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ABSTRACT 

The Effect of Catalyst Particle Nucleation Dynamics on CNT Growth in 
FCCVD Systems and Implications for Process Scalability  

by 

Emily Yedinak 

Carbon nanotubes (CNTs) have captivated scientists for over 25 years due to their 

unusual combination of mechanical and solid-state properties. Their potential applications 

span a wide range of fields including biomedical technologies, electronics, optics, sensors, 

and strong, lightweight composites. Despite their potential and demonstration of application-

level performance in the past decade, CNTs have not achieved widespread adoption. CNT 

manufacturing remains small-scale with high production costs, a critical barrier to broader 

utilization. The most common techniques for growing high-purity and crystalline CNTs are 

based on chemical vapor deposition (CVD); in principle, they are simple methods and have 

the potential for bulk production scaling. One such method, floating catalyst CVD (FCCVD), 

has been employed successfully to grow both single-walled CNTs (SWCNTs) and multi-

walled CNTs (MWCNTs). However, multiple dynamic processes occur within the FCCVD 

reactor, which complicates reactor understanding and makes production control challenging. 

With few, recent exceptions, the FCCVD system has been treated as a black box; however, 

increasing synthesis efficiency and scale requires a deeper understanding of the coupled 

chemical and transport processes occurring. In this thesis, a perspective on the climate 

mitigation potential for large-scale CNT production (Chapter 1) is presented followed by a 

review of the FCCVD literature (Chapter 2). In the final chapters of the thesis, in-depth 

materials and process analyses are presented which will have implications for large-scale 

CNT production. 
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Chapter 1 

Reducing Carbon Emissions by Exploiting the 
Energetic Potential of Light Hydrocarbons: A 

Vision for Large-Scale CNT Production1 

Energy extracted by burning traditional fossil fuels powered much of the late 19th 

and early 20th century industrial development and became an integral part of modern 

society. However, this did not come without heavy costs, particularly for the environment. 

Modern civilization has been fueled in an age of seemingly limitless and relatively 

inexpensive carbon-intensive energy but with mounting concerns over global climate 

change and the rising levels of anthropogenic CO2 in the atmosphere, fossil fuels are under 

heavy scrutiny. As society continues to develop with growing energy demand, energy from 

 
 

1 To be submitted. Co-authors include Rachel A. Meidl, LP.D, CHMM (Fellow in Energy and Environment 
at the Baker Institute), Glen C. Irvin, Jr. (Chemical and Biomolecular Engineering; Rice University), and 
Matteo Pasquali (Chemical and Biomolecular Engineering, Materials Science and Nanoengineering, 
Chemistry; Rice University) 
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low- or no-carbon sources will increasingly enter the mix. Industries and countries who 

depend on revenues from fossil fuels will need to adapt and find ways to continue to 

capitalize on their hydrocarbon assets. Here, one such option is proposed: converting 

methane from natural gas into hydrogen- a zero carbon energy carrier- and carbon 

nanomaterials- a value-added product- all without the combustion of the natural gas and 

subsequent release of CO2. This route will have ramifications across the world’s largest 

industries with significant potential in reducing CO2 emissions. Hydrogen from natural gas 

can be a major disrupter to the energy mix; carbon nanomaterials have excellent properties 

which make them promising substitutes for materials that have large carbon footprints that 

are difficult and very costly to reduce. This proposal fits well with the global sustainability 

goals but will need to be balanced with a thorough life cycle risk analysis, early policy 

considerations, and transparency when engaging stakeholders. 

1.1. The Dual Challenge  

The combined pressure to fulfill the rising global energy demand while curtailing 

CO2 emissions is the most pressing concern of the current era. In their 2018 report, the U.S. 

Energy Information Administration (EIA) projected the average world energy 

consumption to grow by 28% between 2015-20402. At the same time, a consensus has been 

reached that CO2 emissions from the combustion of fossil fuels is leading to global climate 

 
 

2 Dr Linda Capuano, “International Energy Outlook 2018 (IEO2018),” 2000, 21. 
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change3. Despite large gains for renewable energies, fossil fuels are expected to continue 

to supply the majority of our energy needs. A variety of scenarios detailing the energy 

outlook in the year 2040 project that fossil fuels will account for 50-80% of the total world 

primary energy consumption, as the integration of low-CO2 or zero-CO2 energy systems 

still face large barriers4. Only under the most aggressive technology transition scenarios 

does the fossil fuel energy consumption reduce to 50%.  

Transitioning away from traditional fossil fuels, even under increasing pressure to 

reduce CO2 emissions, will not be easy. Because of the global economic dependence on 

oil, gas, and coal (~5-7% of the world GDP for mining, exploration, and production alone), 

the scale of existing supply chains, and significant long-term capital investment, moving 

away completely from the production of fossil fuels would disrupt countries or regions 

with substantial economic ties to fossil fuel production, refining, and export.5 Such a move 

could also disrupt industry sectors where fossil fuels provide the key chemical feedstock 

or reagents, as is the case for the polymer, plastics, and chemical industries or in the 

 
 

3 John Cook et al., “Consensus on Consensus: A Synthesis of Consensus Estimates on Human-Caused 
Global Warming,” Environmental Research Letters 11, no. 4 (April 1, 2016): 048002, 
https://doi.org/10.1088/1748-9326/11/4/048002; Andrew E. Dessler, Introduction to Modern Climate 
Change (Cambridge University Press, 2012). 
4 “International Energy Outlook 2016,” 2016, 290; “Decarbonization: It Ain’t That Easy,” Resources for 
the Future, April 20, 2018, http://www.rff.org/blog/2018/decarbonization-it-ain-t-easy; “BP Energy 
Outlook: 2019 Edition,” accessed February 11, 2020, https://www.bp.com/content/dam/bp/business-
sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2019.pdf; “2019 
Outlook for Energy: A Perspective to 2040” (ExxonMobil), accessed February 11, 2020, 
https://corporate.exxonmobil.com/Energy-and-environment/Looking-forward/Outlook-for-
Energy/Outlook-for-Energy-A-perspective-to-2040#exxonMobilSupportsTheParisAgreement; “IEEJ 
Outlook 2019,” accessed February 11, 2020, https://eneken.ieej.or.jp/data/8122.pdf; “WOO - Chapter 2 - 
Energy Demand,” accessed February 11, 2020, https://woo.opec.org/chapter.php?chapterNr=12. 
5 Assume the world GDP is $80 trillion. Comparing 2019 oil and gas revenue from 
https://www.nsenergybusiness.com/news/oil-gas-revenue-forbes-2019/ yields 6.7% world GDP coming 
from oil and gas sector. Considering oil, gas, and coal revenues from upstream activities in 2019 (IBIS 
World) yields a value closer to 5%. 
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smelting of iron and aluminum.  Furthermore, decarbonizing the industrial and 

transportation sectors pose unique challenges because low-CO2 renewable energy 

technologies like solar and wind are not a direct substitute for fossil fuels6. Mitigating 

emissions from CO2-intensive industrial production of ammonia, steel, cement, or ethylene 

would require an estimated $11-21 trillion and rely on significant energy efficiency 

improvements, readily available and cheap zero-carbon renewable electricity, access to 

large-scale carbon capture, utilization, and storage (CCUS) technologies, and some 

combination of a carbon neutral fuel like biomass or hydrogen derived from a zero-carbon 

process7. In transportation, complete fleet electrification- especially for heavy duty 

vehicles like semi-trailers, industrial vehicles, trains, commercial airplanes, and ships- 

based primarily or entirely on renewable energy remains either impractical or unfeasible. 

These complex geopolitical, economic, and technological dependencies hinder the 

transition away from fossil fuels8.   

Deep industrial decarbonization strategies must also consider alternatives to 

materials with disproportionately higher CO2 emissions. However, finding alternatives to 

industrially critical construction materials like steel or cement which account for ~12% 

 
 

6 Intergovernmental Panel on Climate Change and Ottmar Edenhofer, eds., Climate Change 2014: 
Mitigation of Climate Change: Working Group III Contribution to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (New York, NY: Cambridge University Press, 2014). 
7 Arnout de Pee et al., “How Industry Can Move Toward a Low-Carbon Future,” McKinsey & Company, 
July 2018, https://www.mckinsey.com/business-functions/sustainability/our-insights/how-industry-can-
move-toward-a-low-carbon-future. 
8 Christiane Baumeister and Lutz Kilian, “Lower Oil Prices and the U.S. Economy: Is This Time 
Different?,” Brookings Papers on Economic Activity 2016, no. 2 (2016): 287–357, 
https://doi.org/10.1353/eca.2016.0029; Bernhard Hartmann and Saji Sam, “What Low Oil Prices Really 
Mean,” Harvard Business Review, March 28, 2016, https://hbr.org/2016/03/what-low-oil-prices-really-
mean; “Global Implications of Low Oil Prices,” ECB Economic Bulletin, no. 4 (2016): 4. 
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global CO2 emissions will be challenging because no cost competitive alternatives yet 

exist9.  The scope and importance of the problem begs this question: could we use fossil 

fuels in ways that avoid or mitigate CO2 emissions, decarbonize the industrial and 

transportation sectors, and yield promising new materials that can reduce our dependence 

on CO2-intensive materials? 

1.2. Achieving Economic Incentives and Reduced Carbon Emissions 

Historically, market signals play the leading role in informing the way the U.S. 

produces and consumes its energy (Figure 1.1)10. This was clearly the case in 2008 when 

the shale revolution catalyzed a macroscale shift in electricity generation from coal to 

natural gas (NG). Increases in NG consumption following large price drops from the 

exploitation of unconventional gas sources led to record high average utilization of NG 

plants exceeding coal for the first time in 201511. NG will likely continue to be the preferred 

fossil fuel in the U.S. for electricity generation because it is more economical, and the U.S. 

has access to large domestic NG reserves12. The ramifications of the influx of cheap shale 

 
 

9 “Transforming Industry through CCUS – Analysis,” IEA, accessed March 13, 2020, 
https://www.iea.org/reports/transforming-industry-through-ccus; Robbie M. Andrew, “Global CO2 
Emissions from Cement Production, 1928-2018,” 2019, 36. 
10 “Annual Energy Outlook 2006 with Projections to 2030,” 2006, 236; “Annual Energy Outlook 2016,” 
2016, 256. 
11 “Average Utilization for Natural Gas Combined-Cycle Plants Exceeded Coal Plants in 2015 - Today in 
Energy - U.S. Energy Information Administration (EIA),” accessed November 17, 2018, 
https://www.eia.gov/todayinenergy/detail.php?id=25652.“Average Utilization for Natural Gas Combined-
Cycle Plants Exceeded Coal Plants in 2015 - Today in Energy - U.S. Energy Information Administration 
(EIA),” accessed November 17, 2018, https://www.eia.gov/todayinenergy/detail.php?id=25652. 
12 “Annual Energy Outlook 2018 with Projections to 2050,” n.d., 74. 
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NG in the U.S. can be best illustrated when contrasting the EIA projections for electricity 

generation by fuel before and after the shale revolution (Figure 1.1)13. 

Beyond changing U.S. electricity generation, the shale revolution had key 

environmental implications. In 2008, emissions in the U.S. began declining as carbon-

intensive coal power generation was replaced with NG (Figure 1.2).  

  

Figure 1.1 Comparison of EIA projections from 2006 (dotted lines) and 2016 (solid 
lines) for electricity generation from coal, natural gas, and renewables (Billion 

Kilowatt-hours). Data adapted from EIA projections published in 200614 before 
shale revolution and in 201615 after shale revolution. Before, coal was the preferred 
fuel for electricity generation but after shale revolution, NG becomes the primary 

fuel. 
 

 
 

13 “Annual Energy Outlook 2006 with Projections to 2030”; “Annual Energy Outlook 2016.” 
14 “Annual Energy Outlook 2006 with Projections to 2030.” 
15 “Annual Energy Outlook 2016.” 
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Because of these trends, NG has been gaining a reputation as a “bridge fuel”: a short-term 

energy source that reduces carbon emissions until alternative technologies (carbon 

capture and storage, wind, solar, etc…) can be rolled out on a larger scale. Cheap NG will 

likely play a key role in the transition to lower-CO2 or zero-CO2 energy. 

 

Figure 1.2. Carbon dioxide emissions from the U.S.  
 

 
The shift towards increased electricity generation from NG-powered plants as a 

result of the shale gas revolution demonstrated that meeting energy demand and reducing 

carbon emissions can be achieved simultaneously, particularly when economically 

advantageous. However, replacing coal with NG for electricity generation may only be a 

temporary fix in an increasingly CO2-constrained world; burning all of today’s global 

proven NG reserves would increase the atmospheric CO2 levels by ~200 ppm resulting in 

irreversible and devastating global trends16. But there may be alternative ways whereby 

 
 

16 “What Is the Volume of World Natural Gas Reserves? - FAQ - U.S. Energy Information Administration 
(EIA),” accessed February 26, 2020, https://www.eia.gov/tools/faqs/faq.php?id=52&t=8. This increase in 
CO2 emissions was calculated based on the assumption that the world’s proven NG reserves as of January 
1, 2018 totaling 7,124 trillion cubic feet (Tcf) were combusted. The conversion factor from Tcf of NG to kg 
of CO2 was assumed to be 53.12 kg CO2/thousand cubic feet NG. “Chapter 3 - Natural Gas,” Natural Gas, 
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NG can continue to supply energy demand underscored by additional potential economic 

incentives and no CO2 emissions.   

