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Executive Summary of the Dissertation Subject and Scope 

Carbon nanotube (CNT) conductors are an enabling technology for advancing the efficacy of 

sustainable energy systems. In parallel, proactive consideration for each of the phases in the 

material life cycle can enhance device performance while minimizing unwanted impacts. 

Increasing the yield of CNTs through advances in synthesis will help reduce the electricity, 

chemicals, and costs associated with their production. Modifications to the nanoscale 

morphology (alignment, bundling, density and lower contact resistances) are needed to improve 

the CNT material properties to meet or exceed those of conventional metallic conductors. Also, a 

robust evaluation of methods for contacting carbon-based wires is needed when interfacing with 

metallic contacts. Finally, it’s important to begin looking at upstream options for proper 

treatment of waste streams containing CNT conductors when they reach the end of their useable 

life.   

Therefore, the subject of this dissertation focuses on the development of functional CNT 

conductors and considers approaches to improve each phase of their life cycle. Specifically, 

progress towards using more efficient catalysts in the laser vaporization process has led to a 50% 

increase in SWCNT yield and simplified the purification procedure. The use of chemical dopants 

such as KAuCl4 has increased the electrical conductivity up to 1x10
6
 S/m which is over an order 

of magnitude higher than the pre-doping baseline value. Alternatively, chlorosulfonic acid was 

used to disperse high weight loadings of SWCNTs and modify the nanoscale morphology 

through the use of selective coagulation and mechanical extrusions of binder free SWCNT wires. 

The highly dense and aligned wires have electrical conductivities as high as 4.9x10
6
 S/m and are 

in agreement with the highest CNT conductivities reported. The ability to contact bulk CNT 

conductors through ultrasonic welding was demonstrated for the first time and exhibit low 
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carbon-copper contact resistances of 4.3 mΩ-cm
2
. Finally, a refunctionalization procedure was 

developed for upcycling end-of-life CNT electrodes from lithium ion anodes. This is the first 

reported recycling procedure developed for CNT materials and was successful in reducing the 

direct electricity consumption by 75 % and the volumetric waste generation by 66 % compared 

to synthesizing new CNT materials.  

Overall, CNT based conductors have been enhanced at each point in their life cycle (see Figure 

1) and the results presented in this dissertation represent a significant step forward towards 

manufacturing of next generation carbon conductors.  

 

Figure 1. Schematic flow diagram of the relationship between developmental stages for carbon nanotube conductors. 

Original figure created by author. 
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Chapter 1: Introduction and Existing Scholarship 

Electrical conductors are an essential component of the modern built infrastructure. They enable 

the generation, transmission and storage of electrical energy. They are greening personal 

mobility through electrification of vehicles. They function as the backbone of the internet 

enabling global telecommunications. New technologies and more efficient electrical conductors 

will help improve efficiency of these systems and help reduce our dependence on fossil fuels.   

1.1 Copper Availability and Nanotechnology for Sustainable Energy 

2012 marked the United Nation’s (UN) “International Year of Sustainable Energy for All”. Its 

charge is to push the development of, access to, and increase the percent share or renewable 

energy in the world energy mix by 2030. A critical component to meeting the UN’s Millennium 

Goals, is the installation of new clean energy infrastructure (including power generation, storage, 

and transmission technologies). New energy grids are required to supply sustainable energy from 

large energy farms in remote locations to villages and cities. Even in smaller distributed 

sustainable energy systems, where the power is generated and consumed in the same location, it 

will likely require a small distribution networks to regulate, store, and smooth power.   

Initiatives like the UN’s “International Year of Sustainable Energy for All” will help accelerate 

the percentage of renewables in the world energy mix portfolio. Developing technologies such as 

photovoltaics, wind turbine, geothermal, hydroelectric, and fuel cells will all require electrical 

conductors for current collectors, turbine motor windings, electrodes, and power distribution 

cables. Secondary systems which use the generated electricity such as electric vehicles, mobile 

devices, and portable medical instrumentation will require advancements in energy storage 

technologies. The development of new conductors that are lighter, more flexible, corrosion 
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resistant, and more conductive could enable these sustainable energy systems, increase their 

efficacy, and eventually reduce their cost.  

As developing countries continue to build their infrastructure and electrify rural communities, 

these new installments will add stress to the availability of copper resources. The world is 

already beginning to experience some of the effects of this copper shortage based on in use 

stocks alone.
1
 Research and development of next generation sustainable materials for conductive 

wiring is vital. Nanotechnology – specifically, carbon nanotubes (CNTs) have the opportunity to 

impact many of the millennium goals for a sustainable energy future. CNTs are already showing 

promise for enabling the sustainable energy systems of the future, and alleviating the pressure on 

copper consumption.
2-6

  

Gordon and Graedel have published extensively on material flows and cycling of many 

anthropogenic resources. In their analysis of copper, they claim that the discovery rate of new 

reserves is significantly outpaced by the rate of copper extraction.
7
 What is worst is that as more 

nations increase their level of industrialization (including population increase up to 10x10
9 

people worldwide) they estimate that by the year 2050 the world will need 1,700 Tg of copper 

just to satisfy in use stocks alone. The projected 1,700 Tg of in use copper stocks is more than 

the total known reserves of 1,600 Tg and it is unlikely that all known reserves will be completely 

extracted. Additionally, in their calculation they used an estimated consumption of 170 kg 

copper per capita, which is the North American average. If the projected copper consumption is 

recalculated using the current per capita consumption of copper by the united states, 2,380 Tg of 

copper would be required, which is more than twice that of know copper reserves. A full 

breakdown of the United States in use copper stocks in provided in (see Table 1).
7
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Table 1.Breakdown of Active Copper Consumption in the United States (1999) from Ref7. 

Sector of Subsector In Use Stock 

 (kg  per Capita) 

Infrastructure           95 

Building Construction           76 

          Plumbing                     32 

          Wiring                     28 

Air Conditioning and Refrigeration           16 

Industrial and Domestic Equipment           39 

          Industrial                     26 

          Domestic                     13 

Transportation           28 

          Motor Vehicles                     16 

          Railway, Ships, Aircraft                     12 

Total 238 

 

Because the projections by Gordon and Graedel are based on in use copper stocks, recycling isn’t 

a viable option for alleviating the problem. They list three options for moving forward: 

(1) Discover more major copper reserves 

(2) Current technologies which rely on copper need to utilize the resource more efficiently 

through better product design -- achieve the same function with reduced consumption 

(3) Develop suitable substitutions to replace copper with more abundant materials. 

 

Of the three options, they note that it is unlikely that a significant increase in newly discovered 

reserves will be enough to fix the problem. They also note that the 3
rd

 option is often technically 

feasible but not economically preferred due to the historically low copper prices. As copper 

prices continue to increase the economic incentive for using some of the alternative technologies 

will become more attractive to producers.
7
 They conclude their paper with a question: “Do we 

really envision a developed world quality of life for all people on the planet? and If so, are we 

willing to encourage the transformational technologies that will be required to make that vision a 

reality?”
7
 The development of carbon based conductors dares to be that transformational 

technology and could play a vital role in reducing future demand on copper.  
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1.2 Carbon Nanotube Overview 

Independent of the future availability of copper resources, a need exists to develop better 

conductors with higher electrical conductivity and improved performance. Any conductor with 

increased electrical conductivity will potentially improve energy generation, transmission, and 

storage technologies through reduced ohmic losses. Historically, few alternatives to metallic 

conductors have existed. High temperature super conductors are emerging as one alternative 

technology to compete with. Another material which shows promise is carbon nanotubes 

(CNTs). 

Single wall carbon nanotubes (SWCNTs) have been extensively researched since their discovery 

in 1991 by Sumio Iijiama.
8
 Their unique nanoscale properties make them an ideal candidate for 

electrical conductors, including energy generation, transmission, and storage technologies. In 

addition to their strength and flexibility, SWCNTs are excellent electrical conductors. For 

individual SWCNTs, an order of magnitude increase in conductivity exists for SWCNTs 

compared to copper when considering an internal resistance of 4.2 kΩ/μm for a 1 nm SWCNT 

diameter.
9

 This would correspond to a SWCNT resistivity (ρ) of 1.3 x 10
-6 

Ω-cm or a 

conductivity of 7.7 x 10
5

 S/cm. The bulk ρ for copper at room temperature is 1.7 x 10
-6

 Ω-cm or a 

conductivity of 5.9 x 10
5

 S/cm. This yields a specific conductivity for Cu (density is 8.92 g/cm
3
) 

of 6.6 x 10
4

 (S cm
2
/g). Using a density of 0.8 g/cm

3
 for SWNTs,

10
 yields a specific conductivity 

for the SWCNTs of 9.6 x 10
5

 (S cm
2
/g). Thus, there exists a nearly 15X improvement of the 

specific conductivity when comparing SWCNT wires to copper. 

Due to quantum confinement in SWCNTs, changes in diameter and chirality have an impact on 

the mechanical and electrical properties. It must be noted that SWCNT materials produced 

through different methods (i.e. laser vaporization, chemical vapor deposition, arc discharge, 
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flame) will exhibit different bulk properties. Specific arrangements of the carbon atoms result in 

SWCNTs that behave like semiconductors and SWCNTs that behave like metallic conductors.  

Some synthesis methods (primarily, chemical vapor deposition) will produce CNTs with more 

than one concentric wall. These multi walled carbon nanotubes (MWCNTs) are generally much 

larger in diameter and more rigid than SWCNTS and have different bulk properties.  

Additionally, the electrical conductivity of the CNT-based ribbons and wires is extremely 

sensitive to their local environment and can change with different processing procedures. Several 

factors that alter the electrical conductivity through nanoscale modifications (illustrated in Figure 

2) include CNT length, defect density, densification, alignment, purity, and chemical doping. 

Understanding how to exploit these factors to engineer the bulk properties of CNT wires will be 

critical to achieving the performance of metallic conductors.   
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Figure 2. Factors that impact the electrical conductivity (S/m) of individual and bulk single-wall carbon nanotubes 

(SWCNTs). Original figure created by author. 

Several advancements in SWNCT research and development have given rise to the ability to 

fabricate freestanding, high-purity SWCNT ribbons and wires free of all binders. In recent years, 

it has been possible to synthesize SWCNTs through laser vaporization with controlled diameter 

distributions and chiralities by adjusting the synthesis parameters such as reactor temperature, 

catalysts, and carrier gases.
11

 The ability to assess SWCNT purity, via optical absorption 

spectroscopy from constructed sample sets in conjunction with thermal oxidation profiling,12
 is 

another major advancement which has resulted in the ability to monitor SWCNT purity (defined 

as the mass fraction of SWCNTs divided by the total mass of carbonaceous material) at each step 
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in the purification process.  This has lead to increasing both the quality and overall yield of 

SWCNT material. Additionally, the ability to suspend the high purity SWCNT material in the 

appropriate solvents via ultrasonication, can be used to fabricate free standing CNT papers 

absent of all binders. These free standing papers can be used as catalyst supports in fuel cells or 

batteries.  

1.3 Applications of Functional Carbon Nanotube Conductors 

CNTs are currently being investigated for a host of different energy-related technologies, 

consumer products, structural reinforcements, and medical applications. Any material-based 

technology or industry which uses metals or other forms of carbon, such as graphite, amorphous 

carbon, or fullerenes could realize potential benefits to the unique quantum confined properties 

of CNTs. These versatile materials can be modified and developed for a number of different 

technologies including hydrogen fuel cells electrodes, lithium ion battery current collectors, 

supercapacitors, and conductive wires.
13-15

 SWCNTs are also being investigated as transparent 

conductive electrodes for touch screen displays and consumer electronics. They are being 

investigated as thin-film current collectors for both organic and crystalline photovoltaic systems. 

Specifically, in this dissertation, SWCNTs are being investigated for next-generation of 

conductive materials to replace conventional metallic wiring for data and power transmission. 

They show great promise as both DC conductors for power and data transmission and AC 

conductors as the outer conductors of coaxial wires with improved attenuation while decreasing 

the mass of the system.
16, 17

 

High conductivity lightweight wires systems have the potential to revolutionize mass saving 

benefits in the aerospace industry, improve fuel efficiency, and reduce costs for airlines and 

transportation systems. Additionally, carbon-based conductors have the ability to be more 
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resistant to corrosive and hostile environments. CNT wire conductors have been shown to be 

stable even in one molar hydrochloric acid bath exposure in excess of 90 days without any 

measurable degradation in wire performance.
3
 Analogous copper wires rapidly decrease in 

performance under the same acidic conditions and completely dissolve after just a few days of 

exposure. This resistance to corrosion allows for new application of conductive sensors and 

wires in hostile and marine environments where metallic conductors require special insulation 

and coatings to maintain their properties. 

1.4 Development of Functional Carbon Nanotube Conductors 

The development of functional carbon based conductors will not only depend on the physical and 

electrical properties but also on understanding how the nanomaterial changes at each point in its 

life cycle. Figure 3 illustrates the sequential development of CNT conductors in the context of 

this dissertation: starting from (1) the synthesis of CNTs to (2) the purification and modification 

of the materials, (3) methods of manufacturing bulk conductors, (4) the CNT conductors use 

phase where they will eventually (5) reach their end-of-life. This dissertation will focus on each 

of these key areas of CNT conductor development for sustainable energy systems. SWCNTs will 

be synthesized in house, where their nanoscale properties will be modified through chemical 

dopants, mechanical densification, and high weight loading dispersions in superacids. New 

methods of contacting bulk CNTs to metallic interconnects are developed. Finally recycling 

options for end-of-life were developed for the first time.  
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Figure 3. Life cycle flow diagram of carbon nanotube based electrical conductors including end-of-life options. Original 

figure created by author. 
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Chapter 2: Life Cycle of CNT Conductors: Laser Vaporization Synthesis of Single-Wall Carbon 

Nanotubes  

 

Figure 4. Chapter 2 of the dissertation will focus on the synthesis of carbon nanotube materials through modifications to 

the laser vaporization reactor and the use of nanometal nickel and cobalt catalysts in the graphite targets. Original figure 

created by author. 

Chapter 2 of the dissertation will examine the synthesis stage of the CNT conductor life cycle. 

This chapter will focus on modifications to the laser vaporization synthesis procedure used to 

manufacture SWCNTs. Specifically, a second generation laser vaporization synthesis reactor was 
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designed with enhanced safety controls developed using a “risk assessment” and “nanoethics” 

methodology. The dual laser reactor system includes a number of engineering controls to isolate 

the researcher from the as-synthesized SWCNT material including a glove box enclosure. 

Utilizing the new laser reactor system, the use of nanometer sized catalyst particles will be 

investigated to enhance the yield and rate of SWCNT growth. Increasing the production of 

SWCNTs through the use of more efficient catalyst can potentially lower the direct electricity 

consumption, per mass, of SWCNTs. Additionally; changes in the ability to purify SWCNTs 

manufactured using nanometer sized catalyst will be measured.  

2.1 Development of a Next Generation Laser Vaporization Synthesis Reactor – Towards 

Nanoethics, Worker Safety, and Safe Handling Engineering Controls  

There has been recent effort to better understand the exact human health and environmental 

impacts incurred from exposure to SWCNTs.
18-23

 Since the exact health risks are still an area of 

study, there is little regulation governing safe handling practices.  Therefore, researchers and 

manufacturing workers who may come into contact with SWCNT materials on a regular basis 

need to proactively consider the risks. It is well established that soots, dusts, and aerosols can 

have potential worker exposure concerns as these materials come into contact with skin, the 

respiratory tract, and digestive systems. Even in trace amounts per exposure event, the 

cumulative effect over time could lead to some potential health risks.
21, 22

 Thus it is essential to 

develop engineering solutions to minimize exposure and release of SWCNTs during the 

synthesis and manufacturing phase of the CNT conductor life cycle as this can significantly 

impact aspects of social sustainability.  

 

During the course of this dissertation research, a next generation laser vaporization synthesis 

reactor was developed to potentially eliminate worker exposure. A dual laser vaporization 
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synthesis reactor was designed to isolate the worker from nanomaterials produced during the 

synthesis process. The synthesis laboratory has three interlock systems integrated into the design 

including door interlocks, laser curtain interlocks, and pressure sensitive floor mats. The dual 

laser reactors are enclosed in a sealed glove box with antistatic paneling, coaxial quartz synthesis 

tubes, HEPA air filters, and iris port sample exchange chambers (all highlighted in Figure 5). 

SWCNTs can be synthesized, harvested, and processed without opening the enclosure to the 

laboratory. Flowing proper procedures, this system of engineering controls prevents accidental 

contact between the operators and the SWCNTs being manufactured. Although these engineering 

controls isolate the worker from exposure during normal operation, special care must be taken 

during cleaning and maintenance of the reactor systems. During these special cases, additional 

personal protective equipment (PPE) is available and should be worn. The additional PPE 

includes full length disposable clothing protecting and respirators. 

 

Environmental health and safety regulations don’t require this level of engineering and 

containment controls (currently only gloves, safety glasses, and a lab coat are required), nor is 

there even consensus in the scientific community if SWCNTs pose a significant human health 

risk. Being proactive in this instance will not only isolate students and researchers from exposure 

routes, but if future regulations were to mandate exposure controls the reactor systems should 

meet and requirements. The ethical decision to invest in the engineering controls cost a 

significant amount of time and money, but the social impact cost if exposure caused human harm 

is much greater.  Ultimately, the system can be used as a model for other research groups or 

companies synthesizing SWCNTs.  
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Figure 5. Photograph of two Nd:YAG lasers installed in a new parallel reactor system in the RIT SMFL class 1000 clean 

room. The new synthesis reactor is complete with several engineering controls including a heap-filtered enclosed 

harvesting chamber to prevent worker exposure to manufactured nanomaterials. Photograph and original figure created 

by author. 

When the dual laser vaporization reactor was first designed in the Fall of 2010, engineering 

controls were developed and implemented into the design to minimize or eliminate worker 

exposure. Two years later, in May of 2012, the National Institute for Occupational Safety and 

Health (NIOSH) published a report; General Safe Practices for Working with Engineered 

Nanomaterials in Research Laboratories. In the report they summarize a list of the best practices 

for the safe handling of nanomaterials in a research laboratory facility. The NIOSH report 

focuses on a “prevention through design” approach to minimizing exposure. This methodology 

follows closely with the previous ethical decision made two years ago to spend the extra time, 

effort, and money to develop a reactor system that isolates the operator from the nanomaterials 
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they produce. Specifically detailed in the report are the recommendations listed in the table 

below: 

Table 2. List of NIOSH recommended nanomaterial safe handling practices.  

Recommended Exposure Prevention Method Implemented Not Implemented 

Elimination or substitution   

Administrative controls 
  

Isolation and engineering controls 
  

Containment and ventilation 
  

Chemical fume hoods 
  

Personal Protective Equipment 
  

Protective eyewear 
  

Protective clothing, including reusable 

clothing designated use with nanomaterial  
  

 

Nitrile or chemically impervious gloves 
 
 

 

Respirators* --- --- 

Glove box enclosures 
  

 

*The use of respirators is not required for handling single-wall carbon nanotube material as the glove box prevents 

release into the laboratory. Respirators are available during cleaning and maintenance of the laser reactors. 

