-3b shows the 

freed thin SWCNT film floating on the water surface. Figure 4-3c shows a TEM image 

of the homogenous SWCNT network suspended across a 20 ‘m diameter pore. 

Compared with traditional filtration methods which involve dissolving the filtration 

membrane to release the SWCNT film,45 our method is cleaner and simpler.  

Importantly, we note that the HCl treatment is critical to achieving the release 

of the sub-monolayer SWCNT film from the AAO membrane. Without 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 sub-monolayer release occurs due to HCl chemistry at the AAO-SWCNT interface. 

Because the AAO membrane is hydrophilic and nanoporous, a hydration layer can form 

on the surface.136 On the other hand, the SWCNT thin film exhibits hydrophobicity as 

the surfactant is removed from the SWCNTs. The hydration layer prevents the AAO 

surface from direct contact with the SWCNT film. When we added HCl, the AAO 

membrane was etched by HCl, as evidenced by its complete dissolution if left in the 

acid for 12 h, allowing water to enter the interlayer during immersion. Therefore, the 

SWCNT film detaches from the AAO surface easily and floats on the water.  
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Figure 4-3. Free-standing, sub-monolayer thin film of SWCNTs from solution 

processing. (a) Schematic of key steps. Step 1: vacuum filtration to form a SWCNT 

film (purple) on an AAO membrane (gray). Step 2: immerse the AAO membrane into 

water to release the SWCNT film, which floats on the water surface. Step 3: insert a 

Si3N4 grid below the floating SWCNT film to pick up the SWCNT film. (b) Photograph 

of a SWCNT thin film floating on the water surface. Note the separated AAO 
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membrane. (c) TEM image of the SWCNT film suspended across the pore of a Si3N4 

grid.  

4.3.2. Growth of BN on SWCNT templates 

To grow BN on purified SWCNT films, we obtained a solution of 

semiconducting SWCNTs with single chirality (6,5) (diameter = 0.78 nm) by ATPE  

(Figure 4-4a). During ATPE, individual SWCNTs selectively partition between the two 

polymer-aqueous phases of different hydrophobicity in a manner that is tunable with 

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. Figure 4-4b shows 

the absorption spectrum of the sorted (6,5)-SWCNTs. In order to avoid surfactant 

residues hindering the BN coating, we exchanged the surfactants of the ATPE-sorted 

(6,5)-SWCNT solution to a thermally removable surfactant, ADC88 by ultrafiltration. 

A free-standing sub-monolayer film (transmittance 93.1 % at the E11 wavelength) was 

fabricated from the chirality pure (6,5)-SWCNTs and transferred on a Si3N4 grid. We 

placed the grid (Figure 4-2c) on a quartz chip and tented with a Cu foil (Figure 4-2b), 

which was placed in a tube furnace for CVD deposition (Figure 4-2a). We used 

ammonia borane as a precursor to provide boron and nitrogen, with the source located 

upstream of the grid outside of the primary furnace hot zone. When the temperature of 

the grid increased to 1065 oC, the ammonia borane was heated to 65 oC. Sublimated 

ammonia borane was carried by H2 to deposit on the SWCNT templates to form the 

SWCNT@BN heterostructure. We confirmed the coating was BN by EELS mapping 

(Figure 4-4c). In Figure 4-4(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 from 56 nanotubes, we found that individual 

SWCNTs are coated by 1-3 layers of BN while small bundles consisting of two 

SWCNTs are coated by 2-6 layers of BN (Figure 4-5). It is noted that the BN shell 

protects SWCNTs from external attacks such as electron beams. Naked (6,5) SWCNT 

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

covered by a BN shell were protected (Figure 4-6). 

 

Figure 4-4. Growth of BN on SWCNT templates (a) Photograph and (b) absorption 

spectrum of purified (6,5)-SWCNTs in 10 g/L ADC aqueous solution (E11 at 985 nm 

optical density = 1.52). (c) EELS mappings of carbon, boron, and nitrogen of (6,5)-

SWCNT@BN networks. TEM images of (d) SWCNT@BN networks and (e) an 

individual SWCNT (diameter=0.71 nm) enclosed by a single BN shell. The (6,5)-

SWCNT film has optical transmittance of 93.1% at 985 nm (E11). 
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Figure 4-5. Number of BN layers coating SWCNTs. The histogram is constructed from 

a total of 56 isolated (6,5)-SWCNT@BN heterostructures, which contain either an 

individual SWCNT (red bars) or a two-nanotube bundle (blue bars). For 

heterostructures with varying BN layers along the length of a nanotube, the number of 

BN layers is measured from the thickest region. 
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Figure 4-6. TEM image of an individual (6,5)-SWCNT@BN with portion of the 

nanotube protected by BN. The naked part of the (6,5)-SWCNT is damaged by the 

TEM electron beam while the BN-protected part is intact.  