1.3. Methane in NG as a Zero-Carbon Energy Source 

As a direct result of shale gas production, the U.S. has become one of the world’s 

largest NG producers. According to the EIA’s 2020 annual energy outlook, NG 

production in the U.S. is projected to increase 26% from 2019 values to a total of 44 

trillion cubic feet per year (836 MT/yr) by 2050.17 Globally, NG production is expected 

to increase by 83 Tcf (1577 MT) representing an 89% increase between 2012 to 2040.18 

Today, a majority of NG is either combusted directly with no carbon capture or used as a 

chemical feedstock to make products (i.e. chemicals or polymers). However, if 

companies and countries wish to continue capitalizing on their large NG assets and 

simultaneously reduce their emissions, alternative ways of using it must be developed.  

NG gas combustion combined with CO2 capture, utilization, and storage (CCUS) 

may be a route towards mitigating CO2 emissions. Significant effort over the years has 

 
 

2012, 3. Steve Weissman, “Natural Gas as a Bridge Fuel,” n.d., 12; “Is Natural Gas a Bridge Fuel? » Yale 
Climate Connections,” Yale Climate Connections (blog), August 23, 2016, 
https://www.yaleclimateconnections.org/2016/08/is-natural-gas-a-bridge-fuel/; Zeke Hausfather, 
“Bounding the Climate Viability of Natural Gas as a Bridge Fuel to Displace Coal,” Energy Policy 86 
(November 2015): 286–94, https://doi.org/10.1016/j.enpol.2015.07.012; “World Energy Resources 2016” 
(World Energy Council, 2016), https://www.worldenergy.org/wp-content/uploads/2016/10/World-Energy-
Resources_SummaryReport_2016.pdf; “Industrial and Electric Power Sectors Drive Projected Growth in 
U.S. Natural Gas Use - Today in Energy - U.S. Energy Information Administration (EIA),” accessed 
November 17, 2018, https://www.eia.gov/todayinenergy/detail.php?id=26412. 
17 “Annual Energy Outlook 2020” (U.S. Energy Information Administration), accessed February 12, 2020, 
https://www.eia.gov/outlooks/aeo/pdf/AEO2020%20Full%20Report.pdf. 
18 “Chapter 3 - Natural Gas,” 3. 
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been devoted to developing technologies and processes which enable the capture and 

storage of CO2 at large point sources, particularly for fossil fuel processing plants or in 

power generation.19 These may be technically viable routes towards CO2-free utilization 

of NG but are only feasible at large point sources of CO2 and leave emissions from other 

sizeable sectors like transportation relatively unaffected. However, if instead of 

combustion, more NG was diverted towards hydrogen production, substantial CO2 

emissions reductions from both industry and transportation sectors might be achieved.  

Hydrogen production from NG is a well-established process. Today, approximately 

6% of the global NG supply is used to produce hydrogen with about three-quarters (~53 

MT) of the total hydrogen production coming from NG.20 In the U.S., 95% of hydrogen 

produced from NG comes from steam methane reforming (SMR).21 In SMR, methane 

reacts with high-temperature (700-1000℃) steam in the presence of a catalyst to produce 

a mixture of hydrogen and carbon monoxide, also known as synthetic gas: 

 
 

19 Thambimuthu Kelly (Kailai) et al., “Chapter 3 Capture of CO2,” IPCC Special Report on Carbon 
Dioxide Capture and Storage (Intergovernmental Panel on Climate Change, March 2018), 
https://www.ipcc.ch/site/assets/uploads/2018/03/srccs_chapter3-1.pdf; “Carbon Capture Opportunities for 
Natural Gas Fired Power Systems,” January 2017, 
https://www.energy.gov/sites/prod/files/2017/01/f34/Carbon%20Capture%20Opportunities%20for%20Nat
ural%20Gas%20Fired%20Power%20Systems_0.pdf; Howard J. Herzog, “Scaling up Carbon Dioxide 
Capture and Storage: From Megatons to Gigatons,” Energy Economics 33, no. 4 (July 2011): 597–604, 
https://doi.org/10.1016/j.eneco.2010.11.004; Howard Herzog, “Lessons Learned from CCS Demonstration 
and Large Pilot Projects,” 2016, 46. 
20 “The Future of Hydrogen – Analysis,” IEA, accessed March 12, 2020, https://www.iea.org/reports/the-
future-of-hydrogen. 
21 “Fact of the Month May 2018: 10 Million Metric Tons of Hydrogen Produced Annually in the United 
States,” Energy.gov, accessed February 26, 2020, https://www.energy.gov/eere/fuelcells/fact-month-may-
2018-10-million-metric-tons-hydrogen-produced-annually-united-states; “Hydrogen Production: Natural 
Gas Reforming | Department of Energy,” accessed November 21, 2018, 
https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming. 
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𝐶𝐻 (𝑔) +  𝐻 𝑂 (𝑣) → 𝐶𝑂(𝑔) +  3𝐻  

Carbon monoxide in the synthetic gas can be further treated in a second reactor 

step and undergo a water-shift gas reaction to produce additional hydrogen and carbon 

dioxide:  

𝐶𝑂(𝑔) + 𝐻 𝑂 → 𝐶𝑂 (𝑔) + 𝐻 (𝑔) 

Taken together, SMR results in four molecules of hydrogen for every molecule of 

methane. Of this hydrogen, 70% is used to upgrade petroleum products and approximately 

20% is used in fertilizer production. The CO2 and other impurities are easily separated from 

hydrogen in a pressure-swing adsorption process and an essentially pure hydrogen stream 

results. Decarbonizing the SMR process by combining SMR with CCUS is critical to 

achieving CO2-free utilization of NG that also produces a promising zero-carbon energy 

carrier. 

Regardless if CCUS is used in NG combustion or SMR, in order to make any 

sizeable reduction in CO2 emissions, CCUS technologies will need to accommodate 

gigatons of CO2 annually. Efforts in scaling CCUS projects have been met with many 

economic, regulatory, and technical hurdles and adds substantial costs to industrial 

processes.22 NG combustion or treatment via SMR complemented by CCUS are 

technically viable propositions for mitigating CO2 emissions but the prospect of storing 

 
 

22 Monica Lupion, Holly Javedan, and Howard Herzog, “Challenges to Commercial Scale Carbon Capture 
and Storage: Regulatory Framework,” 2015, 21; Herzog, “Scaling up Carbon Dioxide Capture and 
Storage”; Herzog, “Lessons Learned from CCS Demonstration and Large Pilot Projects.” 
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CO2 at the scale that would be required remains uncertain. Ideally, hydrogen production 

from methane with no CO2 emissions would curtail these problems. 

An alternative method for producing hydrogen from NG that does not produce CO2 

is methane pyrolysis, i.e., the conversion of methane in NG to hydrogen and carbon. 

Typically, this requires high temperatures (>800˚C) and low pressures (1-5 atm) and is 

carried out in the absence of oxygen23: 

 

While this reaction is endothermal (requires ~4.7 MJ/kg of converted methane), the 

energy content of the hydrogen is about six times higher than the reaction energy; therefore, 

the reaction can generate a net positive energy output (in the form of hydrogen). Hydrogen 

from methane pyrolysis is expected to achieve an energy savings of  approximately 60% 

per mole of hydrogen produced compared to SMR.24 Furthermore, methane pyrolysis has 

an advantage over SMR because instead of producing CO2, a byproduct that requires 

additional expenditures for separation and storage, the commercial value of the solid 

carbon can offset the overall costs of the process and potentially reduce the price of 

hydrogen enough to be competitive with gasoline.25 Methane pyrolysis is expected to be 

 
 

23 Yongdan Li, Douxing Li, and Gaowei Wang, “Methane Decomposition to COx-Free Hydrogen and 
Nano-Carbon Material on Group 8–10 Base Metal Catalysts: A Review,” Catalysis Today 162, no. 1 
(March 2011): 1–48, https://doi.org/10.1016/j.cattod.2010.12.042. 
24 N. Muradov, “Catalysis of Methane Decomposition over Elemental Carbon,” Catalysis Communications 
2, no. 3–4 (July 2001): 89–94, https://doi.org/10.1016/S1566-7367(01)00013-9. 
25 Dagle R. et al., “An Overview of Natural Gas Conversion Technologies for Co-Production of Hydrogen 
and Value-Added Solid Carbon Products” (Pacific Northest National Laboratory, November 2017), 
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-26726.pdf. 

𝐶𝐻4 → 2𝐻2 (𝑔) +  𝐶 (𝑠) 
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more energy efficient, produce hydrogen at costs more competitive with gasoline, and 

avoid CO2 production compared to SMR. 

Large-scale hydrogen production from NG can be a disruptive resource with the 

capacity to achieve significant decreases in CO2 emissions. As a source of energy, 

hydrogen is particularly attractive. It is approximately two times more energy dense per 

weight than methane (and hydrogen fuel cells are two to three time more efficient than 

traditional combustion engines) and generates no CO2 emissions.26  It does not suffer the 

intermittency, geographical, or dispatchability challenges that encumber both solar and 

wind-derived energy. Hydrogen’s greatest strength is its applicability to energy sectors that 

are difficult to decarbonize, including transportation (both through hydrogen-based fuel 

cells in vehicles and as a way to upgrade certain fuels already being produced) and industry 

(hydrogen can be used as a fuel source and in metals refining). Incorporating even small 

amounts of hydrogen into the global energy sector could dramatically change the energy 

outlook.27 But at the scales that would be required to produce enough hydrogen to supply 

a large portion of the energy market (300 MT of hydrogen to meet 10% of 2019 global 

energy demand), significant amounts of carbon will be produced (approximately 3 MT of 

 
 

26 “Use of Hydrogen - Energy Explained, Your Guide To Understanding Energy - Energy Information 
Administration,” accessed November 21, 2018, 
https://www.eia.gov/energyexplained/index.php?page=hydrogen_use; “Alternative Fuels Data Center-Fuel 
Properties Comparison,” accessed November 21, 2018, 
https://afdc.energy.gov/fuels/fuel_comparison_chart.pdf. 
27 Erika Gupta and Brian Pivovar, “H2@SCALE : Deeply Decarbonizing Our Energy System,” 
https://www.energy.gov/eere/fuelcells/downloads/h2-scale-potential-opportunity-webinar. 
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carbon for every 1 MT of hydrogen). This carbon will need to be matched to an equally 

large market capable of absorbing large quantities of carbon. 

1.4. Methane Conversion to Form Carbon Nanotubes 

Converting methane and other light hydrocarbons into higher order (more energy-

dense) molecules, reactive polymer precursors, or carbon black is not a new concept; some 

of the earliest patents date back to the late nineteenth century.28  However, at the hydrogen 

production levels that could be required, significant quantities of carbon (~1 GT/year) 

would be produced. Identifying markets large enough to absorb that amount of carbon is 

critical. The largest markets for non-combusted carbon are carbon black (~10 MT/year) 

and graphite (~0.2 MT/year) whose markets are orders of magnitude smaller compared to 

the anticipated carbon that would be produced from methane pyrolysis.29 The third largest 

carbon market- carbon fiber- does not constitute even 0.1% of the potential carbon 

 
 

28 Theophilus Waughan Hughes and Charles Roland Chambers, Manufacture of Carbon Filaments, United 
States Patent Office 405480, filed August 30, 1886, and issued June 18, 1889; Louis S. Kassel, “The 
Thermal Decomposition of Methane1,” Journal of the American Chemical Society 54, no. 10 (1932): 3949–
3961; William W Odell, Process of Making Carbon Black, United States Patent Office 1964744 (Chicago, 
IL, filed February 20, 1930, and issued July 3, 1934); Hein Israel Waterman, Willem Jan Hessels, and Dirk 
Willem van Krevelen, Production of Valuable Products from Methane Gases, United States Patent Office 
2,221,658 (Delft, filed August 7, 1939, and issued November 12, 1940); James R. Fincke et al., “Plasma 
Pyrolysis of Methane to Hydrogen and Carbon Black,” Industrial & Engineering Chemistry Research 41, 
no. 6 (March 2002): 1425–35, https://doi.org/10.1021/ie010722e; Wonihl Cho et al., “Conversion of 
Natural Gas to Hydrogen and Carbon Black by Plasma and Application of Plasma Black,” n.d., 3; Keun Su 
Kim et al., “Production of Hydrogen and Carbon Black by Methane Decomposition Using DC-RF Hybrid 
Thermal Plasmas,” IEEE Transactions on Plasma Science 33, no. 2 (April 2005): 813–23, 
https://doi.org/10.1109/TPS.2005.844526; Tyler Hamilton, “Turning Natural Gas Green,” MIT Technology 
Review, accessed November 21, 2018, https://www.technologyreview.com/s/413344/turning-natural-gas-
green/. 
29 R. et al., “An Overview of Natural Gas Conversion Technologies for Co-Production of Hydrogen and 
Value-Added Solid Carbon Products.” 
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production capacity from methane pyrolysis. The value proposition of producing hydrogen 

from methane pyrolysis depends on the development of new, large carbon markets. 