 

Of all the controls and safe handling practices outlined in the NIOSH safe practices report, the 

use of glove box enclosures for handling dry CNT powders should provide the highest level of 

exposure risk mitigation. When using glove boxes for SWCNT handling, the highest chance for 

worker exposure occurs when transferring samples to and from the enclosure and therefore 

proper ventilation and surface cleaning should be utilized to minimize particle release into the 

laboratory. The report does caution that the use of a glove box enclosure can often come at the 

expense of dexterity and caution that extra care should be used when conducting experiments. 

The proactive approach taken in NPRL to conduct research responsibly within a nanoethical 
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framework has been shared with other research groups and can serve as a model system for 

future installations. 

Impact of Nanometal Catalyst on the Laser Vaporization Synthesis of SWCNTs 

The new laser vaporization synthesis reactors were used to manufacture SWCNTs utilizing 

nanometal catalyst. The hypothesis was that nanometer diameter particles could be more evenly 

distributed in the graphite targets, more easily vaporized, and would be more uniformly 

distributed in the vaporization plume. This would lead to a higher percentage of SWCNT growth 

compared to the formation of amorphous carbon.  

2.2Nanometal Catalyst Introduction 

Single wall carbon nanotubes (SWCNTs) are being investigated for many power generation and 

storage technologies which rely on amorphous carbon/graphite for conductive electrodes 

including Li
+
 batteries 

14, 24
, proton exchange membrane fuel cells 

25
, and super capacitors 

15
. Of 

the prevalent approaches used to produce SWCNTs for these applications, laser vaporization 

synthesis presents certain advantages, including tunable SWCNT chirality distributions 
26

 and 

well established purification processes 
13

. The intent to increase SWCNT yield during the laser 

synthesis process has resulted in various studies on the experimental parameters’ including 

reactor temperature, pressure, and catalyst composition 
27-31

.  However, until recently, the lack of 

a calibrated purity assessment method precluded these early reports from validating the degree of 

change that these parameters had on the purity (defined as the total mass fraction of SWCNTs, 

wSWCNTs) of SWCNTs contained in a sample. Although empirical analysis has suggested that a 

bimetallic composition of Ni and Co in the graphite target leads to the highest purity SWCNTs, it 

is now possible to quantify the impact of metal catalyst properties  (e.g. particle size, 

stoichiometry, etc.) on the resulting SWCNTs. In the present study, the effects of catalyst particle 
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size on the properties of SWCNTs produced during the laser vaporization synthesis are 

investigated. 

2.3 Experimental: 

SWCNT material was produced via laser vaporization synthesis using previously published 

synthesis conditions 
12-14, 26, 32

 described briefly as follows: 760 Torr, 200 sccm flowing Ar, 

alexandrite laser power density of 100 watts/cm
2
, and 1150 °C. SWCNT material produced from 

targets fabricated with 3% w/w nanonickel (13 nm, Quantum Sphere Inc.) and 3% w/w 

nanocobalt (13 nm, Quantum Sphere Inc.) was compared with the material produced using 

conventional 3% w/w micronnickel (2.2-3.0 µm Alfa Aesar) and 3% w/w micronmetal cobalt (2 

µm Sigma-Aldrich) 
13, 26

.  The two catalyst types were used in combination with 94% w/w 

graphite flake (7-10 µm Alfa Aesar), mechanically mixed for 48 hours, and pressed into targets 

at 2,500 psi. The as-produced material condensed in multiple zones on the inside of the quartz 

tube, with the majority of the material condensing in a thick carpet at the exit of the furnace. This 

carpet material was removed from the reactor and used for all characterization and post synthesis 

processing. Smaller quantities of material which condensed on the quartz tube at the front of the 

furnace as well as at the rear of the reactor were not included as part of the characterization. The 

use of both target types exhibited similar production rates exceeding 100 mg of as-produced 

material per hour.  The as-produced SWCNTs from each set of targets using micronmetal and 

nanometal catalysts will be referred to as µ-SWCNT and n-SWCNT, respectively.   

The synthesized µ-SWCNT and n-SWCNT materials were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), optical absorption spectroscopy, 

Raman spectroscopy, and thermogravimetric analysis (TGA). SEM was performed using a field 

emission Hitachi S-900 at 2 kV.  Quantitative assessment of the SWCNT purity was performed 
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by optical absorption spectroscopy on stable SWCNT-N,N-dimethylacetamide (DMA) 

dispersions using a Perkin-Elmer Lambda 900 spectrometer from 300 nm (4.13 eV) to 1600 nm 

(0.77 eV)
12

. Raman spectroscopy was performed using a 1.96 eV He-Ne laser on a JY-Horiba 

Labram spectrophotometer over the range of 100 cm
-1

 to 2800 cm
-1

. Thermogravimetric analysis 

(TGA) was performed using a TA Instruments 2950 TGA on multiple samples obtained from 

each as-produced n-SWCNT and µ-SWCNT carpet materials 
13

. TEM analysis of the n-SWCNT 

and µ-SWCNT non-combustible TGA residues was performed using a Joel CX II 100 at an 

accelerating voltage of 100 KeV. TEM samples were prepared by suspending the TGA residue in 

acetone using an ultrasonic bath. A TEM grid was subsequently dipped in the solution and 

allowed to dry in air. SWCNT material was also produced with a 1064 nm Nd:YAG Lab-150 

laser from Spectra Physics, in parallel with the alexandrite laser, following the same synthesis 

and characterization procedures. 

2.4 Results and Discussion 

SEM analysis provides visual confirmation of carbon nanotubes in both the n-SWCNT and µ-

SWCNT materials (Figure 6).   In general, the quality of the raw soot is similar between samples 

and consistent with previous SEM analysis 
12-14, 26, 32

.  The surface morphology for each as-

produced material shows bundled carbon nanotubes, metal catalyst clusters, and amorphous 

carbon impurities, typical of laser-produced SWCNTs.   
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Figure 6. Scanning electron microscopy micrographs of as-produced laser generated a) n-SWCNT and b) µ-SWCNT. 

Original figure created by author and reproduced with permissions from Schauerman, C.M. et al “Impact of nanometal 

catalysts on the laser vaporization synthesis of single wall carbon nanotubes.” Carbon 2009, 47, 2431-2435 for use in 

dissertations. 
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Quantitative assessment of the SWCNT carbonaceous purity values (
C
wSWCNTs is defined as the 

mass fraction of SWCNTs in the carbonaceous portion of a sample) were obtained from the peak 

ratios of the absorption maxima at 650 nm (1.9 eV) and 950 nm (1.3 eV) for both µ-SWCNT and 

n-SWCNT samples using the previously reported method 
12, 13

. It was determined that the 

SWCNT purity of the µ-SWCNT was 25% ± 2% and the n-SWCNT had a purity of 35% ± 2%. 

To help illustrate the difference in purity, peak maxima tie lines have been drawn in Figure 7 to 

serve as a guide to the eye. As per the previous report, a more positive tie line slope corresponds 

to higher SWCNT purity in the sample 
12

.  

 

Figure 7. Optical absorbance spectra for n-SWCNT and µ-SWCNT as-produced SWCNT material. Absorbance values 

are the average of 3 separate samples for each catalyst SWCNT material. Original figure created by author and 

reproduced with permissions from Schauerman, C.M. et al “Impact of nanometal catalysts on the laser vaporization 

synthesis of single wall carbon nanotubes.” Carbon 2009, 47, 2431-2435 for use in dissertations. 

 

500 600 700 800 900 1000 1100

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

W ave length  (nm )

n-SW CN T

 -SW C NT

(Purity T ie line             )

(Purity T ie line             )



`39 

The Raman spectra confirmed that there was no measurable change in the average D/G ratio 

observed between the n-SWCNT and µ-SWCNT samples (Figure 8). Comparisons of the radial 

breathing modes (RBM) between samples at 100 – 300 cm
-1

 show a similar range of diameters in 

resonance.  However, there is a relative distribution variation between samples with the n-

SWCNTs showing a propensity toward smaller diameter chiralities as compared to the more 

uniform distribution of diameters in the µ-SWCNTs. Overall, the SWCNT diameter range shows 

only a small dependence on initial catalyst particle size as compared to the much larger change in 

SWCNT diameter distributions dependent on catalyst type (i.e. Ni and Co) 
28, 31

.  

 

Figure 8. Raman spectra for n-SWCNT and µ-SWCNT. Insets are magnified radial breathing modes of n-SWCNT and µ-

SWCNT. Raman spectra are the average of 3 separate samples for each catalyst SWCNT material. Original figure 

created by author and reproduced with permissions from Schauerman, C.M. et al “Impact of nanometal catalysts on the 

laser vaporization synthesis of single wall carbon nanotubes.” Carbon 2009, 47, 2431-2435 for use in dissertations. 
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TGA data in Figure 9 shows representative thermograms illustrating the change in weight 

percent and first order derivative weight change for each sample. The µ-SWCNT samples 

showed an average residue of 10% w/w after ramping to 800°C with the 1
st
 derivative profile 

exhibiting a peak decomposition rate at 490°C. The n-SWCNT showed an increase in the 1
st
 

derivative peak temperature to 585°C, while also significantly decreasing the average residue to 

5.5% w/w. The higher carbonaceous purity and decreased residue content for the n-SWCNT 

sample results in an overall purity (
C
wSWCNTs) improvement of 50% over that of the sample made 

with conventional micron catalysts. 

 

Figure 9. Thermograms for n-SWCNT and µ-SWCNT material ramped at 10°C/min. Insets shows the derivative weight 

change for the same materials. Thermograms are the average of 3 separate samples for each catalyst SWCNT material. 

Original figure created by author and reproduced with permissions from Schauerman, C.M. et al “Impact of nanometal 

catalysts on the laser vaporization synthesis of single wall carbon nanotubes.” Carbon 2009, 47, 2431-2435 for use in 

dissertations. 
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The shift to a higher combustion temperature in the case of the n-SWCNTs could result from a 

variety of factors including: sample morphology, SWCNT crystallinity, or oxidation state of 

metal catalyst impurities. The reduction in metal catalyst impurities for the n-SWCNT sample, 

based upon TGA residue, is expected to decrease the amount of exothermic energy released 

during thermal oxidation of metals which in turn would suppress the precombustion of SWCNTs 

13
.  The observed reduction in TGA residue for the n-SWCNT material could have resulted from 

differences in the distribution of condensed material inside the reactor, specifically, the relative 

concentration of metal catalyst impurities in the different condensation zones inside the quartz 

tube.  Although the laser vaporization reactor conditions were constant between samples, the 

surface of the nanometal and micronmetal graphite targets showed visible differences in 

morphology post-synthesis. Such variability may influence the quantity of metal vaporized in the 

as-produced material. Finally, it is also expected that differences in the oxidation state of the 

post-synthesis catalyst particles based upon size could also contribute to the discrepancy in the 

TGA reside between the two materials.  

  

The n-SWCNT and µ-SWCNTs TGA residues were analyzed using TEM to investigate the 

differences in the vaporization of each catalyst type. TEM images were acquired for both TGA 

residues and representative images are provided in Figure 10.  Statistical analysis of multiple 

TEM images yielded mean catalyst particle diameters of 18 ± 6 nm and 3 ± 1 nm for the µ-

SWCNT and n-SWCNT material, respectively. This analysis shows, under equivalent synthesis 

conditions, starting with two different catalyst particle sizes will produce observed differences in 
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the post-synthesis catalyst particle diameters. Smaller more homogenous catalyst particles, post- 

vaporization, would increase the available surface area for seed growth of the SWCNTs and 

possibly give rise to the increased SWCNT concentration in the as-produced n-SWCNT material.  

The surface area to volume ratio for an 18 nm µ-SWCNT is 0.033 and for a 3 nm n-SWCNT is 

0.20.  This means for a given volume of catalyst, there could be up to six times more surface area 

available for the growth of SWCNTs when using nanometal catalysts.  

 

Figure 10. Transmission electron micrographs of non-combustible thermogravimetric residue from as-produced laser 

generated (a) n-SWCNT and (b) µ-SWCNT. Original figure created by author and reproduced with permissions from 

(b)

(a)
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Schauerman, C.M. et al “Impact of nanometal catalysts on the laser vaporization synthesis of single wall carbon 

nanotubes.” Carbon 2009, 47, 2431-2435 for use in dissertations. 

The effects of metal catalyst precombustion can be inferred from a systematic analysis of the 

thermal oxidation profiles (TOP) for each sample 
13

.  The TOP is performed by monitoring 

SWCNT properties after thermal oxidation, in air, to incrementally increasing temperature 

intervals (ramping at 10°C/min). Optical absorption spectroscopy was subsequently performed 

on representative samples of both materials at each temperature interval in the TOP to calculate 

the carbonaceous purity. Shown in Figure 11 is the TOP analysis comparing carbonaceous purity 

as a function of oxidation temperature for the n-SWCNT and µ-SWCNT materials.  There is a 

clear divergence in the observed trend at ~500°C where the µ-SWCNT material shows the 

expected 
13

 decrease in SWCNT purity with increasing oxidation temperature. In contrast, the n-

SWCNT material shows a successive increase in SWCNT carbonaceous purity at higher 

oxidation temperatures; achieving > 90% at 615°C.  The ability to use “soft-bake” techniques to 

purify as-produced pulsed laser vaporization SWCNTs has been recently reported 
33

, however 

the reported soft-bake process involves multiple thermal oxidations and acid treatments resulting 

in a total purification time of one week. The purification of the n-SWCNT material, 

demonstrated herein, requires a single thermal oxidation to remove carbonaceous impurities. In 

addition, the exposed metal catalyst particles can then be easily removed with a single acid 

treatment. The entire n-SWCNT purification process requires less than a day to achieve >90% 

SWCNT carbonaceous purity. The use of nanometal catalysts for the laser vaporization synthesis 

of SWCNTs demonstrates promise towards fast, simple, and potential large-scale purification of 

SWCNTs produced via laser vaporization. 
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Figure 11. SWCNT purity as a function of maximum thermal oxidation temperature for both n-SWCNT and µ-SWCNT 

materials. Error is provided for each data point. Original figure created by author and reproduced with permissions from 

Schauerman, C.M. et al “Impact of nanometal catalysts on the laser vaporization synthesis of single wall carbon 

nanotubes.” Carbon 2009, 47, 2431-2435 for use in dissertations. 

2.5 Conclusion 

In conclusion, the particle size of metal catalysts for the laser vaporization synthesis of SWCNTs 

shows little effect on sample morphology and comparable chirality distributions.  However, there 

is an overall 50% improvement in SWCNT purity through the use of nanometal (13 nm) nickel 

and cobalt catalysts compared to conventional micron-sized particles.  In addition, TOP analysis 

has shown a dramatic difference in the combustion properties between the as-produced samples; 

the n-SWCNT exhibit a suppression of the SWCNT precombustion due to the exothermic 

oxidation of the metal catalyst particles. Thus, the use of nanometal catalysts in the laser 

vaporization process significantly increases synthesis yield and offers simplified thermal 
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oxidation procedures to improve purification efficiency.  TEM analysis showed clear differences 

in the catalyst residue size in the as-produced SWCNTs suggesting improved material properties 

are a direct result of unique vaporization and condensation mechanisms for each starting catalyst 

size. Equivalent results have been achieved for SWCNT material produced using nanometal 

catalysts in conjunction with a Nd:YAG laser vaporization reactor (1064 nm), and therefore, 

represents a general trend for pulsed laser vaporization synthesis.   

There are several limitations to the work presented in this section. The use of nanometals to 

improve CNT yield was only investigated for laser vaporization synthesis and could be expanded 

to other CNT synthesis methods (e.g. chemical vapor deposition and arc discharge). Additionally 

a full LCA should be conducted to quantify the impacts of CNT synthesis with a focus on how 

scaling up to industrial levels of CNT production will change the LCA impacts. 
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Chapter 3:  Life Cycle of CNT Conductors: Modification of Nanoscale Properties 

 

Figure 12. Chapter 3 of the dissertation will focus on the modification of carbon nanotube materials through chemical 

and mechanical methods. 

 

3.1 Introduction 

Chapter 3 of the dissertation investigates the modification stage of the CNT conductor life cycle. 

Specifically, chemical treatment methods to increase the electrical conductivity in bulk networks 

of SWCNTs synthesized in chapter 2. Increasing the electrical properties of bulk SWCNT 

networks is a critical component of making functional devices out of the nanomaterials. 
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Understanding how to properly control and modify the chemical environment around CNTs to 

increase the electrical conductivity will aid in the ability to assemble macro systems of highly 

conductive SWCNTs networks. 

Engineering the electronic properties of CNT networks is a critical step towards developing 

functional materials for applications ranging from nanoscale transistors to bulk conducting wires. 

In addition to physical modifications to the nanoscale network (e.g. densification or nanoscale 

alignment), chemical doping species can be introduced to enhance the electronic properties. 

Three primary doping strategies exist for chemical doping of SWCNTs: endohedral doping, in-

plane doping, and exohedral doping.
34

 Endohedral doping relies on the intercalation of chemical 

species inside the CNTs. In-plane doping involves the substitution of carbon atoms along the 

lattice by other atoms (e.g. boron or nitrogen), resulting in p-type or n-type semiconductors. In 

the case of exohedral doping, organic and inorganic molecules can be chemically adsorbed or 

physically absorbed onto the CNT surface and junction locations between neighboring CNTs.
34

 

Exohedral doping represents a rapid and reproducible method for doping bulk CNT networks 

and is the focus of this work. 

 The doping susceptibility (whereby the term “susceptibility” is used to refer to a material 

response to chemical dopants and is not related to the concept of magnetic susceptibility from 

physics) of CNT networks was divided into two main sections. The first section focuses on 

published literature values for SWCNT electrical conductivity, and the susceptibility of SWCNT 

networks to KAuCl4 and KAuBr4 family of salts. The second section investigates the impact of 

CNT species (e.g. SWCNT and MWCNTs) on the doping susceptibility of the mixed CNT 

network to chemical dopants.  
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3.1.a Electrical Conductivity of Single-Wall Carbon Nanotubes 

Individual CNTs  

The highest measured current carrying capacity for an individual SWCNT is 10
7
 A/cm

2
 and 

predicted current carrying capacities have been as high as 10
13

 A/cm
2
.
35

 The highest measured 

resistance of 1 nm diameter SWCNT is 4.2 kΩ/µm.
9
  This corresponds to an individual SWCNT 

conductivity of 3 x 10
8
 S/m which is almost an order of magnitude higher than that of copper 

(5.96 x 10
7
 S/m). Theoretical calculations have predicted that ballistic conductance would occur 

along a defect-free metallic CNT; meaning that in the absence of any electron scattering, the 

resistance would not vary along the length of the CNT.
36

 The ballistic resistance in metallic 

SWCNTs has been estimated to be 6.45 kΩ,
37

 while the resistance of MWCNTs is slightly higher 

at 12.9 kΩ.
38

 The strong covalent carbon-carbon bonding in CNTs also provides them with high 

resistance to electromigration, a current-assisted diffusion process. For very small diameter metal 

wires, this effect can cause failure at relatively low currents, resulting in a current-carrying 

capacity of ~10 nA/nm
2
.
39

 In defect-free carbon nanotubes, the current-carrying capacity can 

exceed 10 µA/nm
2
, also due in part to the absence of electron scattering and resistive heating.  