 

We observed accelerated growth of BN by using pure H2 as carrier gas in place 

of 3 v/v% H2/Ar used by some of us in previous experiments60,127,137 and improved BN 

crystallization with Cu catalyst, overcoming the slow growth rate of BN.134 In pure H2, 

thick and amorphous BN wrapped (6,5)-SWCNTs in 2 min at 1065 oC (Figure 4-7a), 

while 1-3 layers of BN grow on (6,5)-SWCNTs in 3 v/v% H2/Ar for 30 min (Figure 4-

7c). We also found that the BN crystallization grown in pure H2 can be improved by 

using Cu foil. As shown in Figure 4-7b, we observed 1-3 crystalline layers of BN 

instead of amorphous ones when Cu was used. With Cu, the SWCNT@BN exhibits 

more uniform morphology (Figure 4-8) and EELS spectra of boron atoms present that 
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an increased intensity ratio of “ᶻ peak to the „ᶻ peak. Cu has been widely 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 proportions.138,139 At 1065 oC, 

which is close to the melting point of Cu (1083 oC), we hypothesize that Cu deposited 

on the grid or in the gas phase catalyzes decomposition of the ammonia borane and 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 v/v% H2/Ar, with Cu in 5 min, BN did not form a shell to wrap the 

SWCNTs completely (Figure 4-7d) 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 with Cu catalyst in pure H2 at 1070 oC for 2 min, 

an individual EC 2.0 SWCNT (diameter = ~2 nm) was wrapped by 1-2 BN layers, 

while ~4 BN layers grew on a bundle of EC2.0 SWCNTs composed by 3-4 SWCNTs 

(Figure 4-10).  
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Figure 4-7. TEM images of (6,5)-SWCNTs (a) wrapped by thick and amorphous BN 

after 2 min growth without Cu and (b) wrapped by (1-3) layers of crystalline BN after 

5 min growth with Cu at 1065 oC in pure H2. (c) (6,5)-SWCNTs wrapped by (1-3) 

layers of BN after 30 min growth without Cu and (d) no BN layer forms after 5-min 

growth with Cu at 1065 oC in 3 v/v% H2. Yellow arrows show the (6,5)-SWCNTs and 

white arrows indicate the amorphous, crystalized, or undeveloped BN. 
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Figure 4-8. TEM images of the SWCNT@BN networks (a) grown with Cu in pure H2 

for 2 min and (b) without Cu in 3 v/v% H2/Ar for 30 min. (c) EELS spectra of boron 

atoms in the SWCNT@BN grown with Cu (red) and without Cu (black). The sample 

with Cu (red) shows a higher intensity ratio of “ᶻ peak to the „ᶻpeak, indicating 

improved BN crystallization. 

 

 

Figure 4-9. EELS mapping of carbon, boron, and nitrogen for a selected region of the 

(6,5)-SWCNT@BN sample synthesized in 3v/v% H2 with Cu for 5 min. The weak 

signals of B and N indicates that BN did not develop in this condition. 
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Figure 4-10. TEM images of (a) an individual EC2.0-SWCNT wrapped by 1-2 layers 

of BN and (b) a bundle of 3 to 4 EC2.0-SWCNTs wrapped by ~4 layers after 2 min 

growth with Cu at 1070 oC. 

 

4.3.3. Optical properties of (7,5)-SWCNT@BN 

We also fabricated SWCNT@BN heterostructures using (7,5)- and (8,4)-

enriched SWCNTs (diameter = 0.83 nm). Figure 4-11 shows absorption spectrum of 

the (7,5)- and (8,4)-enriched SWCNTs. Before annealing, the ADC surfactant was 

observed on the SWCNTs (Figure 4-12a). After annealing in 3 v/v% H2/Ar for 30 mins 

at 1065 oC, which is the same as the condition for BN growth, the surfactant was 

removed (Figure 4-12b). 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 BN layers were characterized by 

hyperspectral PL imaging and resonant Raman scattering. Figure 4-14a shows 

broadband PL image of the bare (7,5)- and (8,4)- enriched SWCNT film suspended on 

the 20 ‘m pores of the Si3N4 grid. After the BN growth, the SWCNT film PL intensity 