The relatively recent discovery of carbon nanomaterials beginning with 

buckminsterfullerene in 1985, carbon nanotubes (CNTs) in 1991, and graphene in 2004 

pose enticing prospects for the carbon produced in methane pyrolysis.30 One of the most 

promising carbon nanomaterials are CNTs. A CNT can be envisioned as a sheet of carbon 

atoms arranged in a honeycomb-like lattice, known as graphene, rolled into a tube. Single-

walled carbon nanotubes (SWCNTs) are made of a single sheet of graphene; if there are 

multiple graphene sheets rolled together to form concentric tubes, these structures are then 

classified as multi-walled carbon nanotubes (MWCNTs) (Figure 1.3).  CNTs are typically 

synthesized in a process called chemical vapor deposition (CVD) wherein a carbon 

feedstock comes into contact with a metal catalyst inside a reactor set at high temperatures 

(700-1200℃). Numerous papers have demonstrated that methane is a suitable carbon 

feedstock for the synthesis of CNTs.31 

 
 

30 H. W. Kroto et al., “C60: Buckminsterfullerene,” Nature 318 (1985): 162–63; Sumio Iijima, “Helical 
Microtubules of Graphitic Carbon,” Nature 354 (November 7, 1991): 56–58; K. S. Novoselov, “Electric 
Field Effect in Atomically Thin Carbon Films,” Science 306, no. 5696 (October 22, 2004): 666–69, 
https://doi.org/10.1126/science.1102896. 
31 Li, Li, and Wang, “Methane Decomposition to COx-Free Hydrogen and Nano-Carbon Material on Group 
8–10 Base Metal Catalysts”; D. Torres et al., “Hydrogen and Multiwall Carbon Nanotubes Production by 
Catalytic Decomposition of Methane: Thermogravimetric Analysis and Scaling-up of Fe–Mo Catalysts,” 
International Journal of Hydrogen Energy 39, no. 8 (March 2014): 3698–3709, 
https://doi.org/10.1016/j.ijhydene.2013.12.127; Behnam Bahrami et al., “Short Time Synthesis of High 
Quality Carbon Nanotubes with High Rates by CVD of Methane on Continuously Emerged Iron 
Nanoparticles,” Applied Surface Science 257, no. 23 (September 2011): 9710–16, 
https://doi.org/10.1016/j.apsusc.2011.05.086; Nosrat Izadi et al., “Growth of Single-Walled Carbon 
Nanotubes on a Co–Mo–MgO Supported Catalyst by the CVD of Methane in a Fixed Bed Reactor: Model 
Setting and Parameter Estimation,” Solid State Sciences 13, no. 6 (June 2011): 1242–50, 
https://doi.org/10.1016/j.solidstatesciences.2011.03.016; Jing Kong, Alan M. Cassell, and Hongjie Dai, 
“Chemical Vapor Deposition of Methane for Single-Walled Carbon Nanotubes,” Chemical Physics Letters 
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Figure 1.3. Graphene sheet rolled into (a) SWCNT or (b) MWCNT [Used with 
permission32 under a Creative Commons CC BY license] 

 

As a carbon feedstock, methane from NG may confer additional advantages over other 

hydrocarbon feedstocks employed in CNT synthesis because of its enhanced kinetic and 

thermodynamic stability at higher temperatures where CNTs are synthesized. This limits 

the amount of undesired carbonaceous impurities co-produced with CNTs. By optimizing 

the reactor design, carbon produced in methane pyrolysis can be sequestered in carbon 

nanomaterials as hydrogen is produced.  

As a material, CNTs have stirred a lot of excitement in the research community. 

Due to their impressive electrical, thermal, and mechanical properties, both SWCNTs and 

 
 

292, no. 4 (1998): 567–574; Kenneth B. K. Teo et al., eds., “Catalytic Synthesis of Carbon Nanotubes and 
Nanofibers,” Encyclopedia of Nanoscience and Nanotechnology X (2004): 1–22. 
32 Ruxandra Vidu et al., “Nanostructures: A Platform for Brain Repair and Augmentation,” Frontiers in 
Systems Neuroscience 8 (2014), https://doi.org/10.3389/fnsys.2014.00091. 
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MWCNTs have been investigated for several potential applications including CNT-based 

electrodes and electrical components, filters and membranes for water purification, 

catalysis, biomedical applications, and high-strength applications.33  To date, CNT-based 

composite materials are being incorporated into many commercial products ranging from 

bicycles to space crafts and CNTs themselves can be manipulated into a variety of 

macroshapes including fibers, films, and foams.34 The range of applications for CNTs and 

CNT composites can open up a host of new, larger markets for carbon materials. Some of 

the most promising developments in CNT-based materials are coming from the CNT fiber 

community. Continued research in CNT fibers has resulted in steady gains in CNT fiber 

properties where their performance is approaching or exceeding those of their metal and 

carbon fiber counterparts (Figure 1.4).35 As strong, lightweight conductors, CNT fibers 

may become potential substitutes for metals in applications ranging from electrical wiring, 

to heart sutures, or coaxial cables. The annual production of metals- particularly steel, 

aluminum, and copper- is on the order of ~1 GT/year. If CNT fibers became an alternative 

for traditional metal cables or wires, the size of the market they could access would be able 

 
 

33 Michael FL De Volder et al., “Carbon Nanotubes: Present and Future Commercial Applications,” 
Science 339, no. 6119 (2013): 535–539; Jan M. Schnorr and Timothy M. Swager, “Emerging Applications 
of Carbon Nanotubes,” Chemistry of Materials 23, no. 3 (February 8, 2011): 646–57, 
https://doi.org/10.1021/cm102406h. 
34 Mukul Kumar and Yoshinori Ando, “Chemical Vapor Deposition of Carbon Nanotubes: A Review on 
Growth Mechanism and Mass Production,” Journal of Nanoscience and Nanotechnology 10, no. 6 (June 1, 
2010): 3739–58, https://doi.org/10.1166/jnn.2010.2939; De Volder et al., “Carbon Nanotubes.” 
35 Lee Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels,” Carbon 
146 (2019): 789–812, https://doi.org/10.1016/j.carbon.2019.01.091; Jennifer Stallard et al., “The 
Mechanical and Electrical Properties of Direct-Spun Carbon Nanotube,” 2018; Robert J. Headrick et al., 
“Structure-Property Relations in Carbon Nanotube Fibers by Downscaling Solution Processing,” Advanced 
Materials 30, no. 9 (March 2018): 1704482, https://doi.org/10.1002/adma.201704482; Dmitri E. 
Tsentalovich et al., “Influence of Carbon Nanotube Characteristics on Macroscopic Fiber Properties,” ACS 
Applied Materials & Interfaces 9, no. 41 (October 18, 2017): 36189–98, 
https://doi.org/10.1021/acsami.7b10968. 
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to accommodate the CNT supply from large-scale hydrogen production via methane 

pyrolysis.  

As a low-carbon material, CNTs offer a route towards reducing the carbon 

emissions from materials sectors that are difficult to decarbonize. In the case of CNT fibers 

as alternatives for traditional metal cables and wires, assuming that CNT fibers could 

replace 50% of the copper and aluminum wiring and 10% of the steel wiring in the U.S. 

alone (approximately 200 MT/year of metal), this would effectively eliminate 16 Quad (16 

quadrillion BTUs) of energy, much of it from fossil fuels, needed for mining and 

processing the metals.36 If this 16 Quad of energy was produced from methane, crude oil, 

or coal, this equates to a reduction of 845, 1186, or 1528 MMT CO2/year emissions (12%, 

17%, or 22%, respectively, of the total emissions in the U.S. in 2014), respectively.37 This 

represents a significant decrease in emissions from areas of the materials sector that are 

difficult to decarbonize without considering the effect of switching from traditional fossil 

fuels to hydrogen an as energy source. 

 
 

36 “Copper,” Fact Sheet, Mineral Commodity Summaries 2017 (United States Geological Survey, January 
2017), https://minerals.usgs.gov/minerals/pubs/commodity/copper/mcs-2017-coppe.pdf; “Aluminum,” Fact 
Sheet, Mineral Commodity Summaries 2015 (United States Geological Survey, January 2015), 
https://minerals.usgs.gov/minerals/pubs/commodity/aluminum/mcs-2015-alumi.pdf; “Steel Statistical 
Yearbook 2016” (World Steel Association, 2016), https://www.worldsteel.org/en/dam/jcr:37ad1117-fefc-
4df3-b84f-6295478ae460/Steel+Statistical+Yearbook+2016.pdf; “How Much Energy Does It Take (on 
Average) to Produce 1 Kilogram of the Following Materials?,” LOW-TECH MAGAZINE, accessed 
November 21, 2018, https://www.lowtechmagazine.com/what-is-the-embodied-energy-of-materials.html. 
37 “Global Implications of Low Oil Prices”; “Heat Content of Natural Gas Delivered to Consumers,” 
accessed November 21, 2018, https://www.eia.gov/dnav/ng/ng_cons_heat_a_EPG0_VGTH_btucf_a.htm; 
OAR US EPA, “Greenhouse Gases Equivalencies Calculator - Calculations and References,” Data and 
Tools, US EPA, August 10, 2015, https://www.epa.gov/energy/greenhouse-gases-equivalencies-calculator-
calculations-and-references. 
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Figure 1.4. Comparison of electrical conductivity and tensile strengths for CNT 
fibers reported in literature with traditional metals. [Graph provided by Lauren 

Taylor and Oliver Dewey]38 
 

Linking CNT production to similarly high-volume or carbon-intensive materials markets 

(i.e. concrete or carbon fiber polymer composites) will further the development of a robust 

 
 

38Ref. A: Thang Q. Tran et al., “Super-Strong and Highly Conductive Carbon Nanotube Ribbons from 
Post-Treatment Methods,” Carbon 99 (April 2016): 407–15, https://doi.org/10.1016/j.carbon.2015.12.048.; 
Ref. B: Jaegeun Lee et al., “Direct Spinning and Densification Method for High-Performance Carbon 
Nanotube Fibers,” Nature Communications 10, no. 1 (July 4, 2019): 1–10, https://doi.org/10.1038/s41467-
019-10998-0.; Ref. C: J. N. Wang et al., “High-Strength Carbon Nanotube Fibre-like Ribbon with High 
Ductility and High Electrical Conductivity,” Nature Communications 5, no. 1 (September 2014): 3848, 
https://doi.org/10.1038/ncomms4848.; Ref. D: Yuanyuan Shang et al., “High-Strength Carbon Nanotube 
Fibers by Twist-Induced Self-Strengthening,” Carbon 119 (August 1, 2017): 47–55, 
https://doi.org/10.1016/j.carbon.2017.03.101.; Ref. E: Tsentalovich et al., “Influence of Carbon Nanotube 
Characteristics on Macroscopic Fiber Properties.”; Ref. F: Qiang Zhang et al., “Performance Improvement 
of Continuous Carbon Nanotube Fibers by Acid Treatment,” Chinese Physics B 26, no. 2 (February 2017): 
028802, https://doi.org/10.1088/1674-1056/26/2/028802. 
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hydrogen economy based on NG conversion and will lead to similar gains in climate 

mitigation strategies. 

The key point in all of this is that, individually, each step of the process has been 

proven: CNTs have already been successfully grown from methane and CNT fibers with 

similar properties as metals have been made. The main technical barrier is CNT cost (Table 

1.1). CNT production from methane pyrolysis has not yet achieved the efficiencies or 

economies of scale for CNTs to be cost competitive with traditional metals but dramatic 

reductions in CNT price, following recent trends, are expected. Since the year 2000, the 

price of MWCNTs has fallen by a factor of 100 and new large-scale capacity for SWCNTs 

has been added leading to the lowest prices to date for high-quality SWCNTs at 

$2000/kg.39 CNTs will continue to penetrate high-value, specialized markets where low 

prices are not crucial; these markets include aerospace and specialized sporting equipment, 

similar to carbon fiber in its early years. Research aimed at increasing the efficiency for 

both hydrogen and CNT production will spur further price reductions and feed larger 

materials markets where price considerations are more decisive. CNT commercialization 

is still in its early years but as it matures and more expertise is developed, improved CNT 

synthesis methods that reduce the cost of production while enhancing material quality (and 

hydrogen yield) will support a growing CNT market. 