 

Bundled and Bulk Single-Wall Carbon Nanotube Networks 
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Figure 13. Electrical conductivity (S/m) and specific conductivity (S/kg*m2) of bulk single-wall carbon nanotube materials 

referenced in published literature.40-56 Original figure created by Paul Jarosz and reproduced with permissions from 

Jarosz, P.; Schauerman, C.M. et al “Carbon Nanotube Wires and Cables: Near-Term Applications and Future 

Perspectives.”  Nanoscale, 2011, 3 (11), 4542 – 4553 for use in dissertations. 

The reported electrical conductivities of bulk SWCNT papers span a wide range of values from 

2x10
3
 S/m to 3x10

5
 S/m.

43
,
56

 Sources of variability between the publications include purity of the 

SWCNT material, density of the bulk papers, processing procedure, and different doping 

chemicals. These differences make it important to understand how the conductivity of these 

materials changes with processing and testing conditions. In comparison to measured 

conductivity values for metals (e.g. copper, aluminum, gold, silver) which have a known 
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electrical conductivity, the published literature values for the electrical conductivity of SWCNT 

is widely varying across more than two orders of magnitude (Figure 13). Reasons for the large 

range include differences in the material properties from the synthesis, to the processing, and 

assembly of macroscopic bulk networks. The ability to control synthesis conditions, purification 

parameters, alignment and density will have a large impact on the resulting electrical properties 

and a CNT networks susceptibility (the term susceptibility is used to refer to a material response 

to chemical dopants and is not related to the concept magnetic susceptibility from physics) to 

doping. A diagram illustrating the 6 major contributors to variations in electrical conductivity is 

provided in Figure 2. 

 

3.2 Experimental  

A critical component of this dissertation is the accurate measurement of the electrical properties 

of CNT and conductive materials. Two specific methods of measuring the electrical conductivity 

are 4-point probe measurements and the Van der Pauw method. 

3.2.a  Four Point Probe Method 

The 4-point probe method is an essential part of accurately measuring the electrical conductivity 

of conductive wiring. Electrical measurements using only 2-probes not only measure the 

electrical resistance of the sample but the measurement also includes the resistances of the 

measuring wires and contact resistance with the sample. The 4-point probe method uses two 

outer probes to source (and drain) a current in a wire, and two inner probes to measure a voltage 

drop across the known spacing of the voltage probes. In this configuration, a very large (~10 

MΩ) resistor prevents current from flowing down the voltage probes. Because current does not 
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flow through the voltage probes, this method removes the contact resistance and resistance of the 

electrical probe leads from the measurement. The resistance of the wire can then be calculated 

using Ohm law (V=I*R) with known values for the voltage drop and applied current. 

 

Figure 14. Schematic of the 4-point probe configuration for measuring the electrical conductivity (S/m) of wire. Current is 

sourced on the outer probes and the voltage drop is measured across the two inner probes. Using the spacing between the 

inner probes (L) and the cross-sectional area of the wire (A) it is possible to calculate the electrical conductivity (S/m) of 

the sample. Original figure created by author. 

3.2.b Van der Pauw Method 

 

The Van der Pauw method of measuring the electrical conductivity of a sample was originally 

developed in 1958 as a means to remove the contact resistance (Ω) between the measurement 

probes and a sample of arbitrary size and shape.
57

 Although the method can measure the 

conductivity (S/m) of a sample of any arbitrary shape (as long as the probes are placed at the 

edge of the sample), the clover leaf geometry is the preferred shape because the deep channels 

force current to flow around the cuts which simulates “infinite” size contacts located at the exact 

corners of the inner square (Figure 15).
57
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Figure 15. Diagram of the Van der Pauw geometry for measuring the electrical conductivity of a material. The cloverleaf 

geometry is preferred over the square pads in that it simulates infinite contacts placed at the exact corners of the square 

design.57 Original figure created by author. 

To apply the Van der Pauw method for measuring the electrical conductivity of CNT samples, a 

source measure unit from National Instruments (NI PXIe-1062Q) was used in conjunction with a 

National Instruments (NITB-2606) matrix terminal block for rapid switching between all four 

probe configurations in the Van der Pauw method. By measuring the resistance (Ω) in all 8 

directions (RAB, RBA, RBC, RCB, RCD, RDC, RDA RAD) an average resistance along the length and 

width of the sample can be obtained and used to calculate the electrical conductivity (S/m) by 

solving the Van der Pauw equation (1). 

 

 
            

    
           

    

 

 

(1) 
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Rlength and Rwidth are the averaged measured resistance (Ω) values perpendicular to each other on 

the Van der Pauw SWCNT square,   is the thickness of the SWCNT paper and ρ is the 

resistivity (Ωm) of the SWCNT paper which numerically satisfies the equation. 

3.2.c  Purification of Single-Wall Carbon Nanotubes 

Purification of the as-produced SWCNT material occurs through a series of acid and thermal 

treatments developed in the NPRL. The reflux process removes metal catalyst as well as some 

amorphous carbons impurities, and is depicted graphically in Figure 16. In general, 100 mg of 

as-produced SWCNT material is brought to reflux at 125 °C in 3M nitric acid for 16 hours. The 

SWCNTs material is then vacuum-filtered onto 1 µm PTFE membrane filter papers with copious 

amounts of water to remove residual acid.  The filter paper was rinsed consecutively with 

acetone, and H2O until filtrate became colorless after each step.  The vacuum filtration process 

produces a reflux-SWCNT paper which is easily separated from the PTFE membrane filter. The 

SWCNT paper is then dried at 200°C in a muffle furnace for 1 hour to remove any residual 

solvents.   
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Figure 16. Purification process consisting of nitric acid reflux and thermal oxidation used to purifiy as-produced single-

wall carbon nanotubes (SWCNTs) into high purity free standing SWCNT papers. Original figure created by author. 

Following the reflux procedure, a thermal oxidation is performed in air at 525°C using a 

temperature ramp rate of 10 °C/minute in a Lindberg BlueM 1200 furnace.  The thermal 

oxidation exposes any remaining metal particles not removed in the reflux procedure (Figure 16). 

Therefore, a 6M Hydrochloric acid wash is performed on the SWCNT paper for 60 minutes 

using magnetic stirring. The purified SWCNT material was then removed from the acid solution 

using similar filtration steps as above. A final thermal oxidation is performed at 525°C for 20 

minutes to remove any intercalated acids and thus completes the purification procedure. SEM, 

optical absorption, and Raman analyses are conducted during the purification process to assure 

that the quality of the purification achieved at least 95% w/w pure SWCNTs.   

3.2.d Chemical Doping 
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A number of ionic species (e.g. AuCl3, HAuCl4, AuBr3, HAuBr4, KAuCl4, KAuBr4) have been 

demonstrated to be good electrical dopants in CNT networks.
2, 58, 59

 KAuCl4 doping solution was 

prepared at a concentration of 0.001 M by mixing potassium tetracloroaurate hydrate (Sigma 

Aldrich) in deionized water. CNT hybrid materials were exposed to the doping solution for 30 

minutes before being dried in a vacuum over at 100 °C for 2 hours. Solvent specific chemical 

doping was performed by preparing 0.001 M solution of KAuCl4 in each of the solvents 

investigated and measuring the electrical conductivity as a function of time. The impact of co-

metals on the ability to dope SWCNT networks was performed by introducing co-metals during 

the doping process by exposing the SWCNT materials to the KAuCl4 doing solution and the 

metals at the same time.  

3.3 Results and Discussions 

There has been considerable research on the chemical doping of CNTs, and the exact doping 

mechanisms are still being investigated. Recently, a new strategy has been proposed for 

controlling the doping types by selecting possible dopants based upon their reduction potential, 

relative to that of CNTs.
60

 Doping of CNTs using salt solutions such as AuCl3, AuBr3, KAuCl4 

and  KAuBr4 can have different reaction mechanisms compared to direct adsorption of organic 

molecules.
61

 The doping method which has been proposed is a redox reaction which occurs due 

to the higher reduction potentials of the cations in solution. The charge transfer reduces positive 

ions such as Au
3+

 to metal particles and results in p-type doped CNTs.
62

 Since CNTs possess a 

reduction potential of about +0.5 V vs. SHE (standard hydrogen electrode), the reduction of Au
3+

 

(AuCl4
-
/Au, +1.002 V vs. SHE) into metal nanoparticles can occur without the aid of a reducing 

agent.
62
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Based on studies involving CNT thin films, a significant reduction in sheet resistance was 

measured using Au
3+

 ions.
60

 This suggests that the gold nanoparticles (Au
0
) that spontaneously 

form on the surfaces of CNTs do not aid in electron transport. Experiments conducted with 

various Au
3+

 ionic salts during this work also support these findings. In the present work, when 

CNT papers were submerged into aqueous solutions of KAuCl4 and KAuBr4, roughly the same 

electrical conductivity was measured for all the samples, yet significant gold plating only 

occurred with the KAuCl4 samples. In addition, increasing exposure to both the KAuCl4 and 

KAuBr4 increased the amount of Au
0
 plating, but did not result in a further increase in the 

electrical conductivity above that measured at 30 min exposure to 0.05 M concentration (Figure 

17). Thus, it was determined that the gold plating was not essential for high electrical 

conductivity.  Since many cases prefer a low mass CNT conductor, the performance of KAuBr4-

doped CNTs which plates less was the more desirable dopant species. 

 

Figure 17. (a) Conductivity of CNT squares as a function of time in contact with aqueous KAuCl4 solution. Inset: 

photographs of squares of purified SWCNTs before and after immersion. (b–e) SEM images of CNT material after 
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various times in contact with KAuCl4 solution. Measurement error is within the data points. Original figure created by 

author and reproduced with permissions from Jarosz, P.; Schauerman, C.M. et al “Carbon Nanotube Wires and Cables: 

Near-Term Applications and Future Perspectives.”  Nanoscale, 2011, 3 (11), 4542 – 4553 for use in dissertations. 

In addition to the extent of Au plating on the SWCNT surface, the network’s susceptibility (the 

term susceptibility is used to refer to a material response to chemical dopants and is not related 

to the concept of magnetic susceptibility from physics) to KAuCl4 chemical dopant is impacted 

by the choice of carrier solvent used for delivery. As a control, the electrical conductivity of 

SWCNT Van der Pauw electrode squares was monitored as a function of exposure time to each 

solvent (Figure 18a). The conductivity of each sample remained low over the course of the 

measurement except for deionized water and acetone which showed a modest increase in the 

electrical conductivity approaching 8x10
4
 S/m. When KAuCl4 was dissolved into the same 

solvents and the conductivity was measured as a function of time both the rate of chemical 

doping and the maximum achieved conductivity changed (Figure 18b). Solvents which have a 

high affinity for the SWCNTs such as DMA and CHP did not result in an increase in the 

measured conductivity. Carrier solvents which have minimal interaction with the SWCNTs such 

as deionized water, isopropanol, and methanol resulted in the highest increase in electrical 

conductivity up to 6.5x10
5
 S/m. The results suggest that the carrier solvent can compete with 

dopants like KAuCl4 for active dopant sites and reduce or prevent an increase in the electrical 

conductivity of the SWCNTs. 
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Figure 18. Electrical conductivity (S/m) of single-wall carbon nanotubes of as a function of exposure time to (a) carrier 

solvent and (b) carrier solvent and KAuBr4. Measurement error is within the data points. Original figure created by 

author. 

Metallic and semiconducting type separated SWCNTs, purchased from NanoIntegris, were also 

used for chemical doping with a KAuCl4 solution. Electrical conductivity of the SWCNT sample 

was measured, in situ, as a function of doping time. The metallic SWCNT enriched sample 

shows an increase in electrical conductivity with increasing exposure time to the doping solution. 

The semiconducting enriched SWCNT sample, however, maintains the same baseline 

conductivity with increased exposure time (Figure 19). This difference in the doping ability 

between semiconducting metallic samples would suggest that the salt solution plays a role in 

depleting the valence band electrons from the metallic material and improves transport between 

individual SWCNTs.  
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Figure 19. Electrical conductivity of electronic type separated SWCNTs purchased from NanoIntegris and doped with 0.0 

05M KAuCl4. Measurement error is within the data points. Original figure created by author. 

The extent of doping SWCNT materials by KAuCl4 can be influenced by the existence of co-

metals present as impurities in the SWCNT matrix. These metals can be present in the SWCNT 

matrix as residual catalyst particles left over from the synthesis process (e.g. laser vaporization, 

chemical vapor deposition). If these metals are not entirely removed during the purification 

process, they can influence the electroless decomposition of the gold salt on the surface of the 

SWCNTs and affect the extent of chemical doping and plating. Therefore, a series of metal 

catalysts (Figure 20) were investigated to determine the impact they have on the electroless 

plating and subsequent doping of CNT materials. Of particular interest are nickel, cobalt, and 

iron. These metals are common metallic catalysts used in synthesis processes and will likely be 

present as impurities in SWCNT materials. Of these three metals, iron has the most visual 
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reaction with the gold salt (Figure 24) followed by cobalt (Figure 23). Nickel, shows minimal 

visible interaction with the gold salt solution and resulted in the smallest degree of plating 

(Figure 22). 

 

Figure 20. Reactions of (a) various co-metals with KAuCl4 salt in deionized water, (b) specific interaction of iron and 

KAuCl4 salt and (c-e) the electroless plating of gold-iron nanoparticles onto the surface of single-wall carbon nanotube 

ribbons following 10 seconds of exposure to the iron pellet and doping solution. Original figure created by author. 

 

The co-metals used in the gold salt doping process affect the SWCNT doping mechanism enough 

to alter the maximum achievable electrical conductivity (S/m). Elements such as Mn, Fe, Cu, and 

Al tend to react enough with the KAuCl4 salt to change the charge transfer between the SWCNT 

resulting in almost no change between the baseline conductivity and doped conductivity values 

(Figure 21). More stable elements such as Ni, Co, Cr, Pt don’t seem to affect the chemical 

doping process allowing the electrical conductivity to increase to the average values without any 
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co-metals present in solution (green bar in Figure 21). This suggests that metal catalyst 

impurities, such as Ni and Co, present in the SWCNT network are not as critical to remove than 

other metal catalysts such as Fe.  It is important to note that this is the residual most often found 

in CNT samples from chemical vapor deposition synthesis methods. 

 

Figure 21. Electrical conductivity of single-wall carbon nanotubes (SWCNTs) doped with KAuCl4 using co-metals to 

facilitate electroless decomposition onto the surface of the SWCNTs. Measurements were conducted on several samples 

and the best case values are plotted. Original figure created by author. 

 

Scanning electron microscopy was used to image the electrolessly plated particles on the surface 

of SWCNTs for Fe, Ni, and Co catalyst particle impurities. A test SWCNT ribbon strip was 

immersed into 0.05 M KAuCl4 gold salt doping solutions and a Ni pellet was pressed into the 
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surface of the SWCNTs and held in place for 10 seconds after which the pellet was removed and 

the SWCNT ribbon strip was rinsed and dried. The surface of the SWCNT ribbon shows 

minimal plating at the interface with the Ni pellet (Figure 22). Three different locations were 

chosen for SEM analysis: (1) directly underneath the Ni Pellet (highlighted in red in Figure 22), 

(2) at the edge of the Ni Pellet (highlighted in green in Figure 22), and (3) outside of the contact 

area (highlighted in blue in Figure 22). Directly underneath the Ni pellet there was the highest 

density of nucleation points which grew into small colonies sometimes coalescing into sheets 

with their nearest neighbor. At the edge of the Ni Pellet there was a lower density of nucleation 

points completely isolated from each other. Outside the contact region no nucleation was 

observed in the sample.   
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Figure 22. Scanning electron microscope images showing changes in particle size, density, and structure of electroless 

plating of Au-Ni nanoparticles from KAuCl4 (a-b) underneath of (b) at the edge and (c-d) outside of the contract area 

between Ni pellet and single-wall carbon nanotubes (10 seconds exposure). Original figure created by author. 
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Scanning electron microscopy was used to image the electrolessly plated particles on the surface 

of SWCNTs when Co was used as the co-metal. A test SWCNT ribbon strip was immersed into 

0.05 M KAuCl4 gold salt doping solutions and a Co pellet was pressed into the surface of the 

SWCNTs and held in place for 10 seconds after which the pellet was removed and the SWCNT 

ribbon strip was rinsed with deionized water and dried. The surface of the SWCNT ribbon shows 

minimal plating at the interface with the Co pellet (Figure 23). Three different locations were 

chosen for SEM analysis: (1) directly underneath the Co Pellet (highlighted in green Figure 23), 

(2) at the edge of the Co Pellet (highlighted in red in Figure 23), and (3) outside of the contact 

area (highlighted in blue in Figure 23. Figure 23Directly underneath the Co pellet a medium 

density of nucleation points were observed in comparison to the edge of the Co pellet where 

there was a higher density of triangularly shaped nucleation points which coalesced into a jagged 

sheet of particles. Outside the contact region, fewer nucleation points were observed with the 

particles growing into rose-shaped crystals. 
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Figure 23. Scanning electron microscope images showing changes in particle size, density, and structure of electroless 

plating of Au-Co nanoparticles from KAuCl4 (a) at the edge of (b) underneath and (c-d) outside of the contract area 

between Co pellet and single-wall carbon nanotubes (10 seconds exposure). Original figure created by author. 

 

 a  b 

 c  d 

 Co 



`66 

Scanning electron microscopy was used to image the electrolessly plated particles on the surface 

of SWCNTs when Fe was used as the co-metal impurity. A test SWCNT ribbon strip was 

immersed into 0.05 M KAuCl4 gold salt doping solutions and a Fe pellet was pressed into the 

surface of the SWCNTs and held in place for 10 seconds after which the pellet was removed and 

the SWCNT ribbon strip was rinsed and dried. The surface of the SWCNT ribbon shows 

minimal plating at the interface with the Fe pellet (Figure 24). Three different locations were 

chosen for SEM analysis: (1) directly underneath the Fe Pellet (highlighted in green in Figure 

24), (2) at the edge of the Fe pellet (highlighted in red in Figure 24), and (3) outside of the 

contact area (highlighted in blue in Figure 24). Directly underneath the Fe pellet a medium 

density of nucleation points were observed in comparison to the contact edge of the Fe pellet 

where there was a higher density of plated particles. Outside the contact region, fewer nucleation 

points were observed with the particles growing into larger spherical or star-shaped crystals. 
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Figure 24. Scanning electron microscope images showing changes in particle size, density, and structure of electroless 

plating of Au-Fe nanoparticles from KAuCl4 (a) at the edge of (b) underneath and (c-d) outside of the contract area 

between Fe pellet and single-wall carbon nanotubes (10 seconds exposure). Original figure created by author. 
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3.4 Conclusions 

The ability to increase the electrical conductivity of SWCNT materials using KAuCl4 depends on 

a number of different factors, including solution concentration and dopant exposure time; which 

are shown to be closely linked. Sufficient time is required for the chemical dopant to fully 

penetrate the SWCNT network before the conductivity asymptotes to a maximum value, but too 

much time results in increased electroless plating without an increase in conductivity. The 

magnitude of this maximum value is influenced by the choice of carrier solvent and how well 

that solvent interacts with the SWCNTs. The higher the affinity of the solvent for the SWCNTs 

the lower the corresponding increase in conductivity. Additionally, impurities such as residual 

catalyst particles (Ni, Co, Fe, etc.) can react with the KAuCl4 salt causing a decomposition that 

results in heavy particle plating while suppressing an increase in electrical conductivity.   
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Chapter 3.5: Electrical Conductivity and Doping Between SWCNTs and MWCNTs through 

Hybrid Sample Sets 

 The second half of Chapter 3 deals with mixed systems of SWCNTs and MWCNTs. Because 

commercial sources of CNTs vary in synthesis method (e.g. HiPCO, CoMoCAT, CVD, arc, 

flame) they also vary in composition. Amorphous carbon impurities and residual catalyst 

impurities will impact the quality and usability of the resulting CNT materials. Synthesis 

methods like CVD will also produce SWCNTs, DWCNTs, and MWCNTs in varying quantities. 