decreased by an order of magnitude (Figure 4-14b). The PL spectrum (Figure 4-14c) 
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demonstrates that (7,5) and (8,4)-SWCNT@BN heterostructures possess a similar E11 

peak to the bare SWCNTs, but with an ~10 nm red shift. However, photoluminescence 

of the (6,5)-SWCNTs disappeared after the BN coating (Figure 4-15). Because smaller 

diameter SWCNTs are more chemically vulnerable and prone to damage, we 

hypothesize that the PL of the (6,5)-SWCNTs accumulated structural damage from the 

high temperature environment during BN growth. This idea was corroborated by 

annealing a (6,5)-SWCNT film to the same temperature for BN growth (1065 oC) 

without the presence of the ammonia borane precursor. The PL signal, as shown in 

Figure 4-16, was completely suppressed after the treatment, while scanning electron 

microscopy confirmed the continued existence of (6,5)-SWCNTs. In Figure 4-14d, 

resonant Raman scattering resolves the typical radial breathing mode (RBM) of (7,5)-

SWCNTs at 285 cm-1 after BN coating, while its intensity decreases significantly. This 

spectral change may arise from the radial confinement and strain posed by the grown 

BN shells.140 The tangential vibrational modes (G peak) of SWNCTs downshift by ~7 

cm-1 (from 1593 cm-1 to 1586 cm-1) after BN coating. The downshift can be attributed 

to uniaxial distortion of SWCNTs caused by the difference in thermal expansion of the 

SWCNT and BN.60 Furthermore, the D peak of SWCNTs becomes wider and stronger, 

signaling contributions from the B-N stretching at 1350 cm-1 that overlaps with the D 

peak at 1299 cm-1.141ï143 After the BN growth, a peak also emerges at 800 cm-1 (Figure 

4-17), which corresponds to the B-N bending mode.128,144 
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Figure 4-11. Absorption spectrum of (7,5) and (8,4)-enriched SWCNT solution. Due 

to the similar diameter, it is difficult to completely separated (8,4)-SWCNTs (E11 = 

1121 nm,  E22 = 593 nm) from (7,5)-SWCNTs (E11 = 1033 nm,  E22 = 649 nm). 
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Figure 4-12. TEM images of (7,5)-SWCNTs (a) containing residual ADC surfactant 

(as highlighted by white arrows) before heat treatment and (b) exhibiting clean straight 

SWCNT walls (as highlighted by yellow arrows) after annealing in 3 v/v% H2/Ar at 

1065 oC for 30 mins. 

 

 

 

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

EELS mapping of carbon, boron, and nitrogen. 
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Figure 4-14. Optical characterization of (7,5)-SWCNT@BN. Hyperspectral 

photoluminescence images of (7,5)-SWCNT film (a) before and (b) after BN growth. 

(c) Photoluminescence spectra  and (d) Raman spectra of (7,5)-SWCNTs before (black) 

and after (red) BN growth. The out-of-surface bending of B-N-B at 837 cm-1 is marked 

by a red arrow. The peak at 1313 cm-1 overlapped by the D peak of SWCNTs (blue, at 

1311 cm-1) and B-N stretching peak (green, at 1353 cm-1) is marked by a yellow arrow. 

The Raman excitation line is 532 nm (Note that Raman signals of SWCNTs are much 

stronger due to the more closely matched resonant excitation). The (7,5)-SWCNT film 

(transmittance=86.3% at the E11 absorption peak) was prepared from a ςππ ‘ὒȟὕὈρȢψρ 

solution. The photoluminescence images were collected using a 50× objective, along 

with a continuous wave laser at 730 nm at a power density of ~75 W/cm2 as the 

excitation light source.  
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Figure 4-15. Hyperspectral PL images of the (6,5) SWCNT film (a) before and (b) after 

BN growth showing nearly complete loss of the PL for the small diameter nanotube. 

The images were collected using a 561 nm laser at a power density of å 45 W/cm2 and 

a 50x objective. 

 

 

Figure 4-16. Hyperspectral images of (6,5) SWCNT film (a) before and (b) after 

annealing. The images were captured using a 20x objective and a 561 nm laser at a 

power density of å 20 W/cm2. (c) SEM image of SWCNTs suspended over the pore in 

the red square in (a) and (b) after annealing.  
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Figure 4-17. Raman spectra of (a) (7,5)-SWCNTs before (black) and after (red) BN 

growth. (b) A peak corresponding to B-N bending at 800 cm-1 emerges after BN growth, 

which is marked by a purple arrow in (a). (c) The peak at 1313 cm-1, which is 

overlapped by the D peak of SWCNTs (blue curve, at 1310 cm-1) and B-N stretching 

peak (green, at 1354 cm-1), is marked by a red arrow in (a). The Raman excitation line 

is 632.8 nm. 