 
 

39 “Unlimited, Low-Cost Production of Single Wall Carbon Nanotubes,” Printed Electronics World, May 
27, 2014, https://www.printedelectronicsworld.com/articles/6569/unlimited-low-cost-production-of-single-
wall-carbon-nanotubes; “Carbon Nanotube (CNT) Commercialization: Past, Present and Future,” accessed 
March 13, 2020, https://www.idtechex.com/en/research-article/carbon-nanotube-cnt-commercialization-
past-present-and-future/14212; “World’s Largest Graphene Nanotube Manufacturer OCSiAl Achieves 
Production Capacity of 75 Tonnes per Year,” accessed March 13, 2020, https://ocsial.com/en/news/363/. 
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Table 1.1. Comparison of 2019/2020 prices for common metals and low-quality 
CNTs. 

 

Material USD $/Tonne 

Steel 50040 (Carbon Steel)-2,50041 (304 Stainless Steel) 

Aluminum 1,50042 

Copper 5,10043 

Low-quality CNTs $100,000-$600,000,00044 

 

These rapid advances in CNT production are coming at a critical juncture. As CNT prices 

are declining due to improved process efficiencies, the CO2-adjusted prices for industrial 

materials, especially metals, will increase as CO2 emission reduction strategies and carbon 

pricing are implemented. CNT (and hydrogen) production from methane pyrolysis may 

even be accelerated when novel climate mitigation solutions are sought and when the cost- 

both economic and environmental- of CO2 emissions continues to grow. 

 
 

40 “Global Steel Prices by Major Market 2020,” Statista, accessed February 28, 2020, 
https://www.statista.com/statistics/214246/world-steel-prices/. 
41 “World Steel Prices,” World Steel Prices, accessed February 28, 2020, https://worldsteelprices.com/. 
42 “Aluminium PRICE Today | Aluminium Spot Price Chart | Live Price of Aluminium per Ounce | Markets 
Insider,” markets.businessinsider.com, accessed February 28, 2020, 
https://markets.businessinsider.com/commodities/aluminum-price. 
43 “Copper PRICE Today | Copper Spot Price Chart | Live Price of Copper per Ounce | Markets Insider,” 
markets.businessinsider.com, accessed February 28, 2020, 
https://markets.businessinsider.com/commodities/copper-price. 
44 R. et al., “An Overview of Natural Gas Conversion Technologies for Co-Production of Hydrogen and 
Value-Added Solid Carbon Products.” 
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1.5. Policy Considerations 

The scientific merits for direct conversion of NG to value-added carbon 

nanomaterials and hydrogen as a clean energy source must be considered alongside the 

social, economic, and environmental elements in the context of real-world implementation 

and application. An effective interaction between the societal system and a supply 

infrastructure of alternative fuels and higher value carbon products is needed for mass 

adoption of these future technologies and materials. Achieving the necessary hydrogen 

production capacity for any relevant energy utilization will mean there will be significant 

amounts of CNTs and other carbon nanomaterials produced. While hydrogen will 

encounter its own array of economic, technical, and policy challenges, it has potential to 

become part of our global energy system with already established markets in several key 

industrial sectors. However, introducing CNTs and the broader class of new nanomaterials 

onto the market will be met with a variety of hurdles including regulatory, legal, technical, 

environmental, safety, social factors, and public perception. Prior to market introduction, 

it will be imperative to address these critical components in order to achieve 

sustainability—the equilibrium of social, environmental and economic elements.  

The world needs access to affordable, reliable, and clean energy; a process where 

NG is converted into hydrogen and value-added carbon is a potential route to meet this 

need. The solution proposed here represents a novel energy solution, but the development 

of novel energy solutions based on advancements in nanotechnology must be a national 

and global priority in order to stimulate and support research and growth. Research agendas 

are often informed by administration priorities which influence the allocation of federal 
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funding. However, in the U.S., funding for nanotechnology research has been steadily 

declining.45 Continuing to support nanotechnology research and the transition to a lower 

emissions future while meeting growing energy needs is key to delivering sustainable 

development and attaining the global targets of the United Nations Sustainable 

Development Goals (SDG). The SDG’s, adopted in 2015 by 193 countries at the UN, 

express a consensus by all Governments and sets out an ambitious plan of action for 

achieving a prosperous, inclusive, resilient, and sustainable society. Investors, 

shareholders, regulators, trade groups, consumers, the public and others are becoming more 

concerned with companies’ sustainability risk profiles as well understanding sustainability-

related business opportunities. They have shown a growing interest in the SDGs and 

businesses proactively supporting achievement of the SDGs.  

In recent years, environmental, social and governance (ESG) performance has 

emerged as an important dimension for measuring the sustainability and societal impact of 

an investment in a company or business and for assessing the impact of activities, risks, 

opportunities and trade-offs. Governments, organizations, investors, shareholders, and the 

public have pressured companies to proactively align with ESG principles, including 

maintaining ethical supply chains that do not impose on human health, social well-being, 

and the environment. Planning for and being responsive and transparent to ESG alleviates 

negative public perception that could lead to a ban of the product or material, regulatory 

intervention, reputational decline, other actions that could detract from a company’s ability 

 
 

45 “The National Nanotechnology Initiative—Supplement to the President’s 2019 Budget,” n.d., 48. 
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to compete, produce shareholder value, and build profitability for the long term.  In other 

words, sustainability is an investment that will continue to stand out as a key growth area. 

However, in order to measure ESG and have transparency around sustainability, a 

comprehensive picture of life cycle impacts across the supply chain are needed.  

Life cycle assessments (LCA) are an analysis technique to evaluate the full 

spectrum of environmental, social, and economic impacts associated with every stage of a 

product, service or activity, from cradle to grave, i.e., raw material extraction, materials 

processing, manufacture, distribution, use, transportation, and disposal. LCA’s promote 

awareness across the value chain on sustainability issues and clarify trade-offs between life 

cycle stages and the three sustainability pillars (environment, social, economic). 

Conducting this assessment prioritizes resources and redirects investments, stimulates 

innovation in enterprises and value chain actors, and helps decision-makers and consumers 

make informed decisions. An understanding of this is important for promoting a sustainable 

agenda and progressing towards a circular economy. If circularity is the desired end state, 

then designing for reuse, remanufacture, recyclability, or second life must be considered. 

This will be particularly true for emerging carbon nanomaterial markets driven by high-

volume hydrogen production. As strong, lightweight conductors, CNT fibers lend 

themselves well to applications traditionally held by metals. A full LCA spanning the 

mining and extraction stage through possible routes for materials recycling is the only way 

to fairly compare the economic, social, and environmental impact of substituting metals 

with carbon derived from NG. Key questions that must be addressed in this analysis 

include: the relative impacts on minerals mining versus NG extraction, the emissions 

associated with production, the normal materials uses and risks for accidental exposure, 
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means of disposal and potential routes for recycling. A full life cycle analysis accounting 

for trade-offs in the economic, societal, and environmental risks and rewards is crucial to 

avoid creating more problems than solutions. Coordination throughout the supply chain 

and product stewardship initiatives will ensure that CNT products and materials are 

designed with the end-of-life management in mind and that policies and technologies 

downstream are keeping pace with upstream innovations and activities. Organizing and 

designing environmental and safety laws should be approached with a life cycle 

perspective that considers resource extraction, production, use, reuse, recycling, disposal, 

transportation, and emergency response.  

Nanotechnology is an emerging, cross-disciplinary science platform designed to 

create and synthesize new materials at the nanoscale to generate innovative or altered 

material properties. The introduction of all new products and technologies will have risks 

and unexpected consequences, both beneficial and harmful. Despite tremendous 

advancements in the field of nanotechnology and progress made in developing and 

implementing environmental, health, and safety research-based protocols for addressing 

nanosafety issues, challenges remain in adequately investigating health and toxicity effects 

given 1) many different nanomaterial types, 2) various potential routes of exposure, 3) 

nanomaterial characterization issues, 4) limitations in research methodologies, such as 

time-course and dose-response issues, and 5) inadequate in vitro methodologies for in vivo 

standardized, guideline toxicity testing.46 There are also considerable knowledge gaps in 

 
 

46 Warheit D. B. (2018). Hazard and risk assessment strategies for nanoparticle exposures: how far have we 
come in the past 10 years?. F1000Research, 7, 376. https://doi.org/10.12688/f1000research.12691.1 
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the risk assessment based on physical properties and the effects on health and the 

environment. Although nanotoxicity has been researched for many years, focus has 

primarily centered on occupational health and safety to workers manufacturing and 

handling the materials. There is a need for industry, academia, and legislators to better 

understand the fate, transport, and effects of nanomaterials across the entire life cycle, to 

build consensus on testing methodologies, to embrace the principles of green chemistry 

when engineering CNTs, to implement regulatory measures for design, quality, 

standardization, and safety, and legislation to control unsafe or unwarranted use of CNTs. 

As applications are realized, the entire life cycle of safety and other potential impacts 

should be assessed, including production, manufacturing, shipping, use, and end-of-life.  

Industrial and specialty chemicals are regulated in the U.S. under the Toxic 

Substances Control Act (TSCA) and in the EU are subject to the Registration, Evaluation, 

Authorization and Restriction of Chemicals Regulation (REACH). TSCA and REACH 

regulate chemical risks that extend to the full lifecycles of chemicals, chemical mixtures, 

and chemical-containing products and covers consumer as well as environmental exposure. 

TSCA obligates the Environmental Protection Agency (EPA) to undertake risk evaluations 

for existing chemicals, to take measures to eliminate any ‘unreasonable risk’ that it 

identifies in its evaluation of a chemical, and to review all new chemicals and the different 

uses of new substances.  REACH is a regulatory program on the production and use of 

chemical substances that puts greater responsibility on industry to manage the risks from 

chemicals and to provide safety information on substances circulating in the market. Both 

acts were passed to eliminate, mitigate, or manage risks on human health and the 

environment posed by new and existing chemicals in commerce and require that chemical 
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producers document the health and safety implications posed by chemicals during their 

manufacture, distribution, downstream uses, and end of life.  

As the nanomaterials R&D increases and industry grows and adds more production 

capacity, producers and downstream entities should begin addressing the variety of impacts 

(environment, health and safety, security, emergency response, disposal, etc.)  associated 

with these new materials from a life cycle perspective. Furthermore, public concerns have 

been mounting in recent years over the safety of such materials and, even if fully compliant 

with TSCA and REACH mandates, getting these materials to markets might have a long 

uphill battle in changing the public perception.47 Once hydrogen production from NG 

decomposition can be scaled to high-volume levels, the question of what to do with the 

carbon, what health and environmental risks it poses, end-of-life recycling and disposal, 

and public opinion will be a major consideration.  

1.6. Conclusion: The Dual Solution 

Methane, particularly from NG, is abundantly available and a relatively cheap 

source of energy. As a result, NG consumption has increased, particularly within the last 

decade.48 However, combusting it directly still contributes to global climate change and 

may limit its utility. An alternative use for NG is presented here: direct conversion of 

 
 

47 Steffen Foss Hansen and Anna Lennquist, “Carbon Nanotubes Added to the SIN List as a Nanomaterial 
of Very High Concern,” Nature Nanotechnology 15, no. 1 (January 2020): 3–4, 
https://doi.org/10.1038/s41565-019-0613-9. 
48 “U.S. Natural Gas Total Consumption (Million Cubic Feet).” 
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methane without emission of CO2. The products of this reaction are hydrogen, a zero-

carbon energy source, and carbon, which can be sequestered in advanced nanomaterials. 

As a zero-carbon energy carrier, access to large volumes of hydrogen is a critical piece for 

reducing emissions in sectors that are difficult to decarbonize like industry and 

transportation. Efforts directed towards addressing hydrogen safety and scaling up 

technologies and infrastructure for production, transportation, and storage will be 

necessary for cost reduction and to encourage investment in a hydrogen economy. As a 

novel carbon nanomaterial, CNTs will help resolve the difficult challenges of reducing the 

carbon footprint of steel, aluminum, copper, cement, and other higher energy materials. 

Partnering with industries and governments and collaboration along the entire supply chain 

that transparently assesses life cycle impacts will help develop sustainable CNT products 

and ensures that there will be a viable market and controlled costs of CNT production. 