Understanding how these mixed CNT samples pack, bundle, and chemically dope will influence 

the ultimate properties of bulk materials. 

3.6 Introduction 

Before widespread adoption of CNT based conductors, they need to meet the performance of 

metallic counterparts as well as the production scalability required to produce miles of power 

transmission lines or data cables. 
2, 3

 Current materials and manufacturing techniques are 

struggling at satisfying both aspects. To achieve the higher production rates, control and 

uniformity in the manufacturing process are often sacrificed. At the higher production volumes, 

CNTs are produced with increased defect density, increased impurities, and increased 

distribution of CNT species (e.g. single wall, double wall and multi wall carbon nanotubes).  

Understanding how individual CNTs interact with each other in a network depends on a number 

of different factors including the quantum confined nature of the 1-dimensional materials. The 

nanoscale properties of individual CNTs are be determined by specific arrangement of carbon 

atoms (chirality) in the carbon allotrope including the number of concentric shells. Although 

SWCNTs and MWCNTs are both being investigated to enhance the next generation of power 

devices only a few reports investigate specific interactions of each CNT type.
63-67

 Differences in 

the conduction mechanism between SWCNTs and MWCNTs could be problematic when 
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manufacturing methods produce mixtures of each CNT type. Additionally, impurities present in 

the CNT network such as amorphous carbons, graphitic carbons, and residual catalyst particles 

(e.g. Fe, Co, Ni, Mo) will also impact how the CNTs interact and respond to chemical dopant 

species.
3, 16, 17

  

To date, only a few reports examine the specific interaction between mixed samples of SWCNTs 

and MWCNTs on the resulting electrical conductivity of the mixed CNT network.
65-68

 In those 

reports, the authors claim that the maximum current carrying capacity of CNT based materials is 

a function of the material’s electrical and thermal conductivity.
68

 The current carrying capacity 

of a CNT material has been shown to scale linearly with the electrical conductivity and although 

SWCNTs are more conductive than MWCNTs, MWCNTs have higher thermal stability. 

Therefore a mixed system of SWCNTs and MWCNTs, although less conductive (S/m), can 

ultimately withstand higher current densities before it burns itself out.
68

 These previous studies 

were performed on non-chemically doped low conductivity bulk materials. This motivates the 

need to look at mixed systems of high conductivity (> 1x10
5
 S/m) SWCNTs and MWCNTs and 

how they respond to chemical dopants. 

 In the present study, a constructed sample set of SWCNT and MWCNTs free-standing papers 

are used to measure differences in each material’s susceptibility to known CNT dopants (e.g 

KAuBr4, I2 (gas), and Tetracyano-p-quinodimethane (TCNQ)). Scanning electron microscopy 

(SEM) is used to qualitatively assess the nanoscale morphology. Four point probe is used to 

measure the electrical conductivity (S/m) as a function of SWCNT:-MWCNT loading ratios 

before and after chemical doping. Raman spectroscopy is used to measure changes in the phonon 

modes before and after doping. 
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3.7 Methods and Experimental 

3.7.a SWCNT Synthesis 

The SWCNTs in this study were synthesized via pulsed laser vaporization using a 1064 nm 

Nd:YAG laser under previously published conditions.
13, 69, 70

   Briefly, SWCNT material was 

synthesized from a Ni (3 % w/w) and Co (3 % w/w) doped graphite flake (1-2 µm) target 

(pressed to 25,000 psi) in a 1150°C three-zone tube furnace, and 200 SCCM flowing argon at 

760 ± 10 torr. Purification of the as-produced SWCNT material occurs through a series of acid 

and thermal treatments developed following established procedures.
12, 13, 69, 70

  For example, 150 

mg of as-produced SWCNT material is brought to reflux at 125 ºC in 3M nitric acid for 16 hours 

and then is vacuum-filtered onto 1 µm PTFE membrane filter papers with copious amounts of 

water to remove residual acid.  The SWCNT paper from acid reflux was thermally oxidized in 

air at 525°C at a ramp rate of 10 °C/minute in a Lindberg BlueM 1200 furnace.  SEM, TGA, 

optical absorption, and Raman spectroscopy analyses were conducted during the purification 

process to assure that the quality of the purification was > 95 % w/w SWCNTs. The abbreviation 

“pure-SWCNTs” will be used when referencing high purity SWCNT material (purified via the 

above method) prior to electrochemical cycling in a Li
+
 battery coin cell for the remainder of the 

discussion. 

3.7.b MWCNT Synthesis 

The MWCNTs used in this work were synthesized using an injection chemical vapor deposition 

(CVD) reactor with a coaxial injection design following previously published conditions.
71

 The 

injection tip was fabricated using quartz capillary tubing (i.d. 1 mm, o.d. 3 mm) encased in a 

stainless steel jacket.  Synthesis of the MWCNT material was performed in a Lindberg BlueM 3-

zone tube furnace at 850 °C. Cyclopentadienyl iron(III) dicarbonyl dimer was used as a 
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precursor at a concentration of 0.08 M in xylene, a gas flow rate of 0.75 l/min, and a precursor 

delivery rate of 3.5 ml/h.  Raman spectroscopy was used to assess the purity of the as-produced 

MWCNTs based on a calibration curve developed from a constructed sample set of relative 100 

% MWCNTs and 0 % MWCNTs-carbonaceous impurities. The average nanotube diameter is 60 

nm, with minimal metal catalyst residue and amorphous carbon. 

3.7.c Hybrid Sample Set Fabrication 

The constructed sample set of freestanding hybrid SWCNT – MWCNT samples were prepared 

by dispersion in N,N-dimethylacetamide (DMA) using an ultrasonic bath. The total mass of each 

CNT hybrid dispersion was kept constant at total carbonaceous mass of 10 mg in 20 mL DMA. 

Weight loadings of MWCNTs and SWCNTs at were prepared at 20% w/w step increases from 

0% - 100% SWCNT in MWCNTs. After homogenizing each dispersion for one hour, the 

samples were filtered onto a 1 µm PTFE filter paper, rinsed with acetone and dried for two hours 

in a 100° C vacuum oven. Van der Pauw squares were cut from each sample and used for all 

doping and conductivity measurements. For clarity, The SWCNT-MWCNT hybrid materials will 

be referenced by the % w/w SWCNT content (e.g. the 80 % SWCNT – 20 % MWCNT will be 

referred to as 80 % SWCNT and similarly, the 0 % SWCNT – 100 % MWCNT sample will be 

referred to as 0 % SWCNT) for the remainder of the chapter.  

3.7.d Chemical Doping 

Three published chemical dopants used to enhance the electrical conductivity of CNT networks 

were investigated for the context of this work: potassium tetrabromoaurate, iodine gas, and 

Tetracyano-p-quinodimethane.  
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3.7.d.i Potassium tetrabromoaurate (KAuBr4) 

Au salts (e.g. AuCl3, HAuCl4, AuBr3, HAuBr4, KAuCl4, KAuBr4) have be demonstrated to be 

good electrical dopants in CNT networks.
2, 58, 59

 KAuBr4 doping solution was prepared at a 

concentration of 0.001 M by mixing Potassium tetrabromoaurate hydrate (Sigma Aldrich) in 

deionized water. CNT hybrid materials were exposed to the doping solution for 30 minutes 

before being dried in a vacuum over at 100 °C for 2 hours.  

3.7.d.ii Iodine Gas (I2 gas) 

I2 gas has been shown to be an efficient dopant of CNT networks.
72-74

 Recently, the use of I2 gas 

as a dopant for DWCNT networks was successful at increasing the electrical conductivity of 

micron-sized bundles of DWCNTs to 6x10
6
 S/m.

72
 I2 gas doping of the CNT materials was 

performed by sublimating solid iodine on the CNT hybrid materials using a hotplate at 90 °C. 

The CNT hybrid materials were exposed to the I2 gas vapor for approximately 1 hour.  

3.7.d.iii Tetracyano-p-quinodimethane (TCNQ) 

TCNQ is a known electron-acceptor molecule, which has been successfully used for the 

preparation of electrically conducting salts and charge-transfer complexes to induce p-type 

doping by encapsulating CNTs.
75

 For this work, TCNQ doping solution of 7,7,8,8-

Tetracyanoquinodimethane was prepared in acetonitrile at a concentration of 4 mg/mL. CNT 

hybrid electrodes were exposed to the TCNQ doping solution for 30 minutes before drying in a 

vacuum oven at 100 °C for 2 hours. 

3.7.e Electrical Conductivity Measurements 
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The Van der Pauw method was used to measure the electrical conductivity of the SWCNT-

MWCNT hybrid materials.
57

 The method was followed as described in chapter 3. For quick 

reference the Van der Pauw equation (1) is provided again below: 

 

 
            

    
           

    

 

 

(1) 

Rlength and Rwidth are the averaged measured resistance (Ω) values perpendicular to each other 

along the edges of the Van der Pauw SWCNT square,   is the thickness of the SWCNT paper 

and ρ is the resistivity (Ωm) of the SWCNT paper which numerically satisfies the Van der Pauw 

equation.  

3.7.f Characterization 

The SWCNT material was characterized via scanning electron microscopy (SEM), optical 

spectroscopy, thermogravimetric analysis (TGA), and Raman spectroscopy. SEM analysis was 

performed using a Hitachi S-900 field emission electron microscope with an accelerating voltage 

of 2 kV. Optical absorption spectroscopy was performed in N,N-dimethylacetamide (DMA) 99+ 

% spectro-photometric grade (Sigma Aldrich) with a Perkin-Elmer Lambda 900 

spectrophotometer from 300 nm – 1600 nm. SWCNT carbonaceous purity (w/w %) was obtained 

from the peak ratios of the absorption maxima at 650 nm (1.9 eV) and 950 nm (1.3 eV) using the 

previously reported method.
69

 Raman spectroscopy was performed using a 1.96 eV He-Ne laser 

with a JY-Horiba Labram spectrophotometer over the range 100 cm
-1

 to 2800 cm
-1

. TGA was 
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performed up to 1000°C at 10 
o
C/min using a TGA Q5000IR from TA instruments on 

representative portions of the as-produced SWCNT material. 

 

3.8 Results and Discussion 

Optical micrographs were taken on cross-sections of each of the six SWCNT-MWCNT hybrid 

free-standing papers, and the thicknesses were measured. As the % SWCNT loading increases, 

the measured thickness of the CNT paper decreased (Figure 25 top). The 100 % SWCNTs paper 

has an average thickness of 32 µm ± 2 µm and the 0 % SWCNT paper has an average thickness 

of 96 µm ± 5 µm. As a result, the 0 % SWCNT material has a physical character consistent with 

a felt in comparison to the 100% SWCNT material that behaves more like a paper textile. SEM 

images of the hybrid CNT paper surface shows SWCNTs arranging into dense entangled bundles 

of individual SWCNTs whereas the MWCNTs in the hybrid materials tend to remain rigid and 

do not form bundled networks. Mixtures of SWCNTs and MWCNTs show SWCNTs wrapping 

around the MWCNTs and filling the larger mesopores between MWCNTs. The flexibility and 

bundling properties of the SWCNTs allow for greater filling of the nanoscale network with 

carbonaceous material and thus result in a reduction of the measured cross-sectional thickness.  

The density (g/cc) of each of the hybrid papers was measured and plotted versus SWCNT 

loading (Figure 25d).  As the SWCNT content increases the measured density of the CNT papers 

increased. Image J software was used to adjust the exposure of the images and calculate an 

estimated nanoscale void space from each of the SEM micrographs (at 50,000x 

magnification).Representative images are provided in (Figure 25) for the 100 % SWCNTs and 0 

% SWCNTs materials. 
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Figure 25. Constructed sample set and cross-sectional optical micrographs (top) of increasing single-wall carbon 

nanotubes (SWCNTs) in multi walled walled carbon nanotubes (MWCNTs). Scanning electron microscope images at 20K 

and 50K magnification are provided for representative hybrid materials. SWCNTs are indicated by the red arrows and 

MWCNTs are indicated by blue arrows. Image J processed micrographs are provided (bottom) to illustrate the 

differences in the nanoscale void space between SWCNTs and MWCNTs samples with the corresponding measured 

density for each of the hybrid CNT materials. Original figure created by author. 
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The Raman spectrum was acquired for each of the hybrid SWCNT-MWCNT free standing 

papers before and after exposure to KAuBr4, TCNQ and I2 gas. Baseline measurements prior to 

chemical doping show increasing RMB, G and G'-peaks Raman intensity (counts) with 

increasing SWCNT content (Figure 26a). The 0 % SWCNT sample contains the characteristic 

MWCNT peaks although at really low intensity when taken at equivalent acquisition parameters. 

Additionally, radial breathing mode (RBM) peaks (between ~100 and 300 cm
-1

) were not visible 

in the 0 % SWCNT material. RBM peaks are clearly visible in the 20 % SWCNT sample and 

continue to increase in relative intensity up to the 100 % SWCNT material. Similarly, the D-

band (between ~1250 and 1380 cm
-1

) has a high intensity in the 0% SWCNT sample and 

decreases significantly with the addition of SWCNTs. G-band (between ~1400 and 1650 cm
-1

) 

splits from a single peak in the 0 % SWCNT material to a multi-peak G
+
 and G

-
 with increasing 

SWCNT content. This splitting of the G-band is consistent with previous measurements on 

SWCNT materials.  

Both the peak intensity and peak location of the G'-band are sensitive to chemical dopants in the 

CNTs network. Other factors such as carbonaceous impurities, sidewall defects, and doping 

species will also shift and alter the peak intensity. Following exposure to the chemical dopants 

the 0 % SWCNT material showed little response to the doping species (Figure 26b2). The degree 

of peak shift and suppression increased with increasing SWCNT content. It is expected that 

larger shifts in both the G' peak location and intensity will correspond to a larger change in the 

macroscale properties due to greater penetration of the chemical doping species. Based on 

changes in the G' band it would be expected that the largest change in the electrical conductivity 

would be measured for the 100 % SWCNT material following exposure to both the KAuBr4 and 

I2 gas species (Figure 26d2).  
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Figure 26. Offset Raman spectra of the free standing hybrid SWCNT-MWCNT papers plotted using the measured signal 

intensity (a). The Raman spectra flowing exposure to TCNQ, KAuBr4, and I2 gas are plotted as overlaid curves 

normalized to the each spectra’s G band intensity for the 0 % SWCNTs (b), 40 % SWCNT (c) and 100 % SWCNT (d) 

representative hybrid materials. (1) and (2) refer to zoomed in regions of the D (~1325 cm-1) and G-Bands (~1500-1650 

cm-1) and the G' band (~2600 cm-1) respectively. The plotted Raman data is a combination of three different measurement 

points taken on each sample, averaged, and baseline corrected. Original figure created by author. 

 

The electrical conductivity of the SWCNT-MWCNT free standing hybrid materials was 

measured before and after exposure to chemical doping (Figure 27a). In the baseline 

measurements of the hybrid papers a small reduction in the absolute resistance was measures as 

the samples moved towards increasing % SWCNT content. The decrease in resistance of the 

undoped measurements is attributed to a more dense nanoscale network with better electrical 

percolation networks achieved in the highly entangled bundled SWCNTs. When the reduced 
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thickness of the Van der Pauw squares is taken into account there is a further increase in the 

calculated electrical conductivity as the % SWCNTs increases.  

Following exposure to the three chemical dopants, an increase in the electrical conductivity was 

measured for all of the hybrid CNT materials containing SWCNTs. No increase in the electrical 

conductivity over the baseline value was measured for the 0 % SWCNTs material. The measured 

increase in electrical conductivity followings a linear relationship for each of the chemical 

dopants that are proportional to the % SWCNT content (Figure 27b). The highest increase in the 

electrical conductivity was measured for the 100 % SWCNT materials doped with KAuBr4 

followed closely by I2 gas. KAuBr4 and I2 gas also showed the largest peak shift (cm
-1

) and 

suppression of the G' peak in the Raman spectra (Figure 26d2).  
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Figure 27. Electrical conductivity (S/m) of single-wall carbon nanotubes (increasing concentration towards the right y-

axis) in  and multi walled carbon nanotubes (decreasing concentration towards the right y-axis) hybrid papers before and 

after chemical doping with TCNQ, KAuBr4, and I2 gas. Measurement error is within the data points. Original figure 

created by author. 
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The susceptibility of the hybrid SWCNT-MWCNT materials to the chemical dopants is 

attributed to the nanoscale morphology differences between the SWCNT and MWCNT 

materials. Previous studies show a reduction in the tunneling barrier between neighboring 

SWCNT materials from the addition of chemical dopants.
2
 It should be noted that the CNT 

intersection points have a substantially higher contact resistance than the internal resistance of an 

individual CNT.
3
 This would imply that the bundled and highly entangled morphology of the 

SWCNTs allows for the greatest extent of interaction between the doping species and the 

SWCNTs to reduce the tunneling barrier between SWCNTs. The more rigid MWCNTs have 

fewer points of intersection and thus have a reduced number of opportunities for the KAuBr4, I2 

gas and TCNQ to lower the tunneling barrier and increase the network’s electrical conductivity. 

The bundled and entangled network formed by SWCNTs allow for the greatest penetration of the 

species examined in this study. Therefore to maximize the electrical conductivity of CNT 

conductors with ionic dopants moving to sources of CNTs that are predominantly SWCNT, 

DWCNT will allow for the greatest increase in the electrical conductivity over the baseline 

undoped network.   

 

3.9 Conclusions 

In this study, SWCNT-MWCNT hybrid electrodes were fabricated by combining increasing 

mass loadings of SWCNTs with MWCNTs at 20 % w/w increments. The hybrid electrodes were 

exposed to three dopants: KAuBr4, I2 gas, and TCNQ. The electrical conductivity of the treated 

CNT hybrid papers was measured via four point probe and compared to baseline conductivity 

values. An increase in the electrical conductivity was measured for all SWCNT-containing 

hybrid materials and the largest increase in electrical conductivity was measured for the 100 % 
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SWCNT material for all three dopants investigated. Changes in the G and G' bands of the Raman 

spectra were measured for SWCNT containing hybrid materials and correlate with changes in the 

electrical properties. The results suggest that to achieve bulk CNT conductors with the electrical 

conductivity approaching metals, it’s important to balance the inter and intra CNT conduction 

networks. Therefore, the use of smaller diameter CNTs, such as SWCNTs, will allow for the 

largest increase in electrical conductivity from chemical doping species.  