 

4.4. Conclusions 

In conclusion, we have synthesized the SWCNT@BN van der Waals 

heterostructures from solution-processed chirality-pure SWCNTs, including (6,5), 

(7,5) and (7,5). We discovered an acid-aid SWCNT transfer method that enables the 

fabrication of free-standing, sub-monolayers of purified SWCNTs from the solutions 

as templates. The use of ADC, a thermally removable surfactant, made clean SWCNT 

surface accessible for the BN growth. The SWCNT@BN heterostructure exhibits PL 

of the inner SWCNTs but shows a spectral shift. Notably, the use of pure H2 

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 physics of 1D van der Waals heterostructures. 
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Chapter 5:  Alignment of Chlorosulfonic Acid-Dispersed 

SWCNTs 

 

5.1. Introduction 

SWCNTs are promising candidates for next-generation field effect transistors 

(FETs), as SWCNTs exhibit ballistic electron transport resulting that the SWCNTs can 

be 10 times more energy-efficient than conventional complementary metal oxide-

semiconductor FETs.47,48 SWCNTs possess remarkable electronic properties including 

high charge-carrier mobility, electrostatic gate control, and switching speed, while 

aligned SWCNT arrays are required for these FETs to maximize their performance. For 

example, transistors using arrays consisting of horizontally aligned SWCNTs can 

achieve mobility of 80 cm2 Vī1 sī1, and on/off ratio as high as 105.9,47,145,146 

Approaches for fabricating SWCNT arrays by direct growing aligned SWCNTs 

through chemical vapor deposition (CVD)147,148 and aligning SWCNTs from 

solutions44,48,49,51,149ï152 have been developed. However, metallic SWCNTs (m-

SWCNTs) and semiconducting SWCNTs (s-SWCNTs) are typically mixed in the CVD 

production. In order to achieve a high FET on/off ratio, m-SWCNTs must be removed 

postgrowth. Alignment of SWCNTs from solutions is preferable as the electronic type 

of SWCNTs can be purified prior to deposition during solution processing. However, 

solution methods including vacuum filtration,51 DNA-directed assembly,149 

evaporative self-assembly,49,150,151 dimension-limited self-alignment,48  and Langmuir-

Blodgett method44,152 are all required surfactants or polymers, which scatter electrons 
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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 chlorosulfonic acid (CSA) solutions directly. SWCNTs can dissolve in 

CSA spontaneously since SWCNTs are protonated by CSA and the induced coulombic 

repulsion overcomes the van der Waals attraction between tubes.28,29 Aligning 

SWCNTs from CSA can provide platform to study the intrinsic properties of SWCNTs 

without influences from surfactants or polymers. Furthermore, SWCNT dispersion by 

CSA eliminates ultrasonication, resulting in non-destructive long SWCNTs with 

exceptional electrical properties.153 

 

5.2. Experimental section 

5.2.1. SWCNT dispersion by CSA 

EC1.5 SWCNT (Meijo Nano Carbon Co., Ltd) powders were dissolved into 

chlorosulfonic acid (Sigma-Aldrich, 99.9%) to prepare 1 mg/mL solution by stirring 

with a PTFE stir bar for 2 days in a round-bottom flask. To observe the interaction 

between CSA and CHCl3, CHCl3 (Sigma-Aldrich,  99.9%)was added into the EC1.5 

SWCNT/CSA solution with various volume ratio (VCSA:VCHCl3 was from 2:1 to 1:4). 

The mixture standed for two days and it is observed whether SWCNTs precipitated out. 

5.2.2. Align SWCNTs from CSA solutions 

In Figure 5-2, two Si/SiO2 wafers were inserted into nanopure water vertically 

to form a channel (ὡ ὒ ρȢυ ὧά ρȢυ ὧά). The temperature of water was 
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controlled as 8 oC by an ice bath. The 1mg/mL of SWCNT/CSA solution was diluted 

by the mixture of CSA and CHCl3 to achieve a concentration as 2.5 ‘g/mL with 

VCSA:VCHCl3 = 1:1 and stirred for 1 day. 150 ‘L of the diluted SWCNT/(CSA+ CHCl3) 

solution was injected into the channel and the flow was parallel to the water surface. 

Then the Si/SiO2 substrate with SWCNT deposition was pulled out. 