Producers and users of these new materials will undoubtedly encounter policy challenges, 

regulatory setbacks, and public scrutiny. Efforts aimed at assessing and understanding the 

environmental, health, safety risks associated with these new nanomaterials and engaging 

public discourse should not be overlooked. Rethinking and strategizing how NG is used 

can help meet global climate targets by reducing carbon emissions, align with sustainability 

goals, support growing energy demand, and underscore a new NG market.  
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Chapter 2 

Floating Catalyst Chemical Vapor Deposition 
for Scalable Carbon Nanotube Production: A 

Review49 

Since their direct observation in 1991 by Iijima 50, carbon nanotubes (CNTs) have 

attracted the interest of scientists and engineers across disparate fields. Single-walled 

CNTs (SWCNTs) are a one-dimensional carbon allotrope which can be envisioned as a 

graphene sheet rolled into a seamless cylinder, while multi-walled CNTs (MWCNTs) 

 
 

49 To be submitted to Carbon. Co-authors include: Clay Kacica (Chemical and Biomolecular Engineering; 
Rice University), Arthur Sloan (Chemical and Biomolecular Engineering; Rice University), Leonardo 
Spanu (Senior Researcher R&D Chemistry; Shell Technology Center), Jonathan Bloom (Chemical and 
Biomolecular Engineering, Rice University), Brendan Ni (Chemical and Biomolecular Engineering, Rice 
University), Glen C. Irvin, Jr. (Chemical and Biomolecular Engineering, Rice University), Matteo Pasquali 
(Chemical and Biomolecular Engineering, Materials Science and Nanoengineering, Chemistry; Rice 
University) 
50 Iijima, “Helical Microtubules of Graphitic Carbon.” 
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comprise several concentric graphene cylinders rolled together. The electronic band 

structure of CNTs depends on their helicity, diameter, and number of walls. SWCNTs 

range from metallic (zero bandgap) to small (few meV) and moderate (~1 eV) bandgap 

semiconductors. The type of CNTs necessary (i.e. single- or multi-walled, small or large 

diameter, chirality, etc.) for high-performance, macroscale materials is still an open 

question; SWCNTs and small-diameter, few-walled CNTs (FWCNTs) appear to yield 

better solid-state and mechanical properties but, at the laboratory scale, both SWCNTs 

and MWCNTs have been used successfully in a diverse range of applications 51. Initial 

reports of unique material properties spurred major interest in solid-state physics, 

material science, and synthetic chemistry 52, and later spread to many other areas of 

science and engineering.   

 
 

51 Natnael Behabtu et al., “Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity,” Science 339, no. 6116 (2013): 182–186; Tsentalovich et al., “Influence of Carbon Nanotube 
Characteristics on Macroscopic Fiber Properties”; T. S. Gspann, F. R. Smail, and A. H. Windle, “Spinning 
of Carbon Nanotube Fibres Using the Floating Catalyst High Temperature Route: Purity Issues and the 
Critical Role of Sulphur,” Faraday Discuss., May 21, 2014, https://doi.org/10.1039/C4FD00066H; Juan J. 
Vilatela, James A. Elliott, and Alan H. Windle, “A Model for the Strength of Yarn-like Carbon Nanotube 
Fibers,” ACS Nano 5, no. 3 (March 22, 2011): 1921–27, https://doi.org/10.1021/nn102925a; Marcelo Motta 
et al., “Mechanical Properties of Continuously Spun Fibers of Carbon Nanotubes,” Nano Letters 5, no. 8 
(August 2005): 1529–33, https://doi.org/10.1021/nl050634+; De Volder et al., “Carbon Nanotubes”; Rahul 
Rao et al., “Carbon Nanotubes and Related Nanomaterials: Critical Advances and Challenges for Synthesis 
toward Mainstream Commercial Applications,” ACS Nano 12, no. 12 (December 26, 2018): 11756–84, 
https://doi.org/10.1021/acsnano.8b06511. 
52 T. Ando, “The Electronic Properties of Graphene and Carbon Nanotubes,” Nature 391 (January 1998): 
62–64; Teri Wang Odom et al., “Atomic Structure and Electronic Properties of Single-Walled Carbon 
Nanotubes,” Nature 391, no. 6662 (1998): 62–64; Rodney S. Ruoff and Donald C. Lorents, “Mechanical 
and Thermal Properties of Carbon Nanotubes,” Carbon, Nanotubes, 33, no. 7 (January 1, 1995): 925–30, 
https://doi.org/10.1016/0008-6223(95)00021-5; J.-P. Salvetat et al., “Mechanical Properties of Carbon 
Nanotubes,” Applied Physics A 69, no. 3 (1999): 255–260; M. M. J. Treacy, T. W. Ebbesen, and J. M. 
Gibson, “Exceptionally High Young’s Modulus Observed for Individual Carbon Nanotubes,” Nature 381 
(June 1996): 678–80. 
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Much of the 1990s CNT research focused on fundamental studies of CNT 

nanoscale properties (performed via theory or experiments on minimal quantities) and on 

attaining gram-scale “macroscale” synthesis. By the late 1990s, unique nanoscale 

properties were discovered and gram-level synthesis was established, prompting research 

on CNT macroscale assemblies (foams, fibers, films, etc.) for applications ranging from 

transparent thin-film conductors, to battery electrodes, to actuators 53.  Translating the 

intrinsic CNT nanoscale properties (i.e., high electrical and thermal conductivity, 

mechanical strength) to macroscale assemblies eluded researchers until the mid-2010s. 

The development of CNT fibers is one of the best case studies where significant progress 

has been made translating a substantial fraction of individual CNT properties to the 

macroscale. Vigolo, et al. 54 were the first to produce fibers and ribbons of aligned CNTs 

from CNT dispersions in surfactant solutions with promising mechanical and electrical 

properties in the year 2000.  Other notable examples of CNT fiber-like assemblies were 

reported by Zhu, et al. who produced and characterized “CNT strands” and Jiang, et al. 

who were among the first to demonstrate CNT yarn spinning from highly aligned CNT 

 
 

53 Dawid Janas and Krzysztof K. Koziol, “Carbon Nanotube Fibers and Films: Synthesis, Applications and 
Perspectives of the Direct-Spinning Method,” Nanoscale 8, no. 47 (2016): 19475–90, 
https://doi.org/10.1039/C6NR07549E; Kara Evanoff et al., “Ultra Strong Silicon-Coated Carbon Nanotube 
Nonwoven Fabric as a Multifunctional Lithium-Ion Battery Anode,” ACS Nano 6, no. 11 (November 27, 
2012): 9837–45, https://doi.org/10.1021/nn303393p; M. D. Lima et al., “Electrically, Chemically, and 
Photonically Powered Torsional and Tensile Actuation of Hybrid Carbon Nanotube Yarn Muscles,” 
Science 338, no. 6109 (November 16, 2012): 928–32, https://doi.org/10.1126/science.1226762. 
54 Brigitte Vigolo et al., “Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes,” Science 290, 
no. 5495 (November 17, 2000): 1331–34, https://doi.org/10.1126/science.290.5495.1331. 
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arrays 55. In 2004 the first examples of continuous production of CNT macroscale 

assemblies were demonstrated at Cambridge and Rice University 56. Dry spinning was 

developed at Cambridge, featuring a direct CNT fiber spinning method that incorporated 

CNT growth and fiber assembly in a one-step process 57. In the same year, Rice 

University reported a continuous and scalable wet solution spinning method for 

converting bulk CNTs into fibers, similar to rod-like polymers spinning (e.g. Kevlar, 

Twaron) 58. Since 2004, the electrical and mechanical properties of CNT fibers from both 

wet and dry spinning methods have seen improvement through continued efforts to 

understand the effect of alignment, packing, CNT aspect ratio, and CNT quality; there 

now appears to be a convergence in fiber properties 59.  

In parallel to the efforts on CNT fiber, the development of CNT thin films has 

progressed substantially as well. Transparent, flexible, and electrically conductive CNT 

 
 

55 Kaili Jiang, Qunqing Li, and Shoushan Fan, “Nanotechnology: Spinning Continuous Carbon Nanotube 
Yarns,” Nature 419 (October 24, 2002): 801; H. W. Zhu et al., “Direct Synthesis of Long Single-Walled 
Carbon Nanotube Strands,” Science 296, no. 5569 (2002): 884–886. 
56 Lars M. Ericson et al., “Macroscopic, Neat, Single-Walled Carbon Nanotube Fibers,” Science 305, no. 
5689 (September 3, 2004): 1447–50, https://doi.org/10.1126/science.1101398; Y. L. Li, I. A. Kinloch, and 
A. H. Windle, “Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition Synthesis,” 
Science 304, no. 5668 (2004): 276–78. 
57 Li, Kinloch, and Windle, “Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition 
Synthesis.” 
58 Behabtu et al., “Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity”; Ericson et al., “Macroscopic, Neat, Single-Walled Carbon Nanotube Fibers.” 
59 Tsentalovich et al., “Influence of Carbon Nanotube Characteristics on Macroscopic Fiber Properties”; 
Headrick et al., “Structure-Property Relations in Carbon Nanotube Fibers by Downscaling Solution 
Processing,” March 2018; Stallard et al., “The Mechanical and Electrical Properties of Direct-Spun Carbon 
Nanotube”; Lauren W. Taylor et al., “Improved Properties, Increased Production, and the Path to Broad 
Adoption of Carbon Nanotube Fibers,” Carbon, August 8, 2020, 
https://doi.org/10.1016/j.carbon.2020.07.058; Mark J. Schulz, Vesselin Shanov N., and Zhangzhang Yin, 
eds., Nanotube Superfiber Materials, First (Oxford: Elsevier, 2014), 
https://www.sciencedirect.com/science/book/9781455778638#book-description. 
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thin films have been studied for use in touch screens, LCDs, OLEDs, and solar cells60. 

Fundamental studies have developed processes to deposit uniform thin films while 

maximizing their electro-optical properties61. Many investigations on the performance of 

CNT thin films in diverse applications have been performed using a variety of methods to 

enhance thin film conductivity62. Now that more is understood about the effect of CNT 

properties on the macroscale assembly performance, the field must return to studying the 

synthesis to better understand the link between the synthesis conditions and bulk material 

properties.  

Global publications and patents featuring carbon nanotubes continue to increase 

annually, although the number of real-world applications remains limited63.  Market 

adoption has been less than what was anticipated by optimistic projections made in the 

late 1990s and 2000s. Three decades after their discovery, we know that CNTs are 

fundamentally a new class of materials, unlike para-aramids and high-strength carbon 

fibers, which were new members of established material classes. Creating this entirely 

 
 

60 Liangbing Hu et al., “Highly Stretchable, Conductive, and Transparent Nanotube Thin Films,” Applied 
Physics Letters 94, no. 16 (April 20, 2009): 161108, https://doi.org/10.1063/1.3114463; Steve Park, 
Michael Vosguerichian, and Zhenan Bao, “A Review of Fabrication and Applications of Carbon Nanotube 
Film-Based Flexible Electronics,” Nanoscale 5, no. 5 (February 15, 2013): 1727–52, 
https://doi.org/10.1039/C3NR33560G. 
61 Ahmed Abdelhalim et al., “Fabrication of Carbon Nanotube Thin Films on Flexible Substrates by Spray 
Deposition and Transfer Printing,” Carbon 61 (September 1, 2013): 72–79, 
https://doi.org/10.1016/j.carbon.2013.04.069; Budhadipta Dan, Glen C. Irvin, and Matteo Pasquali, 
“Continuous and Scalable Fabrication of Transparent Conducting Carbon Nanotube Films,” ACS Nano 3, 
no. 4 (April 28, 2009): 835–43, https://doi.org/10.1021/nn8008307. 
62 David S. Hecht, Liangbing Hu, and Glen Irvin, “Emerging Transparent Electrodes Based on Thin Films 
of Carbon Nanotubes, Graphene, and Metallic Nanostructures,” Advanced Materials 23, no. 13 (2011): 
1482–1513, https://doi.org/10.1002/adma.201003188. 
63 De Volder et al., “Carbon Nanotubes.” 



 
33 

 

new class of materials has meant that CNT commercialization has come with its own set 

of unique challenges which have slowed market growth: high production costs for high-

quality CNTs, lower than anticipated demand for CNTs, and absence of standard product 

specifications relating to the composition of as-produced CNTs (diameter distributions, 

lengths, chirality, number of walls, impurity content)64. Unfortunately, the perceived 

slow progress has also led to declining participation and funding in developing CNT 

technology and production in favor of other new nanomaterials (graphene, two-

dimensional materials, etc.) even though encouraging properties are now being attained at 

the macroscale and device levels. Understanding some of the causes for slow CNT 

market growth requires familiarity with CNT production methods, their associated costs, 

and the development of better metrics for predicting scalability of CNT growth processes.  

CNTs are now almost exclusively produced by a variant of the chemical vapor 

deposition (CVD) technique which was identified early on as being the most promising 

process for scale-up65. CVD for the production of CNTs involves the decomposition of 

gaseous hydrocarbons in the presence of catalytic nanoparticles66. The manner in which 

the catalyst is introduced into the reactor defines the type of CVD growth, as the catalyst 

nanoparticles can either be formed in-situ or preformed and anchored to a substrate in a 

 
 

64 Matt Davenport, “Much Ado about Small Things,” Chemical and Engineering News 93, no. 23 (June 8, 
2015): 10–15. 
65 Andrea Szabó et al., “Synthesis Methods of Carbon Nanotubes and Related Materials,” Materials 3, no. 5 
(May 7, 2010): 3092–3140, https://doi.org/10.3390/ma3053092; Ernest Joselvich et al., “Carbon Nanotube 
Synthesis and Organization,” Topics Applied Physics 111 (2008): 101–64; Kumar and Ando, “Chemical 
Vapor Deposition of Carbon Nanotubes.” 
66 Szabó et al., “Synthesis Methods of Carbon Nanotubes and Related Materials.” 