There are several limitations to the work presented in this section. The research focused on a 

narrow subset of chemical dopants and could be expanded to include a larger scope of chemicals. 

Additionally, more CNT species could be included in the analysis such as double wall carbon 

nanotubes (DWCNTs).  
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Chapter 4: Life Cycle of CNT Conductors: Manufacturing of CNT Conductors 

 

Figure 28. This chapter of the dissertaion looks at methods of manufacturing CNT based wires and cables. Original figure 

created by author. 

Chapter 4 of the dissertation builds off of the findings of chapter 3 and investigates the 

manufacturing stage of CNT conductor life cycle. Specifically in this section, superacids are 

used to dissolve CNTs at high weight loadings and reassemble them into highly dense aligned 

bundles. Semi-continuous wires can be extruded from the high weight loading dispersions. 

Modified SWCNT electrodes can also be produced by controlling the nanoscale morphology 
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(e.g. bundling, alignment) though applied current and thermal energy (heat). Progress towards 

these modifications will be discussed. 

4.1 Introduction 

Since the first publication on the use of superacids to disperse CNTs in 2004, a lot of progress 

has been made to modify the nanoscale structure and morphology of CNT networks. Superacid 

has been used to make high weight loading dispersions of CNTs (2 orders of magnitude higher 

than organic solvents and an order of magnitude higher than surfactants). Superacids are 

extremely effective dispersing agents for CNTs because of their ability to directly protonate the 

sidewalls. The buildup of positive charges on the surface of the CNTs is enough to overcome the 

attractive Van der Wals forces that keep nanotubes in closely packed bundles. If a sufficient 

concentration (> 11% w/w) of CNTs are dispersed, the positive charges on the CNT surface 

begin to assemble themselves in a minimum energy (hexagonally close packed) state. The 

assembly of individual nanotubes in to larger macro structures of aligned tubes is referred to as 

liquid crystals.  

Rice University developed a mechanical extrusion method for fabrication continuous CNT wires 

from superacid dispersions. Although a number of different superacids have the capability to 

disperse CNTs in high enough weight loading to extrude wires, they identified chlorosulfonic 

acid (CSA) as having the highest dispersion limit and thus use CSA for the majority of their 

extrusion tests. Of particular importance to achieving highly uniform dispersions and extrusion 

of conductive wires are CNT purity, CNT diameter, and CNT length.
76-79

 Of particular 

importance to achieving highly uniform dispersions and extrusion of conductive wires extrusion 

tip diameter, choice of solvent bath, and the weight loading of CNTs in dispersion are more 

important factors.
5, 6
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4.2 Experimental 

Following the Rice University extrusion procedure, SWCNTs were dispersed in chlorosulfonic 

acid (CSA) using a combination of mixing techniques. Although SWCNTs will spontaneously 

disperse in the highly protonating superacids, mechanical mixing methods are required to 

achieve higher weight loadings sufficient to form liquid crystal dispersions (>11 % w/w CNTs in 

CSA).
76

 A rotor stator mixer (Figure 29) was used in combination with a dual centrifugal mixer 

and a stir bar/stir plate to slowly increase SWCNT concentration. As the SWCNT weight 

fraction in CSA increases so does the viscosity of the dispersion. At very high weight loadings 

>20 mg/mL the viscosity requires extended dual centrifugal mixing to keep the material mixing. 

At very high weight loadings >30 mg/mL the dispersion becomes too viscous and no longer 

freely flows with the rotor stator or stir plate mixing methods, and mixing must be achieved 

solely by the centrifugal technique.  

 

Figure 29. Mixing apparatus for dispersing single-wall carbon nanotubes in chlorosulfonic acid. Original figure created 

by author. 
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From these high weight loading dispersions (20-40 mg SWCNTs in 1 mL CSA), semi-

continuous SWCNT wires can be extruded into a solvent bath. Extrusions SWCNT wires were 

performed using a glass syringe, with 20, 22, or 24 gauge stainless steel needle tips. The 

dispersion was extruded using a syringe pump at a rate between 0.05 - 0.1 mL/min into a solvent 

bath. Choice of solvent impacts both the quality and uniformity of the extruded wire. Solvents 

such as deionized water tend to remove the CSA too quickly from the wire and results in rapid 

gas evolution and damage to the wire sidewall. Similarly, solvents such as chloroform remove 

the CSA too slowly and lead to breaks and in the extruded wires. Acetone was determined to 

provide rapid removal of CSA without the formation of hydrochloric acid gas. Extruded wires 

were then coiled onto spools for drying using a variable speed torque motor matched to the 

extrusion rate of the wires. Extruded wires were dried in a vacuum oven at 100 °C for 1 hour. A 

schematic representation of the extrusion process is provided in Figure 30. 
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Figure 30. Schematic representation of the CNT wire extrusion process from dispersions of carbon nanotubes in 

chlorosulfonic acid. Original figure created by author. 

 

4.3 Results and Discussion 

The extruded SWCNT wires can have non-uniform cross-sectional geometries based on the 

extrusion parameters used. Because the electrical conductivity of a wire is the product of the unit 

resistance per length and the geometrical cross-sectional area accurately quantifying the cross 

sectional area is important. Using a 4-point probe station and measuring the distance between 

voltage probes results in a resistance per length measurement with relatively small error bars. 

Measuring a material’s cross-sectional area accurately can pose significantly more problems 

especially when the conductor is irregularly shaped. Smaller diameter conductors will be more 
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affected by error in the cross-sectional area whereas larger diameter conductors will be affected 

proportionately less.  

Cross-sectional area dependent measurements (e.g. conductivity and maximum breaking stress) 

of extruded CNT wires, are especially subject to error in their area measurement due to large 

non-uniformities along their length. A lot of conditions determine the geometrical shape of 

extruded CNT wires such as type of solvent bath used, extrusion tip diameter, and weight 

loadings of CNTs in CSA. Figure 31 illustrates three different geometrical cross-sections that can 

be obtained from extrusions using CSA. Most common is a solid core wire, which is composed 

of highly aligned and dense CNT networks. However, if the solid core wires solidify while 

touching a surface, they can easily be formed into thin, flat ribbon like structures. Similarly, 

ribbon-like structures can wrap onto themselves, forming a hollow core cylindrical wire. Because 

of these different geometries assumptions on the cross-sectional composition of CNT conductors 

can result in large error propagation in the calculated electrical conductivity and maximum 

breaking strength.  
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Figure 31. Scanning electron micrographs and their corresponding cross-sectional area equations for single-wall carbon 

nanotube extruded wires. Original figure created by author. 

 

A series of extruded CNT wires were used to illustrate the effect of measurement error on the 

cross-sectional area dependent properties of the wires. Figure 32 shows how the calculated 

properties of a single wire would change if only one diameter measurement was used to calculate 

the electrical conductivity and maximum breaking stress of the material. The SWCNT wire was 

extruded from a CSA dispersion at 30 mg/mL weight loading into an acetone bath. Based on 

SEM images, the actual shape of the wire is a “horseshoe” geometry. Using only the SEM outer 

diameter measurement, a modified cross sectional area was calculated for an assumed 
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rectangular and solid core wire. From the modified cross-sectional a reduction in both the 

calculated conductivity and breaking stress resulted. Solid core geometry overestimated the 

cross-sectional area because it assumed the void space and the horseshoe geometry were 

occupied by conductive material. Similarly, the rectangular form factor also overestimated the 

cross-sectional area by filling in the structure with length and width square measurements. 

 

Figure 32. The electrical conductivity (S/m) and breaking strength (MPa) of a “horseshoe” shaped extruded single-wall 

carbon nanotube were recalculated if a rectangular and solid core wire geometries were assumed to highlight the decrease 

in materials properties induced by error in the cross-sectional area measurement. Original figure created by author. 
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The above plot shows the conductivity and breaking pressure of the best 30 mg/mL extruded 

wire. Using the correct “horseshoe” geometry from the SEM images the highest measured 

breaking force was 120 MPa with a corresponding electrical conductivity of 1.7x10
6
 S/m.  

SWCNT alignment is an important factor for maximizing the electrical conductivity of bulk 

SWCNT conductors. To achieve alignment in extruded SWCNT wires, a higher weight loading 

of SWCNTs in CSA dispersions leads to the formation of liquid crystals in solution. The liquid 

crystals contribute to long range order in bundled SWCNT networks. Extrusion of these liquid 

crystals through a syringe needle tip forces liquid crystal grain boundaries to align parallel to the 

direction of the extrusion. Upon injection into the solvent bath, the CSA is removed from the 

CNT network causing the liquid crystals to collapse onto themselves, forming highly dense 

bundled networks of aligned SWCNTs. When the CSA is completely removed from the extruded 

wires individual and bundled CNTs are fixed in a direction parallel to conduction along the 

length of the wire. Figure 33 shows SEM images of extruded wire surface with highly aligned 

bundled networks of CNTs down the length of the wire. A section of the wire's surface was 

fractured and internal network was exposed. The internal part of the extruded CNT wire reveals 

highly aligned networks not only on the surface but on the interior of the wires with little void 

space present. 
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Figure 33. Scanning electron micrographs of an extruded single-wall carbon nanotube (SWCNT) extruded wire. The 

surface morphology is comprised of highly bundled, dense SWCNT networks. Magnifying the blue section of a cut 

location along the wire shows the alignment of SWCNTs continues below the surface and into the core of the wire. 

Original figure created by author. 

Instead of the extrusion of wires, the same liquid crystal dispersions can be used to form 

SWCNT electrodes with different bundling states. The dispersion of CNTs in CSA is capable of 

producing highly individualized CNTs as well as highly bundled entangled networks through 

selective coagulation of the material. Changes in the bundling state can reveal important factors 

on how CNT networks conduct electricity and respond to chemical dopants. To control the 

bundling state of CNTs, low weight loading dispersions (less than 1 mg/mL) of CNTs in CSA 

were used to individualize SWCNTs. If these low weight loading dispersions are vacuum 

filtered, as is, into freestanding SWCNT papers, the individualized SWCNTs will remain 

relatively unbundled. However, if water is slowly introduced into the CSA dispersions, it will 

lower the dispersion limit of the CSA until CNTs begin to precipitate from dispersion. As the 

CNTs precipitate, they bundle, forming entangled networks of hexagonally close packed arrays. 

The extent and degree of bundling is determined by how much water is used to decompose the 

CSA. When the desired level of coagulation is achieved (more coagulation results in larger 
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SWCNT bundles), vacuum filtration can be used to remove remaining CSA. Once the filter 

paper is dried freestanding SWCNT electrodes can be removed which retail the highly bundled 

coagulated SWCNTs. Differences in the network morphology are clearly visible using scanning 

electron microscopy (Figure 34) between the non-coagulated and coagulated samples. 

 

Figure 34. Scanning electron micrographs of individualized and bundled single-wall carbon nanotube free standing 

papers prepared though selective coagulation by addition of water to chlorosulfonic acid dispersions (~1 mg/mL).  

Original figure created by author. 

In addition to the use of water to cause coagulation and bundling of SWCNTs in dispersion, the 

use of an applied current and thermal energy (100 °C hot plate) can also be used to influence 

coagulation. Figure 35 shows the change in morphology of SWCNT papers prepared from 

dispersions in CSA. Coagulation occurs in the SWCNT dispersions as the thermal energy (heat) 

decomposes the unstable CSA molecule. As CSA is heated it breaks down into sulfuric acid and 

hydrochloric acid gas, the dispersion limit of CSA is reduced. As the SWCNTs begin to 
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precipitate, they begin to bundle together and eventually form solid free standing SWCNT papers 

(Figure 35). Because evaporation of the CSA is occurring radially inwards, the surface tension 

while drying causes the liquid crystals of SWCNTs to orientate themselves radially inwards 

(illustrated graphically in Figure 36). Similarly, when an electric current is applied to the 

dispersion prior to thermal heating SWCNTs begin aligning themselves parallel to the direction 

of the applied current. As the CSA is removed, the already aligned SWCNTs begin to coagulate 

together and form bundles that precipitate and solidify, forming a free standing paper.  

 

Figure 35. Scanning electron micrographs of SWCNTs aligned from dispersions in CSA with applied current and heat. 

Original figure created by author. 
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Figure 36. Schematic representation of the proposed alignment method during the coagulations of SWCNTs in to aligned 

networks. Original figure created by author. 

CSA also can act as an acid dopant in the extruded SWCNT wires and free standing papers. 

Successively higher burn temperatures were used to determine the thermal stability of CSA 

doped extruded wires. It can be shown in Figure 37, that temperatures at or below 200°C, result 

in little change in measured electrical conductivity. At thermal oxidation temperatures of 300°C, 

a decomposition of the CSA resulted in evolution of white gas and corresponded with a 

measured decrease in electrical conductivity. A second decomposition and evolution of white gas 

occurred at a thermal oxidation temperature of 400°C. Following this thermal oxidation 

temperature the lowest electrical conductivity value measured for the wires (red data points in 

Figure 37). At 400°C thermal oxidation temperature the chemical doping effect of CSA was 

removed to a point where a minimum conductivity was measured for the extruded wires. 
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Figure 37. A 35 mg/mL dispersion of single-wall carbon nanotube in chlorosulfonic acid (CSA) was extruded using 22 and 

20 gauge syringe tips. The extruded wires were then dried at increasing temperatures in 100 °C increments up to 400 °C. 

The electrical conductivity (S/m) was measured as a function of temperature to determine the thermal stability of the 

CSA. Absolute conductivity values varied across several wires, the raw data is plotted with individual sample 

measurement error within the data points.  Original figure created by author. 

 

Raman analysis (Figure 38) confirms the removal of CSA from the extruded SWCNT wires 

following the 400 °C burn. CSA suppresses both the radial breathing modes and the G' band 

relative to the intensity of the G band. Additionally, doping from CSA changes the line shape of 

the G-band from multiple peaks to the right G
-
 peak. Following removal of the CSA at 400 °C, 
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the RBM intensity, G band line shape, and the G ' band intensity return to values consistent with 

high purity undoped SWCNTs.  

 

 

Figure 38. Raman spectroscopy of chlorosulfonic acid doped single-wall carbon nanotube extruded wires before and after 

400 °C burn for both 22 and 20 gauge syringe needle extrusion tips. The plotted Raman data is a combination of three 

different measurement points taken on each sample, averaged, and baseline corrected. Original figure created by author. 

4.4 Conclusions 

Across all of the CNT wire extrusion trials a wide range of wire diameters and conductivities 

were measured. Conductivities ranged from low (1x10
4
 S/m) to the highest conductivity wires at 
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4.4x10
6
 S/m. The highest values from this dissertation are compared to the highest values 

measured by Rice University and Nanocomp Technologies Inc. in Figure 39. The ability to 

modify, control, and extrude CNT wires represents a significant step forward in the processing 

and development of functional carbon based conductors to replace metallic wires. 

 

Figure 39. Summary conductivity plot of electrical conductivities of carbon nanotube electrical conductors. 

Measurements were taken across hundreds of wire segments under different processing condition and the best measured 

values are plotted. Original figure created by author. Original figure created by author. 

There are several limitations to the work presented in this section. A continuous extrusion system 

would need to be developed and the material properties as a function of extruded wire segment 

should be characterized to ensure uniform wire properties. Also increasing the maximum weight 

loading of SWCNT in CSA above 35 % w/w should be a key focus of future research. 
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Chapter 5: Life Cycle of CNT Conductors: Use Phase of CNT Wires: Methods of contacting and 

Functional CNT Device Demonstration 

 

Figure 40. This chapter of the dissertation looks at methods of contacting CNT wires to metallic interconnects and the 

performance of functional materials for conducting applications. Original figure created by author. 

Chapter 5 of the dissertation investigates the use phase of CNT conductor life cycle. Identifying 

methods to effectively contact the bulk CNT conductors manufactured in the previous chapter to 

real-world metallic contacts is a key focus. Mechanical crimping and conductive epoxies can be 

used to make reliable connections to metallic interconnects. In other applications where crimping 

and epoxy cannot be used such as lithium ion battery electrodes, another method contacting was 

investigated: ultrasonic welding. In this method ultrasonic energy is used to mechanically and 
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electrically contact bulk CNT materials to metallic conductors. The mechanical strength and 

specific contact resistances of these welds are measured.  

5.1 Introduction 

The measured properties of carbon nanotube (CNT) based materials make them a competitive 

option to replace copper as a next generation conductive material. Recent advances in chemical 

doping and CNT wire fabrication techniques have led to bulk CNT conductors approaching the 

electrical conductivity of copper at a fraction of the weight.
2, 17

 CNT based conductors can 

already provide significant advantages over metallic wiring in a number of niche applications.
17

 

Applications which require high flexure tolerance, corrosion resistance, and high performance to 

weight ratios can especially benefit from the electrical and mechanical properties of CNTs. For 

example, CNT sheet materials are also performing as well as metallic foils and braided wires 

when used as the outer conductor in coaxial wires but at a fraction of the weight. 
16, 17

 

Opportunities to use CNT sheets as active material supports for high capacity materials in 

lithium ion battery electrodes motivates a robust and effective method for contacting to metallic 

interconnects. Despite their functional and weight saving advantages, making electrical and 

mechanical contacts to these CNT electrodes, wires, and cables is an area of increased interest 

and may require special methods of attachment.  

A functional connection must be both mechanically and electrically robust. Traditional methods 

of connecting wires (e.g. soldering, conductive epoxy, mechanical crimping) are not always 

practical for carbon-based conductors. Of the methods to contact CNT conductors, there are both 

advantages and disadvantages of each technology Figure 41. Solders do not wet to the CNTs, 

and therefore pre-metallization of the carbon surface is required in order to make a solder 

connection. These soldered connections are often mechanically weak and prone to failure. Other 



`101 

methods contacting, such as conductive silver epoxy can provide good mechanical connections, 

however, the silver epoxy requires long curing times and can easily create shunt paths in closely 

space electrodes. Additionally, the polymer and solvents in the epoxy can lead to higher contact 

resistances and contamination of the CNT network. Methods like mechanical crimping can 

provide a strong mechanical connection to carbon-based wires. Additionally, the contact 

resistance of mechanical connections is dependent on the crimping force, and in some instances 

the crimp connector itself can be large and bulky.
17

 In the case of lithium-ion battery electrodes, 

large bulky crimp connections add inactive mass which reduces energy density and are not 

consistent with industry methods. Ultrasonic welding of bulk CNT conductors directly to 

metallic electrodes could be an efficient method to provide both the mechanical and electrical 

contacts without the shortcomings of the other aforementioned connection methods. 
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Figure 41. Table illustrating different techniques used for contacting carbon nanotubes to metallic interconnects. Original 

figure created by author. 
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5.2 Experimental 

5.2.a Ultrasonic Welding 

Ultrasonic welding was performed using a 4 kW Branson - AmTech Ultraweld 40 ultrasonic 

welder operating at 40 kHz with a 0.5 cm x 0.5 cm welding area. The ultrasonic welding system 

has user adjustable welding parameters:(1) to control the displacement amplitude of the 

ultrasonic horn (investigated between 12 and 18 µm), (2) total welding energy (investigated 

between 40 and 160 J), and (3) contacting/welding pressure (investigated between 40 and 60 

psi). Interchangeable knurl patterns are available for both the ultrasonic horn and welding anvil. 