 In Figure 5-4, a glass slide was inserted into CCl4 (Sigma-Aldrich, 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 (~25 ‘L) of the 0.5 mg/mL of SWCNT/CSA solution 

was added on the glass slide below the CCl4 surface. The glass slide was pulled out and 

baked on a hot plate at 200 oC for 40 min to remove the CSA. 

5.2.3. SEM characterization 

The SEM images of deposited SWCNTs were characterized by Hitach SU-70 

FEG SEM with 10 kV and 3 kV accelerating voltage. 

 

5.3. Results and discussions 

We found that CHCl3 is miscible with chlorosulfonic acid (CSA), and when 

CHCl3 is added into SWCNT/CSA solution with a volume ratio of CSA: CHCl3 higher 

than 2:3, the SWCNTs are still dispersed in the solution stably without precipitation; 

while when lower than 2:3, bundles of SWCNTs will be formed in the solution (Figure 

5-1a). This phenomenon can be explained by that the H atom is shared by the 3 O atoms 

of CSA resonant structures, which can form hydrogen bonds with the H from CHCl3 

(Figure 5-1b). It indicates that chloroform can interact with CSA and may serve as a 
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ñwedgeò to avoid SWCNT aggregating during the process of quenching CSA. 

Therefore, we proposed that when SWCNT/(CSA+ CHCl3) solution flows over the 

surface of water, the CSA is quenched by water and CHCl3 drives SWCNTs to spread 

on the water surface, resulting in that SWCNTs are aligned with the flow and CHCl3 

evaporation. 

 

Figure 5-1. Interaction between CSA and CHCl3. (a) Photo of SWCNT/CSA solutions 

mixed with CHCl3 with various volume ratio. As the VCSA:VCHCl3 is smaller than 2:3, 

the SWCNTs bundle together. (b) Schematic of interaction between CSA and CHCl3. 

 

As shown in Figure 5-2, two parallel Si/SiO2 wafers was inserted into water 

vertically, forming a channel (ὡ ὒ ρȢυ ὧά ρȢυ ὧά). One wafer serves as 

substrate for the deposition of SWCNTs and the other one serves as a barrier. 150 ‘L 

of 2.5 ‘g/mL SWCNT/(CSA+CHCl3) (V(CSA):V(CHCl3)=1:1) flows in the channel 

over the water surface and the substrate was pulled out at the same time. SEM shows 

that SWCNTs tend to be aligned locally (Figure 5-3), while not in the same direction 

on the whole wafer. Since the reaction between CSA and water is vigorous which 

releases heat and generate gaseous HCl, 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+CHCl3) 

solution by tangential flow.  

 

 

Figure 5-3. SEM image of locally aligned SWCNTs on Si/SiO2 substrate. 
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To avoid the disturbance by the reaction of CSA and water, we considered using 

CCl4. Meanwhile, we found that CSA is affiliative to glass. For example, ~25 ‘L of 

SWCNT/CSA solution can spread to an area with diameter of ~ 3.2 cm on glass.  

Therefore, we confined the SWCNT/CSA solution into two-dimension at the interface 

of glass and CCl4, which isolates moisture from air. As shown in Figure 5-4, a glass 

slide was inserted into CCl4 vertically. SWCNT/CSA solution was dropped on the glass 

slide below the surface of CCl4 and then the glass slide was lifted. In Figure 5-5, SEM 

exhibits the alignment of SWCNTs, which is parallel to the direction of the lifting up. 

However, the SWCNT deposition was 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 centrifuging  at 13751 g for 1h 

the SWCNT/CSA solution, the black SWCNT aggregates still suspended in the 

solution instead of sinking down to the bottom. Due 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/CSA solution at the interface of CCl4/glass 

is necessary, instead of dropping. 
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Figure 5-4. Experimental apparatus for aligning SWCNTs from CSA solution by 

confining SWCNT/CSA at the interface of CCl4 and glass. 

 

 

Figure 5-5. SEM images of aligned SWCNTs on a glass slide with magnification of 

(a) 700  and (b) 6000 . The alignment direction is parallel to the direction of pulling 

the glass substrate. The majority of SWCNT is aligned while the deposition is not 

uniform, which includes aggregates. 

 

5.4 Conclusions 

We have obtained promising results of aligned SWCNT deposition from 

superacid directly on Si/SiO2 wafers and glass slides, which were confirmed by SEM. 

However, the alignment of SWCNTs was not uniform and globally, due to the 

unremoved aggregates of SWCNTs in the CSA solutions, non-uniform delivery of the 

SWCNT/CSA solutions on the substrate, and the vigorous reaction between water 

(even moisture from air) and CSA.  

  