 
34 

 

separate step prior to growth. This review will focus on the floating catalyst chemical 

vapor deposition (FCCVD) method which involves the continuous introduction of a 

carbon feedstock together with either a metal aerosol or a catalyst precursor into a flow 

reactor.  

Under typical FCCVD conditions, temperatures between 700-1200˚C are used 

(characteristic of other hydrocarbon cracking or pyrolysis processes). The carbon 

feedstock can be either a gas or liquid and the catalyst precursor is usually a metallocene 

(but other metallic precursors have also been used, such as iron pentacarbonyl, or 

metallic aerosols). When a catalyst precursor is used, the precursor thermally decomposes 

in the reactor, freeing metal atoms to collide and coalesce into metallic nanoparticles. 

Once the metallic catalyst nanoparticles are of sufficient size, carbon from the thermal or 

thermocatalytic decomposition of the carbon feedstock interacts with the catalyst 

particles, initiating CNT nucleation and growth. FCCVD has been cited as the most 

promising method for continuous bulk CNT growth67, and can directly produce fibers68, 

 
 

67 Christian Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis 
of CNT Aerogel,” Chemical Engineering Journal 314 (April 2017): 388–95, 
https://doi.org/10.1016/j.cej.2016.11.157; Guangfeng Hou et al., “The Effect of a Convection Vortex on 
Sock Formation in the Floating Catalyst Method for Carbon Nanotube Synthesis,” Carbon 102 (June 
2016): 513–19, https://doi.org/10.1016/j.carbon.2016.02.087; Lijie Ci et al., “Carbon Nanofibers and 
Single-Walled Carbon Nanotubes Prepared by the Floating Catalyst Method,” Carbon 39, no. 3 (2001): 
329–335; H. M. Cheng et al., “Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes 
by the Catalytic Pyrolysis of Hydrocarbons,” Applied Physics Letters 72, no. 25 (1998): 3282–3284. 
68 Li, Kinloch, and Windle, “Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition 
Synthesis.” 
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CNT aerogels69, arrays70, and films71. 

Figure 2.1 depicts a typical FCCVD reactor schematic showing several 

parameters critical to the design of an efficient CNT production process. Reactant type 

and mass flow rates must be optimized. Additionally, design of the injection 

configuration is crucial, which includes inlet geometry, inlet thermal conditions, and 

method for introducing the catalyst into the system, etc. Knowledge and control of the 

catalyst particle size distribution is important for controlling the type of CNTs 

synthesized. The temperature profile of the reactor is key as the inlet and outlet of the 

reactor historically have not been isothermal; these thermal profiles have implications for 

CNT growth72. Reactant residence time must be known and can only be calculated if the 

dimensions of the heated zone (length, diameter) are known, together with the flow rates 

of the reactants and the pressure in the system. Even the reactor tube material plays an 

important role during CNT growth73. When considering reactor output, it is crucial to 

 
 

69 Anastasiia Mikhalchan et al., “Continuous and Scalable Fabrication and Multifunctional Properties of 
Carbon Nanotube Aerogels from the Floating Catalyst Method,” Carbon 102 (June 2016): 409–18, 
https://doi.org/10.1016/j.carbon.2016.02.057. 
70 Qiang Zhang et al., “Modulating the Diameter of Carbon Nanotubes in Array Form via Floating Catalyst 
Chemical Vapor Deposition,” Applied Physics A 94, no. 4 (March 2009): 853–60, 
https://doi.org/10.1007/s00339-008-4904-5. 
71 Peng Liu et al., “Multi-Property Enhancement of Aligned Carbon Nanotube Thin Films from Floating 
Catalyst Method,” Materials & Design 108 (October 2016): 754–60, 
https://doi.org/10.1016/j.matdes.2016.07.045. 
72 Wencai Ren, Feng Li, and Hui-Ming Cheng, “Evidence for, and an Understanding of, the Initial 
Nucleation of Carbon Nanotubes Produced by a Floating Catalyst Method,” The Journal of Physical 
Chemistry B 110, no. 34 (August 2006): 16941–46, https://doi.org/10.1021/jp062526x; Hoecker et al., “The 
Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT Aerogel.” 
73 X. Rodiles et al., “Carbon Nanotube Synthesis and Spinning as Macroscopic Fibers Assisted by 
the Ceramic Reactor Tube,” Scientific Reports 9, no. 1 (December 2019): 9239, 
https://doi.org/10.1038/s41598-019-45638-6. 
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know the carbon feedstock conversion, total mass production rate of as-produced 

material, and the contributions from residual catalyst nanoparticles, amorphous carbon, 

and CNTs. Quantifying the residual catalyst content and fraction of CNTs in as-produced 

material indicates the carbon conversion efficiency and the catalyst utilization (defined 

here as the portion of catalyst material which successfully grows CNTs). Furthermore, 

because the term “CNT” encompasses a wide array of carbon structures, material 

characterization should report the crystallinity of the CNT material via Raman, average 

CNT length, average CNT diameter, and the average number of walls, as these 

characteristics impact the suitability of CNTs for applications in macroscopic materials. 

As FCCVD processes move towards chirality-selective growth, chirality distributions 

will also need to be reported. The adoption of such standard reporting will aid in the 

design and optimization of an efficient large-scale FCCVD process. 

Currently, FCCVD production is limited by a trade-off between production rate and CNT 

quality (Note: high-quality CNTs in this review refers to crystalline CNTs [IG/ID > 20] 

with high aspect ratios and low impurity content). In particular, the current cost of CNTs 

most suitable for many applications (e.g. lightweight, flexible conductors, high-strength 

composites) makes them uncompetitive for widespread implementation in commercial 

products. Even with the growing interest in the FCCVD process, Figure 2.2, additional 

understanding is necessary to economically increase the production rate of high-quality 

CNT materials. 
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Figure 2.1 Depiction of typical FCCVD reactor schematic listing important 
parameters for reactor design considerations. 

 

A meta-analysis of 85 publications published between 1997-2018, primarily 

focused on the development of FCCVD CNT synthesis, illustrates the varying degrees of 

completeness to which CNT growth experiments have been reported, as presented in 

Table 2.1. While several parameters are well reported in the literature (carbon feedstock, 

catalyst precursor, growth promoter) others are infrequently reported, especially material 

characterization and process efficiencies. 

Here, we begin the review by describing the four basic CNT growth stages in 

FCCVD: catalyst nanoparticle precursor decomposition and formation, carbon feedstock 

decomposition, CNT nucleation and growth, and catalyst deactivation. 
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Figure 2.2 Trends in publications related to FCCVD growth of CNTs. [See 
Appendix A.1 for the full list of papers] 

 

Following this discussion, breakthrough studies regarding the effect of experimental 

parameters on CNT growth will be discussed. This review is intended to be 

comprehensive, though not all-inclusive, and any omission of specific works was not 

intentional. We aim to develop an appreciation for the complexity of this process and to 

develop a more holistic and consistent understanding of FCCVD processes that will 

enable scale-up efforts. 
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Table 2.1 Percentage of papers reporting critical possess parameters (Sample size: 
85 synthesis focused FCCVD CNT papers from 1997-2018) [See Appendix A.1 for 

the full list of papers.] 
  

Reactor Parameters % 
Reactor Temperature Profile 16 
Pressure Inside Reactor 29 
Injection Configuration 39 
Reactor Dimensions/Geometry 46 
Carbon Feedstock 100 
Carbon Feedstock Flow Rate  84 
Carrier Gas 91 
Carrier Gas Flow Rate 79 
Catalyst Composition 100 
Catalyst Mass Flow Rate 66 
Catalyst Mean Particle Size 39 
Growth Promoter 100 
Growth Promoter Flow Rate 71 
Reactor Tube Material 61 

  
Material Characterization % 

CNT Selectivity and/or Catalyst 
Efficiency 13 

Carbon Conversion 11 
Raman (G/D and/or RBM) 62 
Residual Catalyst Content 21 
Mass Production Rate 20 
Average Wall Number 62 
Average CNT Length 29 
Average CNT Diameter 79 

2.1. Basic Stages of FCCVD Synthesis 

Understanding the key CNT growth stages of FCCVD, and the effects of 

experimental parameters on each stage, is crucial for maximizing the production of high-

quality material. For the purposes of this review, we break down the growth process into 

four stages, as shown in Figure 2.3, which illustrates the primary stages of CNT growth, 

catalyst nanoparticle formation, carbon feedstock decomposition, CNT nucleation and 
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growth, and catalyst deactivation. While the stages might be described as happening 

sequentially, it is possible that multiple stages will occur concurrently throughout the 

reactor. The formation of metallic (typically Fe, Co, or Ni) catalyst nanoparticles, Stage 

C, begins with the thermal decomposition of the catalyst precursor when using an 

organometallic precursor, for example.  

 

Figure 2.3 Four stages in CNT growth: Stage C = Catalyst nanoparticle formation; 
Stage D = Carbon feedstock decomposition (thermocatalytic and/or homogeneous 

pyrolysis); Stage NG = CNT nucleation and growth; Stage DI = Catalyst 
deactivation and impurity formation. 

 
This process yields metal atoms that coalesce into nanoparticles. Catalyst formation must 

occur before any CNTs can be nucleated and is particularly important because the 

catalyst nanoparticles impact the yield and properties of the CNTs. Alternatively, a 

preformed metal nanoparticle aerosol may be injected into the reactor, decoupling Stage 
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C from the rest of the process74. In Stage D, the carbon feedstock decomposes to form 

carbon atoms and other pyrolytic species, this may occur in the gas phase or via collisions 

with metal nanoparticles and solid carbon (i.e. CNTs, amorphous carbon) entrained in the 

gas flow.  Important reaction engineering factors that substantially influence Stages C 

and D include temperature gradients, carrier gas composition, gas velocity profile, 

precursor concentration, and the uniformity of the reaction plume. If poorly controlled, 

these stages may occur anywhere in the reactor that exceeds the decomposition 

temperatures of either the carbon feedstock or the catalyst precursor. Catalyst 

nanoparticles formed in Stage C and carbon atoms freed in Stage D will combine for 

CNT nucleation and growth, Stage NG. Here, CNT morphology (diameter, length, 

helicity) is determined in part by catalyst nanoparticle size, the rate of carbon atom 

availability, and reactor conditions. Some common CNT nucleation models are discussed 

in more detail in Section 2.1.1. Additionally, CNT growth models are discussed in 

further detail in Section 2.1.2. For this review, the discussion around the overall bulk 

CNT yield is included in Stage NG. Finally, catalyst deactivation and the formation of 

carbon impurities occur in Stage DI. Common catalyst deactivation models are discussed 

in further detail in Section 2.1.3. Once the catalyst has been deactivated, CNT growth 

 
 

74 Mikhail Rudolfovich Predtechensky, Oleg Mikhailovich Tukhto, and Ilya Yurievich Koval, System and 
Method for Producing Carbon Nanotubes, US Patent Office 8551413B2, filed January 30, 2011, and issued 
October 8, 2013; Mikhail Rudolfovich Predtechensky, Oleg Mikhailovich Tukhto, and Ilya Yurievich 
Koval, System and Method for Producing Carbon Nanotubes, US Patent Office 8137653B1, filed June 6, 
2011, and issued March 20, 2012, 
https://patentimages.storage.googleapis.com/89/f4/c6/457ce705bc89e6/US8137653.pdf. 
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stops but carbon feedstock decomposition may continue. Amorphous carbon impurities 

occur due to homogeneous pyrolytic decomposition reactions of the carbon feedstock. 

Impurity content (including catalyst nanoparticles and amorphous carbon) of as-produced 

material will dictate how much purification and post-processing is required prior to 

incorporating the CNTs into macroscale materials. 

2.1.1. CNT Nucleation (Stage NG) 

Several studies have indicated a close correlation between the catalyst diameter 

and the CNT diameter at the time of nucleation75. One of the earliest and most popular 

CNT nucleation mechanisms, the “yarmulke mechanism”, suggests that the first step in 

CNT nucleation is the formation of a graphene cap on the catalyst nanoparticle’s surface. 

This cap formation lowers the surface energy of the catalyst nanoparticle and is thus 

thought to be energetically favorable76. Further CNT growth proceeds via the ‘lift-off’ of 

the cap from the catalyst. Both SWCNT and MWCNT nucleation can be explained by the 

yarmulke mechanism, with the number of walls being a function of catalyst size, carbon 

supply rate, carbon diffusion rate in the catalyst, and temperature. While the yarmulke 

 
 

75 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Rodney Andrews et al., “Multiwall Carbon Nanotubes: Synthesis and Application,” 
Accounts of Chemical Research 35, no. 12 (December 2002): 1008–17, https://doi.org/10.1021/ar010151m; 
Qingfeng Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method,” ACS Nano 2, no. 8 (August 2008): 1722–28, 
https://doi.org/10.1021/nn8003394; Pavel Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled 
Carbon Nanotubes from Carbon Monoxide,” Chemical Physics Letters 313, no. 1 (1999): 91–97. 
76 Hongjie Dai et al., “Single-Wall Nanotubes Produced by Metal-Catalyzed Disproportionation of Carbon 
Monoxide,” Chemical Physics Letters 260, no. 3–4 (1996): 471–475. 
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mechanism was originally proposed for a supported catalyst system, it has since been 

expanded to floating catalyst systems. 