The CNT sheet materials, used in the current ultrasonic welding process, were obtained from 

Nanocomp Technologies Inc. and were purified prior to ultrasonic welding and using the 

purification procedure developed as part of this doctoral work and described in detail below.    

Characterization of the CNT materials and ultrasonic welds were performed using physical, 

mechanical, and electrical techniques. Scanning electron microscopy (SEM) was performed at 

the weld interface using a Hitachi S900 field emission SEM at an accelerating voltage of 2 kV. 

Raman spectroscopy was performed using a JY Horriba Raman spectrometer with a laser 

excitation energy of 1.96 eV. Dynamic mechanical analysis (DMA) was performed using a TA 

instruments Q800 DMA. Stress strain curves were performed at a 0° angle in plane with the 

ultrasonic welding surface. A force ramp rate of 0.01 N/min was used until material failure. 

Electrical measurements were performed on ultrasonic welded CNT materials using a four point 

probe system connected with the National Instruments, NI – 2600 source measure unit.  TLM 

measurements? 
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5.2.b Purification of Nanocomp Technologies Inc. As-Received CNT Sheet Material 

Nanocomp CNT sheet materials were purified using a combination of acid and thermal oxidation 

treatments. First, as-received Nanocomp CNT sheet material was thermally oxidized up to a 

maximum temperature of 560°C (10 °C/min ramp rate) under 5 L per minute flowing, dry air to 

remove amorphous carbon impurities. Following the thermal oxidation procedure, the CNT sheet 

material was then treated with concentrated HCl acid for 30 minutes to remove residual Fe 

catalyst particles. During the acid rinsing procedure a noticeable color change is observed for the 

high-temperature burned CNTs sheet materials where the dissolved iron catalyst particles turn 

the acid a bright yellow (bottom vial in Figure 42). In comparison, as-received sheet materials 

treated with concentrated hydrochloric acid do not produce a visible color change (top vial in 

Figure 42). The difference in the ability of the HCl to dissolve the iron catalyst particles after 

thermal oxidation is attributed to the carbon coatings on the Fe being removed in the as-received 

CNT materials which prevent their dissolution into the HCl. 

SEM analysis shows dramatic change in surface morphology at each step of the purification 

procedure. Large chunks of catalysts and other carbonaceous impurities are observed on the as 

received CNTs sheet material (Figure 42a). The dramatic reduction in the size of these impurities 

is observed following thermal oxidation with small clusters of catalyst particles dominating the 

surface features (Figure 42b). Finally, with the acid rinsing procedure, very few impurities 

remain on the surface of the CNTs sheet materials and the surface morphology is that of typical 

high purity CNT materials (Figure 42c). 
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Figure 42. Scanning electron microscopy images of Nanocomp carbon nanotube sheet materials as-received (a), following 

a 560 C burn in air (b), and following a HCl acid rinse. No color change is visible when as-received sheet materials are 

treated with concentrated HCl (top vial). Following thermal treatment, carbon coatings are removed from the Fe catalysts 

particles and the can be dissolved using HCl with a visible color change. Original figure created by author. 
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Thermal gravimetric analysis was used to monitor the weight change as a function of thermal 

oxidation temperature. Low temperature thermal oxidation steps resulted in little weight loss due 

to the combustion of carbonaceous material. Increasing the thermal oxidation temperature 

resulted in higher weight losses during the burn procedure up to a maximum weight loss of 40% 

at 580°C (Figure 43). Additional weight was removed following the acid rinsing procedure due 

to the dissolution of iron catalyst particles.  The total amount of Fe removed using the HCl 

increased with increasing thermal oxidation temperature up to a maximum of 20 % w/w at a 

temperature of 550 °C.  As the thermal oxidation temperature was increased above 550 °C no 

additional increase in the Fe removal was measured. This suggests that a thermal oxidation 

temperature of 550 °C is sufficient at removing carbon encapsulation and exposing the Fe 

catalyst particles to the HCl.  
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Figure 43. thermal gravimetric analysis of the % weight loss of Nanocomp carbon nanotube sheet materials burned at a 

10 °C/min ramp rate under flowing air to different maximum burn temperatures. The red (square) data points show the 

relative Fe catalyst mass loss following a concentrated HCl rinse. Measurements were conducted on several CNT paper 

segments and the data plotted represents average weight losses at each temperature. Original figure created by author, 

data taken by Anthony Sammarco 

Raman spectroscopy was also performed as a function of thermal oxidation temperature on each 

of the CNTs sheet materials. For all the thermal oxidation temperatures investigated, no 

significant increase in the D/G ratio was measured. If significant damage was done to the 

sidewall of the CNTs during the purification procedure, an increase in the D/G, as well as the 

D/G' ratios would be observed.  
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Figure 44. Normalized Raman spectra for Nanocomp carbon nanotube sheet materials as a function of thermal oxidation 

temperature. The plotted Raman data is a combination of three different measurement points taken on each sample, 

averaged, and baseline corrected. Original figure created by author, data taken by Anthony Sammarco 

5.3 Results and Discussion 

Figure 45 shows optical (Figure 45a) and scanning electron microscopy (Figure 45b) images of 

the ultrasonic weld interface between the copper and the CNTs ribbon segments. At the weld 

edge, a clear distinction between the two materials is visible. Small areas of CNTs are exposed 
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and lifted from the CNT network in several locations across the weld area and appear brighter in 

the SEM images (Figure 45b). The presence of these delaminated CNTs is attributed to 

roughening of the CNT network during the welding process. The ability to ultrasonically weld to 

different bulk CNT form factors including densified CNT wires (Figure 41c) and CNT ribbons 

(Figure 41d) have also been demonstrated. Although both form factors resulted in strong welds, 

the CNT ribbons were chosen for analysis due to the uniform weld area from sample to sample.  

Of the ultrasonic welding parameters initially investigated, the most obvious impact on the 

quality of the weld was the choice of neural pattern in contact with the CNT surface. Highly 

textured knurl patterns such as pyramid or inverted pyramid designs cause severe abrasion and 

shredding of the 50 µm thick CNT conductor. In several cases, the use of a textured knurl pattern 

in contact results in very weak welds which failed before mechanical measurements could be 

taken (Figure 45). In contrast, when a smooth knurl pattern was used in contact with the CNT 

sheet materials, it provided a sufficient welding surface to make a strong ultrasonic bond with the 

copper foil.. Flat knurl patterns on both the Cu and CNT surfaces were did not effectively grip 

the welding materials get displaced during the ultrasonic welding. The choice of neural pattern in 

contact with the copper foil was much less sensitive but required a textured surface to hold it in 

place during welding At higher energies (> 160 J) however, the thin (20 µm) copper foil was 

prone to damage through work hardening and would stick to the welding head and fracture 

(Figure 41e).  
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Figure 45. Optical microscope image (a) and scanning electron micrograph (b) of the ultrasonic weld interface between 

carbon nanotubes (CNTs) and copper. Photographs of a densified CNT wire ultrasonically welded to copper foil and a 

CNT ribbon ultrasonically welded to copper foil tab. Width of the copper tab is 0.5 cm. Photographs showing the impact 

of high energy work hardening and fusing of the copper foil to the welding head (e).  Highly textured knurl patterns will 

perforate the CNT sheet (f). Original figure created by author. 

 

Figure 46 summarizes the DMA testing performed on multiple CNT-copper ribbon segments 

under a high-low series of conditions. Of the three welding parameters investigated, the 

displacement of the welding horn has the most impact on the measured breaking strength of the 

weld. Low displacement amplitudes (12 µm) resulted in lower bond strengths (~400 g). Strength 

of the weld increased in strength (~900 g) with increasing displacement amplitude up to a 

maximum displacement amplitude of 18 µm for the ultrasonic welder. The breaking strength of 

the ultrasonic weld is relatively insensitive to both the welding pressure (Figure 46a) and total 

weld energy (Figure 46b) of the bond, and remained relatively constant within the measured 

error. 
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Figure 46. Dynamic mechanical analysis of the maximum load (g) before weld failure as a function of welding pressure 

(a), welding energy (b), and horn displacement amplitude (c). Error in the mechanical strength is represented by the 

standard deviation across 10 samples at each set of welding conditions. Original figure created by author, data taken by 

Jack Alvarenga. 
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In Raman spectroscopy of CNT materials, an increased ratio of the D and G peaks (D/G) is 

characteristic of increased damage to the sidewall of the CNTs. Raman analysis was performed 

to determine the extent of defect formation by analyzing the CNT sheet in multiple locations 

throughout the bond interface. the bottom most layer of CNTs in the network are actually bonded 

to the copper foil. The rest of the CNTs would be attached to the bottom most layer through Van 

der Wall forces, bundling, and network entanglement. To understand how the bottom most layer 

differs from the entangled surface CNTs surface CNTs were removed from the weld location 

through a combination of N,N,-dimethylacetamide (N,N,-DMA) solvent and an ultrasonic bath. 

During the cleaning procedure, a color change was visible in the N,N,-DMA solvent as CNTs 

were removed from the copper surface. Following 30 min in the ultrasonic bath, the copper foil 

was rinsed with N,N,-DMA to remove any CNTs material that was re-deposited onto the foil. 

The copper foil was then dried in a vacuum oven to remove any residual solvent and imaged 

using optical and scanning electron microscopy. 

Following the ultrasonic cleaning procedure, areas of the copper foil surface still have carbon 

material attached. The optical microscope image in Figure 47f contains three different visible 

material morphologies on the copper foil. The three areas consisted of opaque deposits, semi-

transparent films, and areas where copper foil appeared bright and reflective. Raman 

spectroscopy was performed on each of these three regions. The bright reflective areas had 

extremely low Raman signal intensity, and minimal characteristic CNTs peaks. The opaque areas 

maintain a strong Raman intensity as well as a high D/G ratio of approximately 2 (Figure 

47Figure 47a purple curve).  
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Figure 47. Optical microscopy images of copper foil (a) with ultrasonically welded carbon nanotube residues. Raman 

spectra of a copper foil location (b), a dark patch location (c), and a darker shadowed spot (d). The plotted Raman data is 

a combination of three different measurement points taken on each sample, averaged, and baseline corrected. Original 

figure created by author. 

SEM images of the ultrasonic weld locations show networks of CNTs. The top of the ultrasonic 

weld surface show smooth entangled networks of CNTs mats with some amorphous carbon 

generation (Figure 47c). These locations appear more amorphous in structure which is consistent 

with the measured increase in the D/G Raman ratio. At the edges of these dark spots the tips of 

CNTs are clearly visible protruding from the mats (Figure 47g).  

The change in CNT morphology at the metal interface  observed in SEM images is consistent 

with  SWCNTs welded to Ti electrodes.
80

 The ability of these heavily damaged CNTs to remain 

adhered to the copper foil suggests that one ultrasonic welding mechanism is the formation of 

carbon metal bonds.
80

 The formation of carbides would allow the heavily damaged CNTs to 

remain fixed to the metal surface throughout the ultrasonic bath cleaning procedure. Previous 
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studies used XPS analysis to show the evolution of carbon-titanium bonds at increasingly higher 

welding energies.
80

  

A second proposed welding mechanism is the acoustic softening effect.  During ultrasonic 

welding, CNTs can embedded themselves below the metal surface and provide the high 

mechanical strength and lower contact resistances.
81

 Protruding CNT ends can then provide 

electrical contact points and mechanical rigidity to other CNTs in the network which are not 

directly welded to the metal contact. The ability for ultrasonic welding techniques to embed 

CNTs into the metal matrix has also been shown to lower the two-terminal electrical contact 

resistance between individual/small bundles of CNTs and the metal.
80

 Although lower two 

terminal resistances have been measured for CNT based microelectronics it is unclear how those 

properties translate to bulk structures.    

In the current work, a modified transmission line method (TLM) was used to determine the 

specific contact resistance of the ultrasonic weld between the CNTs and the copper foils. A series 

of ultrasonic welds were made at decreasing separation towards a reference contact. The 

measured two-point resistance was plotted as a function of the weld spacing in Figure 48. A 

linear fit was used to determine the y-axis intercept. The value of the y intercept is twice the 

contact resistance of an individual ultrasonic weld (an equal contribution from both ends of the 

TLM structure). Correcting for geometry, CNTs ultrasonically welded to copper have a 

measured specific contact resistance of 9.9 mΩ-cm
2
. An equivalent TLM measurement was 

performed using CNT materials treated with potassium tetrabromoaurate (KAuBr4) as a chemical 

dopant. KAuBr4 has previously been shown to reduce the contact resistance of mechanically 

formed electrical connections.
3
 Following chemical doping, the specific contact resistance was 

reduced significantly to 4.3 mΩ-cm
2
. The ultrasonic welding values are nearly an order of 



`115 

magnitude lower than contact resistances achieved through mechanical compression.
3
 For 

comparison, specific contact resistances in other well characterized systems are 8 mΩcm
2
 and 1 

mΩcm
2
 for ITO/silver and Si-PV/silver contacts respectively.

82
 

 

Figure 48. Two point resistance measurements as a function of copper pad spacing that have been ultrasonically welded 

to carbon nanotube sheet materials. Measurement error is within the data points. Original figure created by author. 

The low contact resistance and the strong mechanical strength across the 0.5 x 0.5 cm weld area 

demonstrates the viability of ultrasonic welding for making reliable contacts between bulk CNT 

conductors and metallic interconnects.  
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5.4 Carbon Nanotube To Carbon Nanotube Welding 

In addition to interconnects between bulk CNT and metal, ultrasonic welding can be used to 

form CNT-CNT bonds. Such an approach can be useful when attempting to bond or stitch one or 

more bulk CNT conductors end to end. Thus, the ultrasonic welding approach can  eliminate the 

need for adhesives or bulky crimp connections. To demonstrate the ability of CNT-CNT 

welding, an applied force of 60 psi at 10 µm amplitude and 20 J of wild energy was used to bond 

two Nanocomp ribbon segments together. The strength of the weld was measured by dynamic 

mechanical analysis on the TA instruments Q800 DMA. Three different areas of bulk CNT-CNT 

overlap were investigated by increasing the number of ultrasonic welds from 2 to 4 to 6 as 

illustrated by the inset of Figure 49. Each individual weld area is 0.5 cm x 0.5 cm of the ribbon. 

The bulk CNT ribbon width was held constant at 1 cm and a total 5 samples were prepared for 

each of the overlapping weld area (2, 4, and 6 total weld spots) configurations. The static force 

required to break each bond is displayed in Figure 49. The strongest bond was achieved for the 

largest area of overlap (6 welds) at a maximum breaking strength of 80 lbs/ft width and 6% 

strain. The two smallest areas of overlap had roughly the same maximum braking force at 55 

lbs/ft width. 
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Figure 49. Stress-strain curves for carbon nanotube ribbon segments ultrasonically bonded together with increasing area 

of overlap. Measurement error is within the data points. Original figure created by author. 

Similarly, another set of ribbon segments were prepared to investigate the impact of bulk CNT 

ribbon width on the strength of the ultrasonic bond. Ultrasonically welded CNT ribbon test strips 

were prepared using 0.5 cm wide CNT papers so that only one ultrasonic weld would fit across 

the test strip for comparison to the 1 c  m wide ribbons (ultrasonic weld configurations are 

illustrated by the inset of Figure 50). The narrower width CNT ribbon segments performed 

comparably well to the wider 1 cm CNT ribbons (Figure 50). Under the present test conditions, 

similar maximum static forces of 50-60 pounds per foot width were achieved. In practice, 

ultrasonic welds could be made to stitch together bulk CNT papers of any width, mechanical 

testing in the present work is limited to ~1 cm wide test strips due to the size of the TA Q800 

DMA. 
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Figure 50. Stress-strain curves for carbon nanotube ribbon segments ultrasonically bonded together with two different 

linear widths of overlap. Measurement error is within the data points. Original figure created by author. 

 

The resistance (Ω) of a densified CNT wire was monitored as a function of ultrasonic welding 

energy along its length. Separate ultrasonic welds were performed end-to-end along the CNT 

wire while 4-point resistance was monitored (Figure 51a). The resistance per length of the wire 

remained constant following all nine welds. After a full set of ultrasonic welds was made down 

the length of the wire, another full set of welds at increased energy, welding pressure and 

amplitude were performed. The electrical resistance was measured after each full set of welds 

(Figure 51b). After five weld sets electrical conductivity remained the same as the baseline 

value. This data suggests that the ultrasonic welding process, under the conditions tested, does 

not negatively impact the electrical conductivity of the wire. However, the ultrasonic bonding 

process does create mechanical deformations in the wire converting it from a cylindrical form 

factor to one more representative of a ribbon conductor. 
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Figure 51. Resistance of a densified carbon nanotube wires as a function of ultrasonic welds (a) along its length and (b) 

total number of weld sets with increasing energy. Measurement error is provided. Original figure created by author. 

The Raman spectra were taken (Figure 52) for SWCNT paper electrodes before and after 

repeated ultrasonic welding. Following repeated welding in the same location a slight decrease in 

the concentration of smaller diameter SWCNTs compared to larger diameter was observed, 

based on relative peak intensities in the radial breathing mode region (Figure 52b). Similarly, a 

slight increase in D-band intensity (Figure 52c), typically an indicator of defects in the SWCNTs 

is observed following ultrasonic welding, as well as a slight increase in the G’ band peak 

intensity (Figure 52d). Although these changes in the Raman spectra are minimal, they do 

suggest that some damage to smaller diameter SWCNTs could be occurring during the ultrasonic 

welding process. 
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Figure 52. (a) Raman spectra of single-wall carbon nanotubes following repeated ultrasonic welds (25 welds) in the same 

location and compared to the same material without welding. Zoomed in regions of the (b) radial breathing modes (130-

210 cm-1), (c) D (1320 cm-1) and G bands (1500-1600 cm-1), and (d) the G’ peak (2625 cm-1) are provided for clairity. The 

plotted Raman data is a combination of three different measurement points taken on each sample, averaged, and baseline 

corrected. Original figure created by author. 

5.5 Conclusions 

Carbon nanotubes were ultrasonically welded to copper foils using a series of welding 

conditions. Flat knurl patterns on the CNT side of the weld provided a sufficient welding surface 

to make mechanical and electrical contact to the copper without abrasive destruction to the CNT 
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network. Displacement amplitude of the ultrasonic horn had the largest impact on the strength 

and quality of the weld. Larger displacement amplitudes (up to 18 µm) resulted in the strongest 

mechanical welds (~900 g breaking strength across the 0.5 x 0.5 cm weld) and lower 

displacement amplitudes (12 µm) reduced the strength of the welds (~400 g). Raman 

spectroscopy was taken on the ultrasonic weld locations and minimal damage to the CNT 

materials was measured based on the D/G of the spectra. Following a solvent cleaning procedure, 

the CNT materials that remained tightly bound to the copper foil have a significantly increased 

D/G  >1, suggesting that breaking of the carbon-carbon bonds allows for possible mechanisms 

attributed  to the formation of carbides and insertion of CNTs below the copper surface. Finally, 

the optimized carbon-copper weld also reduced the contact resistance of the weld to be 9.9 mΩ-

cm
2
, based upon a modified transmission line method. The contact resistance can be further 

reduced by a factor of 2x through the addition KAuBr4 chemical dopant. Overall, ultrasonic 

welding has been demonstrated for the first time as a viable method for making electrical and 

mechanical contact between bulk CNT conductors and metallic interconnects.  

There are several limitations to the work presented in this section. The mechanical and electrical 

properties of the ultrasonic welds could be expanded to a larger set of metals and interconnection 

morphologies. The automation potential of ultrasonic welding CNT interconnects should be 

investigated for commercial applications. Also, the ability to make ultrasonic welds should be 

revisited as the diameter of CNT wires and cables increases towards larger form factors.  

5.6 Applications of Carbon Nanotube Electrical Conductors 

The viability of CNT conductors was demonstrated for several wire and cable applications over 

the course of the dissertation research. Various CNT form factors were used to make cable 

demonstrations from flat large area electrodes to cylindrical conductive wires. Technology 
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demonstrations spanned the range of conductors from transparent thin films and electrodes to 

power and data transmission cables -- including antennas (summarized graphically in Figure 53).  

 

Figure 53. Graphical representation of carbon nanotube based electrical conductors developed during the course of the 

dissertation research. Original figure created by author. 

The functional product demonstrations were fabricated using electrically insulated CNT 

conductors that were contacted (electrically and mechanically) to application specific 

interconnects (e.g. Ethernet and USB component contact pads). Electrical insulation was applied 

to the wires by threading the bare CNT conductors through polyolefin heat shrink tubing and 

using a heat gun to affix the polyolefin to the conductors (1. and 2. in Figure 54). Mechanical 

connections were made to each specific CNT connector per application. In the case of Ethernet 

and USB cables the corresponding male and female connection were purchased from Digi Key 

Inc, and the final CNT cable was insulated with an outer layer of heat shrink tubing. 
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Figure 54. Basic steps required for the fabrication of functional conductors made from carbon nanotube conductors. 

Photographs and original figure created by author. 

The performance of the Ethernet cables was measured by comparing the download and upload 

speed using an internet based application: http://www.speedtest.net. Data packets were 

transferred over a 100 Mbps connection between RIT and a server hosted in St. Catharines, 

Ontario, Canada. Five separate measurements were taken using each Ethernet Cable type and the 

average speeds are plotted in Figure 55. CNT based Ethernet cables performed at the same data 

transmission rates as the commercial copper based Ethernet cable. Additionally, the first CNT 

Ethernet cable was manufactured in 2010 and since then it has been successfully used as an 

active Ethernet cable on a laboratory work station computer without any loss in performance. 

 

http://www.speedtest.net/
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Figure 55. Data upload and download speeds using commercial copper based Ethernet cables compared to carbon 

nanotube based Ethernet cables. The plotted values are the average of three speed tests for each Ethernet cable design. 

Original figure created by author. 
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Chapter 6: Life Cycle of CNT Conductors: Recycling Single-Wall Carbon Nanotubes from End-

of-Life Applications 

 

 

Figure 56.This chapter of the dissertation looks at end-of-life options such as refunctionalization for carbon nanotube 

based conductors. Original figure created by author. 

Chapter 6 of the dissertation investigates the end-of-life stage of the CNT conductor life cycle. 

SWCNT end-of-life management options, such as recycling, are investigated for the first time as 

an alternative to land filling or incineration of CNT based conductors. There are a number of 

reasons for recovering and reusing SWCNTs at their end-of-life including: (1) the high cost 
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associated with the manufacture of CNT materials can be reduced through multiple use phases, 

(2) the high cumulative energy demand  required to synthesize the material can be recovered and 

preserved through refunctionalization processes, (3) potential release of CNT waste into the 

environment can be minimized if CNTs are recycled instead of land filled, and (4) prevention of 

human exposure to CNTs during illegal third world electronic waste recycling practices. 

 This chapter will focus on a near-term application of SWCNTs materials as an electrical 

conductor in lithium ion battery anodes. Specifically, SWCNTs are used as both an electrode and 

as a lithium insertion material in the anode of a lithium ion battery. The battery was forced to an 

end-of-life state through extended cycling and recycling techniques were used to recover the 

SWCNT material and refunctionalize it to a reusable material. The refunctionalized SWCNTs 

were then incorporated into the anode of new lithium ion battery which performed as-well-as the 

virgin SWCNT materials with a reduced chemical and electrical footprint. 

6.1 Introduction 

There is considerable interest in developing lithium ion batteries that are capable of meeting the 

energy density demands of portable electronics, electric vehicles, and alternative energy storage 

systems. Their superior energy density over other rechargeable battery technologies allows for 

the fabrication of lighter, thinner, and higher capacity batteries. Research is ongoing for new 

chemistries and materials with improved properties over that of state-of-the-art. Such an effort 

requires a concerted development of both electrodes and electrolyte to improve battery capacity, 

cycle life, and charge–discharge rates while maintaining the highest degree of safety available. 

The unique electrochemical and mechanical properties of single-wall carbon nanotubes 

(SWCNTs) make them a candidate material for use in the next generation of high energy/high 

power density batteries.
12, 83

 Theoretical calculations suggest that reversible capacities exceeding 
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a LiC2 stoichiometry (>1116 mAh g
-1

) is attainable for SWCNTs due to the diffusion of lithium 

ions into stable sites located on the nanotube surface, inside individual nanotubes, and between 

SWCNTs in the interstitial sites of close-packed bundles.
84, 85

 Recently, purified SWCNT 

electrodes with titanium contacts have achieved a measured capacity of 1050 mAh/g,
86

  

representing a dramatic improvement over the conventional graphite LiC6 limit (i.e. 372 mAh/g) 

for lithium intercalation.
87, 88

 When used as an additive, the high aspect ratio of the SWCNTs 

allows formation of an electrical percolation network at significantly lower weight loading than 

conventional carbons, like carbon black and graphite.
89

 In addition, SWCNTs have the capability 

to be assembled into free-standing electrodes (absent of any binder or current collector) as an 

active lithium ion storage material or as a physical support for ultra high capacity electrode 

materials like silicon or germanium.
86, 90-92

 As battery technology continues to develop around 

these nanomaterials, SWCNTs could be used in large enough quantities to cause potential 

environmental and economic impacts, such as high energy demand, high cost of production, and 

EOL particulate risks, and to warrant proactive thinking about proper waste management and 

reclamation of the materials before they enter the waste stream.
18

  

Although the ability to recycle carbonaceous materials such as carbon powders, carbon fibers, 

and graphite has been investigated for a few applications,
93-96

 recycling of nano-carbons such as 

buckyballs and CNTs has not been widely considered. These nano-carbons represent a new 

generation of carbonaceous materials with high cost, high embodied energy, and uncertain 

environmental and human health impacts.
21-23, 97-99

 Recycling SWCNTs could reduce their life 

cycle impacts and improve their energy profile if they can be recovered using a method that 

requires less energy and results in reduced costs in comparison to synthesizing new virgin 
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material.
18

 Thus, the goal of this work is to demonstrate the feasibility of recycling SWCNTs 

without compromising their nanoscale properties and functionality.  

6.2 Experimental 

6.2.a Methods Overview 

To quantify and compare production and recycling impacts, SWCNTs have been synthesized via 

laser vaporization, purified through a combination of acid reflux and thermal oxidation 

procedures, fabricated into SWCNT free standing papers, and cycled as electrodes in lithium ion 

battery pouch cells. The SWCNT-Li
+
 pouch cells are then forced to their end-of-life though 

extended cycling. Upgrading technologies for recycling or refunctionalizing (defined as the 

recovery and removal of unwanted impurities introduced during the use phase, without damaging 

the properties and functionality of the material) EOL SWCNTs, consisting of acid and thermal 

treatments, are investigated to return the SWCNTs to their pre-cycling properties and 

functionality. The material is characterized through a combination of scanning electron 

microscopy (SEM), thermal gravimetric analysis (TGA), Raman spectroscopy, and optical 

absorption spectroscopy. The direct electricity and volumetric chemical consumption required to 

recycle the EOL-SWCNTs is measured and compared to values for producing virgin SWCNT 

material. A schematic flow diagram of the process is provided in Fig. 1 and each step is 

described in detail below.   

 

6.2.b SWCNT Laser Vaporization Synthesis and Purification 
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The SWCNTs in this study were synthesized via pulsed laser vaporization using a 1064 nm 

Nd:YAG laser under previously published conditions.
13, 69, 70

   Briefly, SWCNT material was 

synthesized from a Ni (3 % w/w) and Co (3 % w/w) doped graphite flake target (1-2 µm pressed 

to 25,000 psi) in a 1150°C three-zone tube furnace, and 200 SCCM flowing argon at 760 ± 10 

torr. Purification of the as-produced SWCNT material occurs through a series of acid and 

thermal treatments developed following established procedures.
12, 13, 69, 70

  For example, 150 mg 

of as-produced SWCNT material is brought to reflux at 125 ºC in 3M nitric acid for 16 hours and 

then is vacuum-filtered onto 1 µm PTFE membrane filter papers with copious amounts of water 

to remove residual acid.  The SWCNT paper from acid reflux was thermally oxidized in air at 

525°C at a ramp rate of 10 °C/minute in a Lindberg BlueM 1200 furnace.  SEM, TGA, optical 

absorption, and Raman spectroscopy analyses were conducted during the purification process to 

assure that the quality of the purification was > 95 % w/w SWCNTs. The abbreviation “pure-

SWCNTs” will be used when referencing high purity SWCNT material (purified via the above 

method) prior to electrochemical cycling in a Li
+
 battery coin cell for the remainder of the 

manuscript. 

 

6.7.c Material Characterization 

The SWCNT material was characterized via scanning electron microscopy (SEM), optical 

spectroscopy, thermogravimetric analysis (TGA), and Raman spectroscopy. SEM analysis was 

performed using a Hitachi S-900 field emission electron microscope with an accelerating voltage 

of 2 kV. Optical absorption spectroscopy is performed in N,N-dimethylacetamide (DMA) 99+ % 

spectro-photometric grade (Sigma Aldrich) with a Perkin-Elmer Lambda 900 spectrophotometer 

from 300 nm – 1600 nm. SWCNT carbonaceous purity (w/w %) was obtained from the peak 
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ratios of the absorption maxima at 650 nm (1.9 eV) and 950 nm (1.3 eV) using the previously 

reported method.
69

 Raman spectroscopy is performed using a 1.96 eV He-Ne laser with a JY-

Horiba Labram spectrophotometer over the range 100 cm
-1

 to 2800 cm
-1

. TGA is performed up 

to 1000°C at 10 
o
C/min using a TGA Q5000IR from TA instruments on representative portions 

of the as-produced SWCNT material. 

 

6.2.d Galvanostatic Testing and End-of-Life SWCNT Recovery 

All SWCNT electrodes were galvanostatically cycled from 0.005 - 3V using an Arbin BT-2000 

at 25°C versus lithium metal foil. The electrolyte was 1M LiPF6 in ethylene carbonate (EC), 

propylene carbonate (PC), and diethyl carbonate (DEC) (Novelyte) at a ratio of 1:1:2 by volume, 

respectively. A specific capacity of 372 mAh/g was assumed to establish constant current C/t 

rates (where t is the time for a complete charge or discharge in hours), and the cells were 

charged-discharged at a C/10 rate.  EOL-SWCNTs were produced by cycling 28 mg pure 

SWCNTs in a 3 cm x 4 cm pouch cell to ensure enough material to perform the recycling 

processes.  The Li/SWCNT pouch cell was constructed by compressing lithium metal onto a 

nickel mesh (Dexmet) current collector, and SWCNTs were electrically contacted by 

ultrasonically bonding a 15 um copper foil tab (Fukuda) with an Amtek Ultraweld 40. The 

separator and electrolyte were kept the same as in the coin cell testing and the pouch cell 

material (Dai Nippon Printing) was sealed using a U-line H-161 impulse sealer.  The pouch cell 

was galvanostatically cycled at a C/10 rate from 0.005 - 3V until the lithium ion extraction 

capacity from the SWCNT electrode reached 20% of the original capacity, which was deemed to 

be EOL in this study. The electrochemical performance of the recycled SWCNTs was compared 

to purified SWCNTs in a 2032 coin cell configuration with a Celgard 2325 separator. 
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The EOL-SWCNT electrode material was removed from the pouch cell inside a moisture- and 

oxygen-controlled glove box and placed into a scintillation vial with 50 mL of DEC electrolyte. 

A magnetic stir bar was added to the vial prior to removal from the inert environment. The EOL-

SWCNT electrode was homogenized on a magnetic stir plate for 3 hours at room temperature 

before an additional 1 hour homogenization in an ultrasonic bath at 40 ˚C.  The homogenized 

material was then recovered via vacuum filtration onto a 1 µm polytetraflouroethylene (PTFE) 

filter paper and dried in a vacuum oven at 100 °C for 2 hours. The homogenized-SWCNT anode 

material increased in mass to 56 mg and was divided into two equal segments, which were 

subsequently used to investigate two potential upgrading technologies.     

 

6.2.e Single-Wall Carbon Nanotube Recycling 

Two different methods of recycling EOL-SWCNTs recovered from Li
+
 battery electrodes were 

investigated as depicted in Fig. 1, based on published SWCNT purification methods.
70, 100, 101

 

The first method uses a nitric acid reflux procedure followed by a thermal oxidation in air to 

remove the SEI layer, and the second method uses a concentrated HCl acid rinse followed by a 

thermal oxidation. The schematic flow diagram of the recycling methods is provided in Fig. 1 as 

an overview and described in detail below. 

 

6.2.f Acid Reflux Procedure (Acid Reflux) 

An acid reflux was chosen as a recycling procedure due to its established use in purifying as-

produced laser SWCNTs.
70, 100, 101

 Specifically, half (28 mg) of the homogenized-SWCNT 
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electrode was refluxed for 16 hours  consisting of 6 M nitric acid and 3 M HCl acid. The 

resulting acid reflux-SWCNT material was recovered via vacuum filtration onto a 1 µm PTFE 

filter paper. The acid reflux filtrate was discarded, and the SWCNT paper was rinsed with 

deionized water and acetone to remove intercalated acid. The acid reflux-SWCNT material was 

then dried in a vacuum oven for 2 hours at 100 °C. An initial low-temperature thermal oxidation 

was performed, in a Lindberg/Blue M tube furnace, to 500 °C at a temperature ramp rate of 10 

°C/min under a gas flow rate of 0.200 L/min dry industrial air (Airgas Inc). A final high-

temperature thermal oxidation was performed under similar conditions to a final temperature 

based on the temperature from the TGA 1
st
 order derivative peak maximum of the acid reflux-

SWCNTs to remove remaining impurities. EOL-SWCNT material recycled though this 

procedure will be referred to as “acid reflux” SWCNTs in the text and figures for the remainder 

of the article. 

 

6.2.g HCl Acid Procedure (HCl Acid) 

A hydrochloric acid rinsing procedure was developed as a simplified alternative to the acid 

reflux. In this procedure, concentrated hydrochloric acid (37 %) (Sigma Aldrich) was added to 

the remaining 28 mg of the homogenized EOL-SWCNT paper and magnetically stirred for 1 

hour at room temperature. The HCl-SWCNT material was then placed in an ultrasonic bath for 

15 minutes. The HCl-SWCNTs were recovered via vacuum filtration onto a 1 µm PTFE filter 

paper and rinsed with deionized water and acetone to remove intercalated acid, and dried at 100 

°C in a vacuum oven for 2 hours. An initial low temperature thermal oxidation was performed, 

following the above conditions of the acid reflux-SWCNT procedure, to a final temperature of 
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500 °C and a final high temperature oxidation was performed under similar conditions based on 

the temperature from the TGA 1
st
 order derivative peak maximum of the HCl acid-SWCNTs to 

remove remaining impurities. EOL-SWCNT material recycled though this procedure will be 

referred to as “HCl acid” SWCNTs in the text and figures for the remainder of the article. 

7.2.h Direct Electricity Consumption and Chemical Waste Generation 

The direct electricity (kWh) consumption of the equipment used for the synthesis, purification, 

and recycling procedures is measured using a Watts Up? Pro
®
 digital power meter. The 

instantaneous power consumption is recorded at 1 second data intervals for the duration of each 

recycling step.  The total direct electricity consumption of each recycling process is the sum of 

measured electricity inputs to all processing steps. The direct volumetric chemical waste 

generation during each step in the purification and recycling processes is also measured. All 

chemicals (e.g. deionized water, hydrochloric acid, nitric acid, and acetone) used in the 

processing and recycling steps are considered hazardous waste, which therefore requires proper 

disposal and treatment. In this report, the total volume of chemical waste generated is compared 

to the volumetric chemical waste generated from the synthesis and purification procedures. To 

make an accurate comparison of the direct electricity consumed and volumetric chemical waste 

generated it was assumed that the pure, acid reflux, and HCl acid SWCNT procedures are 

performed with equivalent SWCNT mass loading. Both recycling processes, if successful, will 

produce functionally equivalent materials as the pure SWCNTs.  

 

\ 

 



`134 

6.3 Results and Discussion 

TGA of the SWCNT material showed an increase in the non-combustible TGA residue (at 900 

°C) from <4 % in the pure-SWCNT material to 49.5 % in the EOL-SWCNTs (see Fig. 2). This 

45 % increase in the non-combustible mass fraction is attributed to the formation of the solid 

electrolyte interphase (SEI) layer. During the first cycle lithium insertion of the SWCNT/lithium 

battery, a portion of the lithium atoms react with the non-aqueous solvent at the electrode surface 

and form the SEI layer. This layer is necessary to facilitate interaction between lithium ions and 

the SWCNT electrode material.
102-104

 This SEI layer consists of number of different lithium-

containing compounds (Lix(solvent)yCz) including LiPF6, LiCF3SO3, LiN(SO2CF3)2, and 

Li2CO3.
104, 105

 Ultimately, the SEI layer can continue to grow until it negatively impacts the 

performance of the battery. The growth of the SEI is one of several mechanisms that occur with 

extended cycling leading to the failure of a lithium battery system. Disassembling the EOL 

battery and removing the SEI layer on the SWCNT electrode would be a critical step in the 

recycling of the SWCNT material. Initial attempts to remove the SEI layer using solvents (e.g. 

deionized water, N,N,-dimethylacetamide, ethanol, acetone) were not successful and motivated 

the investigation of acids to solubilize the SEI.  
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Figure 57. Thermo gravimetric analysis of (a) single-wall carbon nanotubes at each step in recycling process from free 

standing lithium ion battery electrodes and (b) the first order derivatives of acid-reflux and HCl treated SWCNTs prior 

to thermal oxidation, peak combustion temperatures are labeled. Original figure created by author and reproduced with 

permissions from Schauerman, C.M.; et al; “Recycling Single-Wall Carbon Nanotube Anodes from Lithium Ion 

Batteries.” J. Mater. Chem., 2012, 22, 12008-12015 for use in dissertations. 

 

Figure 57a illustrates that the non-combustible mass fraction is reduced to <1 % w/w following 

initial acid treatments for both the acid reflux-SWCNTs and HCl acid-SWCNT methods. 