A similar nucleation mechanism was proposed by Nasibulin, et al. while 

exploring the relationship between the catalyst nanoparticle and SWCNT diameter77. 

Using a hot wire generator (HWG), pre-formed iron catalyst nanoparticles were produced 

and carried into the reactor via a nitrogen/hydrogen (93/7 v/v) gas stream. Irrespective of 

reactor temperature (1000 to 1400 °C) and residence time, the ratio between the 

geometric mean catalyst and SWCNT diameters was consistently around 1.6. This 

observation led to a proposed growth mechanism similar to the yarmulke mechanism but 

which hinged on heptagons being incorporated into the sp2 carbon cap forming on the 

surface of the catalyst, illustrated in Figure 2.4. Based on their mechanism, the formation 

of heptagons was the rate-limiting step for CNT growth78. The experimentally observed 

ratio of 1.6 fell between the ratios that would be obtained for the case of either four or 

five heptagons in the graphene lattice. In a follow up study using catalysts formed in-situ, 

they found a ratio of 2.4, with the difference attributed to nanoparticle growth after 

 
 

77 Albert G. Nasibulin et al., “Studies on Mechanism of Single-Walled Carbon Nanotube Formation,” 
Journal of Nanoscience and Nanotechnology 6, no. 5 (May 1, 2006): 1233–46, 
https://doi.org/10.1166/jnn.2006.340; Albert G. Nasibulin et al., “Correlation between Catalyst Particle and 
Single-Walled Carbon Nanotube Diameters,” Carbon 43, no. 11 (September 2005): 2251–57, 
https://doi.org/10.1016/j.carbon.2005.03.048. 
78 Nasibulin et al., “Correlation between Catalyst Particle and Single-Walled Carbon Nanotube Diameters.” 
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nucleation79. Like the yarmulke mechanism, the heptagon-assisted nucleation suggests a 

close relationship between the diameters of the catalyst and resulting CNT. 

 

Figure 2.4  CNT nucleation mechanism based on the formation of heptagonal 
defects in the sp2 hybridized cap. [Reprinted from Nasibulin, et al.80 with permission 

from Elsevier. License Number 4924471410593.] 
 

It is known from previous work on the high-pressure carbon monoxide (CO) 

process (HiPco) that a delay between catalyst nanoparticle formation and carbon 

availability from feedstock decomposition has major effects on CNT properties81. Delays 

between catalyst formation and carbon feedstock decomposition led to catalyst growth 

and resulted in larger-diameter CNTs. To further study this effect in FCCVD, Gspann, et 

al. altered the delay between the formation of iron nanoparticle catalysts and carbon 

availability82. By changing the carbon feedstock from methane to toluene, a less 

 
 

79 Nasibulin et al., “Studies on Mechanism of Single-Walled Carbon Nanotube Formation.” 
80 Nasibulin et al., “Correlation between Catalyst Particle and Single-Walled Carbon Nanotube Diameters.” 
81 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
82 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route.” 
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thermodynamically stable hydrocarbon, SWCNTs were obtained instead of MWCNTs. 

The change in number of walls was attributed to toluene decomposing and releasing 

carbon atoms sooner after injection than methane, allowing for CNT nucleation before 

significant growth of the iron nanoparticles. They hypothesized that methane, being a 

more thermodynamically stable hydrocarbon than toluene, would release carbon atoms 

for CNT growth further downstream in the reactor. This delay was enough to result in 

significant nanoparticle growth prior to CNT nucleation and larger nanoparticles would 

nucleate larger-diameter MWCNTs.  

The correlation between catalyst and CNT diameters has also been used to study 

the effect of experimental parameters on catalyst diameter at nucleation by measuring the 

resultant CNT diameter83. Futko, et al. developed a kinetic Fe nanoparticle growth model 

to examine the effects of carrier gas flow rate, reactor temperature, and ferrocene 

concentration in xylene on the diameter of the catalyst particles. To corroborate their 

model, they conducted experiments and observed changes in the CNT diameters. Futko, 

et al. assumed that the outer diameter of the CNTs approximated the diameter of the 

catalyst nanoparticles and found good agreement with their model. Similarly, Zhang, et 

al. argued that by controlling the catalyst flow rate and degree of Fe nanoparticle 

collisional growth, the diameters of CNT arrays could be modulated84. Catalyst and CNT 

 
 

83 S. I. Futko et al., “Simulation of the Kinetics of Growth of Iron Nanoparticles in the Process of Chemical 
Vapor Deposition of Hydrocarbons with Injection of Ferrocene for the Synthesis of Carbon Nanotube 
Arrays,” Journal of Engineering Physics and Thermophysics 88, no. 6 (November 2015): 1432–41. 
84 Zhang et al., “Modulating the Diameter of Carbon Nanotubes in Array Form via Floating Catalyst 
Chemical Vapor Deposition.” 
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diameters were assumed to be closely interrelated. While the yarmulke-type nucleation 

model appears to explain a large number of experimental observations, questions 

regarding whether the nucleation mechanism changes with the presence of growth 

promoters remain (See Section 2.2.4.2).  

Determining the nucleation mechanism is paramount to achieve the growth of 

chiral-specific CNTs. For example, Lolli, et al., reported that the kinetic activation 

energies for CNTs with the same diameter were lower for the armchair graphene cap than 

for other CNT chiralities85. By modulating the cap formation, specific chiralities of CNTs 

might be preferentially grown. Unlike the case with fixed bed catalysts where better 

control over the catalyst nanoparticles can be attained86, chirality-specific growth in 

FCCVD systems remains a challenge and will likely hinge on understanding and 

controlling the CNTs nucleation and growth mechanism in the dynamic environment of 

the flow reactor. 

2.1.2. CNT Growth (Stage NG) 

After a catalyst nanoparticle forms and successfully nucleates a CNT, growth will 

continue as long as the rate of carbon supplied to the catalyst is balanced by the rate of 

carbon added to the growing end of the CNT. An oversupply of carbon will accumulate 

 
 

85 Giulio Lolli et al., “Tailoring ( n , m ) Structure of Single-Walled Carbon Nanotubes by Modifying 
Reaction Conditions and the Nature of the Support of CoMo Catalysts,” The Journal of Physical Chemistry 
B 110, no. 5 (February 2006): 2108–15, https://doi.org/10.1021/jp056095e. 
86 Feng Yang et al., “Chirality-Specific Growth of Single-Walled Carbon Nanotubes on Solid Alloy 
Catalysts,” Nature 510, no. 7506 (June 25, 2014): 522–24, https://doi.org/10.1038/nature13434. 
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in the catalyst nanoparticle and may lead to a graphitic layer precipitating on the 

nanoparticle surface, resulting in catalyst deactivation (Stage DI). For FCCVD-based 

systems, CNT growth and growth kinetics are complex and ill-understood. Unlike 

supported catalyst systems, which frequently utilize in-situ characterization techniques, 

FCCVD experimental studies rely on in-situ samplings with ex-situ analysis. As a result, 

there are limited experimental studies on CNT growth kinetics, rate-limiting steps, and 

rates of competing reactions in FCCVD systems. Homogenous carbon feedstock 

pyrolysis in particular may result in undesirable gas-phase carbon formation, decreasing 

CNT purity and yield. More research dedicated to developing accurate kinetic models 

will greatly advance the CNT synthesis community and will help in optimizing the 

process for CNT growth over impurity formation.  

Early studies suggest that higher reaction temperatures enhance growth rates by 

several orders of magnitude and that the rate-limiting step is carbon diffusion through the 

bulk of the catalyst87. In one study of the pyrolysis of acetylene and ferrocene, the 

average growth rates of CNTs increased from 10 ± 4 to 600 ± 60 µm/min by increasing 

the reaction temperature from 700 to 1000˚C, leading to 60x longer CNTs88. From these 

results, a kinetic model was proposed which assumed a zero-order Arrhenius reaction that 

 
 

87 Ki-Eun Kim et al., “Investigation on the Temperature-Dependent Growth Rate of Carbon Nanotubes 
Using Chemical Vapor Deposition of Ferrocene and Acetylene,” Chemical Physics Letters 401, no. 4–6 
(January 2005): 459–64, https://doi.org/10.1016/j.cplett.2004.11.113; Yun Tack Lee et al., “Temperature-
Dependent Growth of Carbon Nanotubes by Pyrolysis of Ferrocene and Acetylene in the Range between 
700 and 1000 °C,” Chemical Physics Letters 372, no. 5–6 (May 2003): 853–59, 
https://doi.org/10.1016/S0009-2614(03)00529-3. 
88 Lee et al., “Temperature-Dependent Growth of Carbon Nanotubes by Pyrolysis of Ferrocene and 
Acetylene in the Range between 700 and 1000 °C.” 
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yielded an activation energy of 35 ± 3 kcal/mol (146 ± 13 kJ/mol), well in agreement 

with the activation energy for bulk diffusion of carbon in iron. Based on this model, Lee 

et al. attributed the rate-limiting step for CNT growth to diffusion of carbon through the 

iron catalyst particle; growth rate enhancement was a result of higher carbon diffusion 

rates at higher temperatures89. Faster growth rates at higher temperatures were also 

observed for CO disproportionation over Fe nanoparticles produced by the decomposition 

of ferrocene90. Here, too, the rate-limiting step of SWCNT growth was attributed to bulk 

diffusion of carbon atoms in iron. However, higher reaction temperatures also saw earlier 

catalyst deactivation which ultimately led to shorter SWCNTs. 

In a similar study using acetylene and ethylene on monodisperse nickel 

nanoparticles produced by pulsed laser ablation, the activation energy for CNT growth 

for both acetylene and ethylene was approximately 80 kJ/mol, a value between the 

activation energies of surface (29 kJ/mol) and bulk (145 kJ/mol) diffusion of carbon in 

nickel91. Growth was observed at temperatures between 400˚C and 700˚C with increased 

CNT production and growth rates at higher temperatures. No obvious dependence of the 

growth rate on the size of the nickel nanoparticles was found, suggesting that growth 

rates were primarily dependent on reaction temperature rather than catalyst nanoparticle 

 
 

89 Lee et al. 
90 Anton S. Anisimov et al., “Mechanistic Investigations of Single-Walled Carbon Nanotube Synthesis by 
Ferrocene Vapor Decomposition in Carbon Monoxide,” Carbon 48, no. 2 (February 2010): 380–88, 
https://doi.org/10.1016/j.carbon.2009.09.040. 
91 S. H. Kim and M. R. Zachariah, “In-Flight Kinetic Measurements of the Aerosol Growth of Carbon 
Nanotubes by Electrical Mobility Classification,” The Journal of Physical Chemistry B 110, no. 10 (March 
2006): 4555–62, https://doi.org/10.1021/jp0541718. 
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size. Above 700˚C, homogeneous pyrolysis of the carbon feedstocks and amorphous 

carbon formation dominated, thereby hindering the growth of ordered carbon 

nanostructures. 

Leveraging their atmospheric microplasma reactor, Chiang and Sankaran sought 

to quantify the activation energy for carbon nanotube growth on both monometallic (Fe, 

Ni) and bimetallic (NixFe1-x) catalyst nanoparticles92. By sublimating controlled 

quantities of nickelocene and/or ferrocene and introducing them to the microplasma flow 

reactor, impressive control over the diameter, composition, and concentration of the 

catalyst nanoparticles was achieved. Using a differential mobility analyzer (DMA) and an 

ultrafine condensation particle counter (CPC) the kinetic parameters for CNT growth 

were studied as a function of catalyst composition and temperature. Using acetylene as a 

carbon feedstock, a minimum temperature of 400˚C was found for CNT growth from 

pure nickel nanoparticles, but growth temperatures could be reduced to as low as 300˚C 

with a bimetallic catalyst (Ni0.67Fe0.33). They extracted CNT growth rates for 

temperatures between 400-600˚C from the DMA-CPC aerosol size characterization 

results and determined the activation energy for both the iron and nickel monometallic 

catalysts and the NiFe bimetallic catalysts. Activation energies for pure iron and pure 

nickel catalyst particles were 119 kJ/mol and 73 kJ/mol, respectively; these values 

 
 

92 Wei-Hung Chiang and R. Mohan Sankaran, “Synergistic Effects in Bimetallic Nanoparticles for Low 
Temperature Carbon Nanotube Growth,” Advanced Materials 20, no. 24 (2008): 4857–61, 
https://doi.org/10.1002/adma.200801006; Wei-Hung Chiang and R. Mohan Sankaran, “Microplasma 
Synthesis of Metal Nanoparticles for Gas-Phase Studies of Catalyzed Carbon Nanotube Growth,” Applied 
Physics Letters 91, no. 12 (September 17, 2007): 121503, https://doi.org/10.1063/1.2786835. 
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compare favorably with the results reported by Lee, et al.93 and Kim and Zachariah94. 