However, residual combustible impurities still contribute to the pre-combustion of the acid 

reflux-SWCNT and HCl acid-SWCNT materials as is evident from the shift to lower combustion 

temperatures with decomposition of the SWCNT material starting at ~200 °C (dotted lines 



`136 

Figure 57a). An initial low temperature oxidation was performed on both materials to 500 °C to 

remove the remaining combustible impurities and prevent the pre-combustion of the SWCNTs. 

The final thermal  

 

Figure 58. Scanning electron micrographs of a) high purity single-wall carbon nanotubes (SWCNTs) pre-electrochemical 

cycling, b) post-electrochemical cycling end-of-life SWCNTs with solid electrolyte interphase coatings, c) HCl acid treated 

EOL-SWCNTs, d) 575 °C thermal oxidation of HCl treated SWCNTs, e) nitric acid reflux treated EOL-SWCNTs, and f) 
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620 °C thermal oxidation of acid reflux SWCNTs. All images are at 25,000x magnification. Original figure created by 

author and reproduced with permissions from Schauerman, C.M.; et al; “Recycling Single-Wall Carbon Nanotube 

Anodes from Lithium Ion Batteries.” J. Mater. Chem., 2012, 22, 12008-12015 for use in dissertations. 

 

oxidation temperatures were chosen based on the peak combustion temperature of 1
st
 order 

derivative (Figure 57b dotted lines) 620 °C for acid reflux-SWCNTs and 575 °C for HCl acid-

SWCNTs. The peak combustion temperature was chosen instead of the onset of the main 

combustion peak to ensure high SWCNT purity in the recycling process, but likely negatively 

impacted the SWCNT material recovery efficiency.
100

 The increased thermal oxidation 

temperature for the acid reflux-SWCNT in the recycling procedure is attributed to the increased 

combustible impurities on the surface of the SWCNTs. The thermal oxidation treatments, below 

the decomposition temperature of the pure-SWCNTs, were successful in removing the remaining 

combustible impurities and resulted in the recovery of the TGA curve morphology to that which 

is typical of pure-SWCNTs in Figure 57a.  

Scanning electron micrographs of the pure-SWCNTs, EOL-SWCNTs, HCl acid-SWCNTs and 

acid reflux-SWCNTs are provided in Figure 58. Typical surface morphology for high purity laser 

produced SWCNTs is present in Figure 2a.
11, 13, 69, 70, 106

 Following lithium ion testing, a build-up 

of the SEI layer on the bundled EOL-SWCNTs is clearly visible (Fig. 3b).Treatment of the 

EOL-SWCNTs with HCl acid reduced the SEI on the SWCNTs although some coatings are still 

visible in the micrograph image (Figure 58c). No evidence of residual SEI compounds is visible 

in micrographs of the thermally oxidized (575 °C) HCl acid-SWCNTs (Figure 58d). Coatings 

remain present in micrographs of the acid reflux-SWCNTs (Figure 58e) prior to thermal 

oxidation treatments. Higher purification temperature (620 °C) were therefore required to 
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adequately remove remaining impurities (Figure 58f). The surface morphology of both the acid 

reflux-SWCNTs and HCl-SWCNTs exhibited modest increases in SWCNT bundling, based 

upon SEM, following the recycling procedures in comparison to the pure-SWCNTs. 

Further evidence of the removal of the SEI layer was obtained through Raman spectroscopy (see 

Figure 59) which measures the phonon interactions between side wall atoms of the SWCNTs. 

Little change in the normalized peak intensities was measured between the samples for each step 

in the SWCNT electrode life cycle, however shifts in the peak locations were observed in the 

EOL-SWCNTs. A clear Raman shift in the peak wavenumbers (5 cm
-1

) is visible for the radial 

breathing modes (RBM ~200 cm
-1

) as well as the G (~1600 cm
-1

) and G’ (~2600 cm
-1

) peaks of 

the EOL-SWCNTs. RBMs are indicative of phonon scattering and molecular expansion and 

contraction in the radial dimension, and can be used to directly calculate the diameters of 

individual SWCNTs.
107

 The shift in the RBM is likely the result of SEI films dampening radial 

oscillations of the nanotubes (Figure 59b) which is similar to the shift in the RBMs due to 

polymer wrapping of the SWCNTs.
108, 109

 A recovery of the peak locations was achieved 

following the removal of the SEI layer through the acid and thermal treatments and the SWCNT 

RBM peaks returned to their pure-SWCNT values. It is important to note the retention of all 

SWCNT diameter peaks is observed throughout the coin cell testing and recycling process. If 

specific diameters were damaged, during any step of the process, it would be reflected by the 

absence of the 
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Figure 59. Normalized Raman spectra of high purity, end-of-life, and high purity recycled single-wall carbon nanotube 

(SWCNT) radial breathing modes (RBM). Curves are offset for clarity and high purity SWCNTs RBM overlays (dotted 

lines) are provided as a guide to the eye for comparison. The plotted Raman data is a combination of three different 

measurement points taken on each sample, averaged, and baseline corrected. Original figure created by author and 

reproduced with permissions from Schauerman, C.M.; et al; “Recycling Single-Wall Carbon Nanotube Anodes from 

Lithium Ion Batteries.” J. Mater. Chem., 2012, 22, 12008-12015 for use in dissertations. 

 

corresponding RBM peaks in the Raman spectra. Additionally, there is no enhancement of the D-

band or suppression of the G’ band for the Raman spectra suggesting that the structure of the 

SWCNTs is also maintained with increased processing. 
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Figure 60. Lithium insertion capacity (solid lines) and lithium extraction capacity (dashed lines) for high purity single-

wall carbon nanotube (SWCNT) electrodes, acid reflux recycled SWCNTs, and HCl acid recycled SWCNT electrodes. 

Original figure created by author and reproduced with permissions from Schauerman, C.M.; et al; “Recycling Single-

Wall Carbon Nanotube Anodes from Lithium Ion Batteries.” J. Mater. Chem., 2012, 22, 12008-12015 for use in 

dissertations. 

 

Li
+
 coin cells were fabricated from the free-standing acid reflux-SWCNT and HCl acid-SWCNT 

recycled material, and cycled using identical testing parameters as the pure-SWCNT electrodes. 
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Comparable extraction capacities (650 mAh/g) were measured for both recycled SWCNT 

electrodes (see Figure 60). The coulombic efficiency of the HCl-SWCNTs increased to 27 % 

compared to 18% coulombic efficiency in the pure-SWCNT materials. The coulombic efficiency 

of the coin cells is directly related to the formation of the SEI layer on the surface area of the 

electrode material during Li
+
 cycling. Factors such as residual SEI material and graphitization of 

the SWCNTs could also contribute to the increase. However, graphitization was not observed in 

the battery cycling data of the recycled-SWCNT material where a voltage plateau would be 

present in the extraction voltage profiles (dotted lines Figure 60) at ~ 0.1 V indicative of electron 

insertion between graphene planes.
83

 The lack of the voltage plateau feature suggests graphite is 

not forming during the recycling process. Additionally, graphite particles were not visible in any 

of the SEM micrographs of either recycled material. Therefore, increased bundling of the 

SWCNT networks, from the acid reflux and HCl acid purification process, may account for the 

increased coulombic efficiency. 
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Figure 61. Change in relevant metrics following electrochemical cycling and SWCNT recycling. All data was normalized 

to pure-SWCNT values as the baseline. Data points further from the origin represent an increase over the baseline 

whereas data points closer to the origin represent a decrease relative to the baseline value. Original figure created by 

author and reproduced with permissions from Schauerman, C.M.; et al; “Recycling Single-Wall Carbon Nanotube 

Anodes from Lithium Ion Batteries.” J. Mater. Chem., 2012, 22, 12008-12015 for use in dissertations. 

 

The development of refunctionalization processes for nanomaterials requires a systems level 

view to evaluate the overall impact of each pathway. Relevant metrics are graphically 

represented in Figure 61 for both recycled SWCNT material types.  Results are normalized to the 

production of new pure-SWCNTs as a baseline reference. Metrics to be maximized are 
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highlighted in the top half of Figure 61 and compare the SWCNT carbonaceous purity and 

lithium ion battery performance metrics of the SWCNT electrodes. UV-vis-NIR analysis was 

performed on the pure, acid reflux, HCl acid SWCNT materials, and all three have measured 

carbonaceous purities greater than 95%. The refunctionalized SWCNT material performs as 

good as or better than the pure-SWCNT material, demonstrating increased coulombic efficiency 

without a reduction in the material carbonaceous purity or extraction capacity. Metrics to be 

minimized are highlighted in the bottom half of Figure 61 and compare the environmental 

impacts for each recycling procedure. The measured electricity of refunctionalizing SWCNTS 

using the acid reflux and HCl treatments was 50% and 75%, respectively, of the total direct 

energy required to synthesize and purify pure-SWCNTs from primary materials. It is important 

to note that the acid reflux procedure used to refunctionalize the EOL-SWCNTs is the exact 

same procedure used to purify as-produced SWCNTs. Therefore, refunctionalizing SWCNTs 

with the acid reflux procedure will always result in less direct electricity than the synthesis and 

purification of new SWCNT material. Additionally, the simplified steps in the HCl procedure 

resulted in a 66 % reduction in the volumetric chemical waste generation. Because both 

procedures result in functionally equivalent materials, the reduced environmental impacts of the 

HCl acid procedure may make it a preferred method in comparison to the acid reflux procedure.  

 

6.4 Conclusions 

SWCNTs were successfully synthesized via laser vaporization synthesis, purified, and 

incorporated into a Li+ ion battery coin cell. The coin cells were galvanostatically cycled at high 

C-rates until failure. The EOL-SWCNT material was recovered from the Li+ battery electrodes 

and refunctionalized utilizing upgrading procedures originally developed for purifying as-
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produced virgin SWCNT material. Conventional nitric acid reflux and hydrochloric acid 

treatments followed by thermal oxidation in air were successful in restoring EOL-SWCNT 

material to pre-cycling (pure-SWCNT) properties without destruction of their nanoscale structure 

and functionality. The recycled-SWCNT material was then successfully incorporated into new 

SWCNT electrode Li+ battery coin cells with comparable measured insertion and extraction 

capacities to the virgin pure-SWCNT electrodes. The recycled SWCNT materials demonstrated 

improved coulombic efficiencies over the cycling performance of the pure-SWCNT materials. 

The direct electricity of the recycling procedure and chemical waste generated was measured and 

compared to direct electricity and chemical waste generated when synthesizing and purifying 

new SWCNT materials. A 50 % (acid reflux SWCNTs) and 75 % (HCl acid SWCNTs) reduction 

in the direct processing electricity is achieved through recycling, as compared to the synthesis 

and purification of new virgin SWCNT material.  The implications of this work are 1) it is 

possible to recover, refunctionalize, and reuse SWCNTs from an electrochemical application; 2) 

the recycling procedure of nanomaterials will likely be similar to purification steps relevant to 

the native material; and 3) preservation of the nanoscale dimensions and functionality of the 

SWCNT far outweigh elemental recycling of the carbonaceous base material for synthesizing 

new virgin SWCNTs. The initial results of this study also warrant further investigation of 

recycling multi-component samples, which require additional separation of waste streams and 

removal of other contaminants from the SWCNT networks. Overall, this study highlights the 

ability and importance of developing recycling procedures for emerging nanomaterials. As 

nanomaterials are increasingly adopted, forward thinking consideration of recycling, 

refunctionalization, and reuse will be necessary, to ensure these materials do not cause 

unforeseen negative environmental impacts.  
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There are some limitations to the results presented in this section. The ability to refunctionalize 

SWCNTs from lithium ion battery anodes in a controlled laboratory environment would need to 

be expanded to larger scale mixed waste streams. Policy would need to be developed to 

effectively collect distributed end-of-life CNT products for refunctionalization processes. The 

impact of collecting, refunctionalizing, and making new CNT products should be compared to 

the synthesis of virgin CNT products at industrial scales through a comprehensive LCA. 

 

Chapter 6 Acknowledgements: I would like to acknowledge the assistance of Matthew J. 

Ganter in the assembly, half cell cycling, and disassembly of the SWCNT anode lithium ion half 

cells. 
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Chapter 7 Dissertation Summary and Conclusions 

The entire life cycle of carbon-based conductors was investigated (Figure 62) starting from the 

laser vaporization synthesis of new SWCNTs to the refunctionalization of end-of-life SWCNTs. 

During the course of the sustainable production of CNT wires and cables several milestones were 

reached. A full glove box laser vaporization reactor enclosure was designed and constructed 

which isolates the researcher from as-produced SWCNT dust and nanoparticles. SWCNT were 

synthesized via laser vaporization using nanometal catalyst particles which increased the 

material yield by 50 % and simplified the purification steps to a thermal oxidation and HCl rinse. 

SWCNTS were modified at the nanoscale through the incorporation of chemical dopants, 

mechanical densification, and applied current alignment. Bulk electrical conductors were 

manufactured using two different techniques; drawing die densification and superacid extrusions 

with electrical conductivities as high as 4.9x10
6
 S/m. Functional conductors were fabricated and 

demonstrated their viability as USB cables, Ethernet cables, coaxial cables, and conductive 

electrodes for lithium ion batteries.  At their end-of-life a new technique for restoring the 

conductive function of SWCNTs was developed for the first time and was demonstrated as a 

viable alternative to land filling end-of-life SWCNTs.  
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Figure 62. Life cycle of carbon nanotube based conductors with modified end-of-life path options for refunctionalizing 

carbon nanotubes for use in new products. Original figure created by author. 

 

Limitations and New Research Areas 

In addition to achieving parity with the electrical conductivity of copper, unresolved questions 

pertaining to the environmental and human health impacts of CNTs could affect the development 

and commercial adoption of these conductors. Because of the large cumulative energy demand 

and high cost associated with the manufacturing of CNTs, refunctionalization can potentially 

lessen some these impacts at end of life. There are however other impacts along the way to 

commercialization that should also be addressed. Therefore, sustainability-focused initiatives 

could address several open areas of research: 
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 Quantifying the environmental and human health impacts of all nanomaterials including 

SWCNT, DWCNT, and MWCNTs. 

 Developing green chemistry approaches which reduce the chemicals, electricity, 

emissions, and cost of CNT manufacturing 

 Quantify the impacts of the green synthesis of CNTs at industrial levels through a 

through life cycle assessment 

 Develop a policy driven framework to govern the collection, disposal, and 

refunctionalization of CNT containing waste streams which minimized environmental 

and human health impacts 

Sustainabilitists have the necessary tools required to address these questions and more as the 

field of nanotechnology continues to grow and evolve. 

A synopsis of each chapter of the dissertation is discussed below with a conclusion sentence 

highlighting an important take away from the work.  
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Chapter 2: 

 

Original figure created 

by author. 

Chapter 3 of the dissertation demonstrated the advantages of using nanometer 

diameter catalyst particles for the synthesis of SWCNTs via laser vaporization. 

Specifically, nanometal catalysts enhanced the yield (both carbonaceous purity 

and rate of SWCNT growth). Increasing the production of SWCNTs through 

the use of more efficient catalyst will help lower the direct electricity 

consumption, per mass, of SWCNTs during the synthesis process. In addition, 

the use of nanometal catalyst reduced the purification steps necessary to 

achieve high purity free standing papers. The reduction in purification steps 

reduced the direct electricity consumption and chemical waste generation.  

Major Result: The use of nanometal catalyst increases the SWCNT yield and 

reduce the direct electricity consumption and chemical waste generation. 

Chapter 3-1: 

 

Original figure created 

by author. 

Chapter 4 of the dissertation investigated a series of chemical treatment 

methods to increase the electrical conductivity in bulk networks of SWCNTs. 

Increasing the electrical properties of bulk SWCNT networks is a critical 

component of making functional devices out of the nanomaterials. 

Understanding how to properly control and modify the chemical environment 

around nanotubes to increase the electrical conductivity. 

Major Result: Chemical dopants such as KAuCl4 and KAuBr4 are able to 

increase the electrical conductivity of a bulk SWCNT conductor by an order of 

magnitude, however the delivery method is critical to maximizing the 

susceptibility response. 

 

 

Chapter 3-2: Because commercial sources of CNTs vary in synthesis method (e.g. HiPCO, 

CoMoCAT, CVD, arc, flame) they also vary in composition. Synthesis 
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Original figure created 

by author. 

methods like CVD will also produce SWCNTs, DWCNTs, and MWCNTs in 

varying quantities. Chapter 5 examined mixed systems of single-wall and multi 

walled carbon nanotubes and measured differences in the chemical doping 

susceptibility between the two CNT species. The chemical doping 

susceptibility of the mixed system (from 0 % w/w to 100 % w/w SWCNTs in 

MWCNTs) increased with increasing SWCNT content. The 100 % SWCNT 

paper showed the highest response to chemical dopants and has a 

correspondingly higher change in the Raman Spectra.  

Major Result: Moving to bulk CNT conductors that are comprised of 

predominately small diameter single or few walled carbon nanotubes will 

maximize the doping susceptibility and thus electrical conductivity.  

Chapter 4: 

 

Original figure created 

by author. 

Chapter 6 of the dissertation builds off of the findings of chapter 5 and 

investigates methods of modifying the nanoscale morphology of SWCNTs and 

mixed species (SWCNTs, DWCNTs, and MWCNTs) of commercially 

produced CVD CNTs and laser produced SWCNTs. Superacids are used to 

dissolve CNTs at high weight loadings and reassemble them into highly dense 

aligned bundles. Applied heat, current, and extrusion methods are employed to 

increase the density and alignment of the individual CNTs within the bulk 

network, and from continuous bulk wire conductors with high conductivity.  

Major Result: Chlorosulfonic acid is a power tool for modifying CNT 

networks at the nanoscale, and through high weight loading dispersion can 

produce continuous CNT wires with very high electrical conductivity. 

Chapter 5: Chapter 7 Proposal Summary: Chapter 7 of the dissertation develops methods 

of contacting the bulk CNT conductors from previous chapters to real-world 

metallic contacts. Because carbon materials do not lend themselves to 
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conventional solder and welding techniques to make electrical contact another 

method bonding was investigated: ultrasonic welding. In this method 

ultrasonic energy is used to mechanically and electrically contact bulk CNT 

materials to metallic 

Major Result: Ultrasonic welding can be used as a viable method for forming 

both electrical and mechanical contacts to metallic interconnects.  

Chapter 6: 

 

Original figure created 

by author. 

This chapter focused on a near-term applications of SWCNTs materials as a 

electrical conductor in lithium ion battery anodes. Specifically, SWCNTs were 

used as both an electrode and as a lithium insertion material in the anode of a 

lithium ion battery. The battery was forced to an end-of-life state through 

extended cycling and recycling techniques were used to recover the SWCNT 

material and refunctionalize it to a reusable material. The refunctionalized 

SWCNTs were then incorporated into the anode of new lithium ion battery 

which performed as-well-as the virgin SWCNT materials with a reduced 

chemical and electrical footprint. 

Major Result: Refunctionalization of SWCNT lithium ion battery anodes can 

reduce the direct electricity consumption and chemical waste generation while 

restoring the original functionality. 
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Figure 63 is a timeline representation of notable milestones in the development and 

manufacturing of carbon based conductors achieved during the course of this dissertation 

research.  

 

Figure 63.  Carbon nanotube conductor developmental timeline from the start to finish of the PhD dissertation research. 

Original figure created by author. 
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