Based on these measurements, Chiang and Sankaran concluded that CNT growth occurs 

via carbon diffusing over the surface of the catalyst, as opposed to through the bulk 

catalyst. The lowest activation energy for CNT growth was calculated to be 37 kJ/mol for 

a bimetallic Ni0.67Fe0.33. Interestingly, at temperatures near 600˚C, CNT growth rates 

were approximately the same for all the catalysts. At lower temperatures the growth rates 

drastically diverged, with the highest CNT low-temperature growth rates obtained with 

the Ni0.67Fe0.33. This study demonstrates the potential for systems employing bimetallic 

catalysts to reduce the process temperature required for CNT growth.  

Several studies have attributed the rate-limiting step for CNT growth to carbon 

diffusion towards the growing ends of the CNTs, though disagreement between bulk and 

surface diffusion remains. At higher temperatures, faster CNT growth is achieved (Stage 

NG) but at the cost of faster rates of impurity formation and catalyst deactivation (Stage 

DI). There is still more work required to understand the reaction kinetics occurring in the 

FCCVD reactor, not only for CNT growth but also for catalyst nanoparticle nucleation 

and the various competing impurity formation reactions. Kinetic studies are also required 

for systems that employ growth promoters, such as sulfur. Only recently, Yadav, et al. 

conducted a study to determine the rate-limiting step in CNT growth in the presence of 

 
 

93 Lee et al., “Temperature-Dependent Growth of Carbon Nanotubes by Pyrolysis of Ferrocene and 
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sulfur95. They varied reactor temperature, methane partial pressure, and hydrogen partial 

pressure to observe the effects on the reaction rate. A growth kinetics model based on 

bulk CNT yield (and not on CNT length) was developed and concluded that the 

adsorption of methane on the activation site followed by decomposition of the methyl 

group was the rate-controlling step. The activation energy for SWCNT growth using 

methane as a carbon feedstock, hydrogen as a carrier gas, ferrocene as the catalyst 

precursor, and sulfur as the growth promoter was calculated to be 80.16 kJ/mol, 

appreciably lower than that calculated previously. It is unclear if the lower activation 

energy and difference in the rate-limiting step is a result of the presence of sulfur. CNT 

growth kinetics in the presence of growth promoters is still an open question.  

2.1.3. Growth Termination (Stage DI) 

Identifying the causes for growth termination is crucial for designing reactor 

conditions that foster the synthesis of high aspect ratio CNTs, maximize catalyst 

utilization, and increase CNT yield. Deactivation is primarily ascribed to catalyst 

nanoparticles becoming coated with one or more layers of graphitic carbon that block 

additional carbon from catalytically dissociating and migrating to the open end of the 

CNTs. This mechanism for growth termination was originally suggested when Nikolaev, 

et al. noticed that the diameters of the catalyst nanoparticles were much larger than the 
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diameters of the SWCNTs96. Based on their proposed yarmulke mechanism, they 

surmised the catalyst nanoparticles continued to grow even after SWCNT nucleation, 

either through gas-phase collisions or iron atom diffusion along the SWCNT to the 

particle. CNT growth occurred as long as the nanoparticle size was approximately 

equivalent to the diameter of the CNT. When the size of the nanoparticle grew too large 

the formation of a carbon overcoating was energetically favorable compared to continued 

CNT growth. In a follow up study, a second growth termination mechanism relating to 

small nanoparticles was suggested97. Namely, small nanoparticles in the hottest zone of 

the reactor evaporated and were no longer be available for CNT growth. 

Similarly, Bladh, et al. suggested an “inside-out” carbon precipitation mechanism 

based on their observation of overcoated iron nanoparticles98. HRTEM images showed 

single-crystalline iron nanoparticles coated in anywhere from 2-6 layers of carbon 

depending on particle diameter. They argued that for small nanoparticles (diameters 

between 0.7-2.5 nm), CNT growth would be energetically favored over nanoparticle 

encapsulation but for larger nanoparticles, carbon overcoating was more favorable. 

Support from HRTEM images showed SWCNTs grown from particles with diameters 

between 0.8 and 2.5 nm and encapsulated particles with diameters measuring between 3-

 
 

96 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
97 Michael J. Bronikowski et al., “Gas-Phase Production of Carbon Single-Walled Nanotubes from Carbon 
Monoxide via the HiPco Process: A Parametric Study,” Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films 19, no. 4 (July 2001): 1800–1805, https://doi.org/10.1116/1.1380721. 
98 K. Bladh, L. K. L. Falk, and F. Rohmund, “On the Iron-Catalysed Growth of Single-Walled Carbon 
Nanotubes and Encapsulated Metal Particles in the Gas Phase,” Applied Physics A 70, no. 3 (2000): 317–
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4 nm. The presence of encapsulated nanoparticles was attributed to either nanoparticles 

that grew too large before SWCNT nucleation or particles that continued to absorb iron 

after SWCNT nucleation and that eventually detached from the SWCNT before complete 

encapsulation. No conclusions were drawn regarding whether the SWCNT continued to 

grow after the catalyst diameter grew significantly larger than the diameter of the 

SWCNT. However, catalyst nanoparticles were assumed to be inactive for CNT growth 

after the first complete graphitic layer of carbon was formed. Additional graphitic layers 

formed from solvated carbon atoms in the catalyst nanoparticle diffusing outward due to 

phase separation between iron and carbon at lower temperatures upon leaving the reactor. 

This mechanism assumed a high concentration of carbon atoms already present in the 

catalyst. 

More recently, a third growth termination mechanism unique to FCCVD systems 

was reported by Kaskela, et al.99. In their studies for SWCNT thin films for thin-film 

electronics, an inverse relationship between SWCNT length and the degree of SWCNT 

bundling was demonstrated. The degree of SWCNT bundling was primarily influenced 

by the concentration of catalyst fed into the reactor. As CNTs were nucleated and formed, 

they bundled together while entrained in the gas phase and the degree of bundling was 

related to reaction density. From their results, they concluded that CNT bundling induced 

growth termination, likely by interfering with carbon supply to the catalyst. This study 
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suggests, therefore, that if longer CNTs are desired, more dilute reaction conditions may 

be required. 

Much of the literature agrees that the primary growth termination mechanism is 

related to the encapsulation of catalyst nanoparticles with a layer of carbon. Thus, 

reagents that can remove this layer or prevent its formation will likely prolong CNT 

growth100. If longer CNTs are desired, more dilute reaction conditions may be required to 

curtail bundling-induced growth termination. Knowing the major growth termination 

mechanisms will result in prolonged catalytic activity, longer CNTs, and minimize post-

process purification. 

2.2. Experimental Parameters 

Next, we discuss how reactor conditions affect the four stages in FCCVD 

production of CNTs. We have attempted to isolate and discuss the role of each parameter 

independently, however certain parameters (e.g. feedstock selection and reactor 

temperature) are interdependent.  

Standard characterization and reporting guidelines are needed in the literature to 

enable analysis of reaction systems and subsequent advancement from those studies 

through rigorous engineering design. Multiple reactor parameters are often either not 
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reported or not well defined across the reactor (Table 2.1). Additionally, inconsistent 

methods for determining yield and impurity content of the products are used. Both the 

limited reactor parameter reporting and poor standardization in material characterization 

have limited advancement. Interpretation of characterization data from techniques such as 

TGA, Raman, and HRTEM can be subjective, making direct comparison of “yields” or 

“quality” difficult. Few studies report the conversion of the carbon feedstock (a critical 

reaction engineering modeling parameter) and ultimate reaction selectivity to CNTs, 

though some examples can be found101. Full reporting of this information is necessary to 

thoroughly understand the FCCVD process parameters effects on CNT synthesis. 

In the following sections, we will focus on the roles of the carbon feedstock, 

carrier gas, catalyst, growth promoter, and temperature in the four FCCVD stages 

highlighted in Figure 2.3.  

2.2.1. Carbon Feedstock 

A wide range of carbon feedstocks have been used to produce CNTs in FCCVD. 

Saturated hydrocarbons such as methane102 and hexane103, unsaturated hydrocarbons 

 
 

101 Andrews et al., “Multiwall Carbon Nanotubes”; Gspann, Smail, and Windle, “Spinning of Carbon 
Nanotube Fibres Using the Floating Catalyst High Temperature Route.” 
102 Jinquan Wei et al., “Preparation of Highly Pure Double-Walled Carbon Nanotubes,” Journal of 
Materials Chemistry 13, no. 6 (2003): 1340, https://doi.org/10.1039/b300484h. 
103 Hou et al., “The Effect of a Convection Vortex on Sock Formation in the Floating Catalyst Method for 
Carbon Nanotube Synthesis.” 
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such as acetylene104, hydrocarbons containing oxygen groups105, aromatic precursors106, 

and carbon monoxide107 have all been used to demonstrate the production of CNTs. The 

selection of carbon feedstock may be more a function of feedstock availability and the 

range of feasible reactor operating conditions (for example, reactor construction materials 

may limit the operating temperature and pressure). Though many carbon feedstocks have 

been used, several questions remain about the carbon feedstock selection and its 

influence on CNT growth. A clear interdependence between the carbon feedstock and 

operating temperature exists which will affect the carbon supply rate to the catalyst and 

prevalence of uncatalyzed competing reactions. Gibbs free energy of reaction for the 

complete pyrolysis of typical FCCVD carbon feedstocks is shown in Figure 2.5. There 

are notable differences in the Gibbs free energy between the common carbon feedstocks 

used for CNT synthesis. Less thermodynamically stable carbon feedstocks will increase 

the availability of carbon to catalytic particles resulting in either higher CNT growth rates 

or premature catalyst deactivation. Less stable carbon feedstocks are also more prone to 

noncatalytic reactions that produce undesired amorphous carbon108.  

 
 

104 Lijie Ci et al., “Double Wall Carbon Nanotubes Promoted by Sulfur in a Floating Iron Catalyst CVD 
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Monoxide.” 
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Figure 2.5 Gibb’s free energy of reaction per mole of carbon produced for common 
carbon feedstocks. [Calculated using Peng-Robinson equation of state available in 

Aspen Plus V8.8.] 
 

Selecting a less stable carbon feedstock could have a positive impact on CNT yield, a 

negative impact on CNT purity, or both due to changes in the rate of carbon availability.  

Understanding the role thermochemistry plays in reaction engineering is vitally 

important.  

While many generalizations can be made regarding the relative thermodynamic 

stabilities of carbon feedstocks and their effects on CNT yield (Stage NG) and impurity 

content (Stage DI), adjustments to the reactor conditions will enable the successful use of 
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a wide variety of carbon feedstocks. Therefore, sweeping conclusions across different 

systems strictly based on the carbon feedstock should be avoided. For example, acetylene 

is normally highly unstable, but using dilute concentrations (3-10 sccm acetylene in 1200 

sccm Ar), Ci, et al. were able to successfully grow SWCNTs at temperatures between 

750-1200˚C109. But due to the dilute acetylene streams employed, the production rates of 

SWCNTs would not be comparable with systems employing much larger carbon flow 

rates, such as the case of xylene in MWCNTs synthesis110. Similarly, methane has been 

used to produce both SWCNTs and MWCNTs111. Fortunately, several studies have 

compared different carbon feedstocks within the same system. Based on these results, 

more reliable conclusions may be drawn regarding carbon feedstock effects on CNTs 

growth. 

2.2.1.1. Comparing Carbon Feedstocks 

Horvath, et al. tested a variety of catalyst and carbon feedstock combinations for 

growing MWCNTs and analyzed the resulting quality and quantity of the CNTs 

produced112. Hydrocarbons used included benzene, toluene, xylene, cyclohexane, 

cyclohexanone, n-pentane, n-hexane, n-heptane, and n-octane. A benzene/ferrocene 
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solution was injected into a furnace at a flow rate of 1 mL/min. The furnace was set at 

875˚C and argon (500 L/hr) was used as the carrier gas. Xylene was found to produce the 

highest-quality MWCNTs, as evidenced by well-graphitized and thin MWCNTs with few 

observable defects in TEM images. In general, xylene, n-pentane, and n-octane resulted 

in thinner and straighter MWCNTs with diameters between 10-100 nm, while n-hexane, 

cyclohexane, and n-heptane resulted in thicker and lower-quality MWCNTs. This study 

offers a means of directly comparing the efficacy of a variety of carbon feedstocks in 

producing high-quality MWCNTs. 

In their sulfur-assisted growth mechanism from LLZs, Ren, et al. noted 

differences between CNTs grown from methane and ethanol113. Independent of carbon 

feedstock, sulfur was necessary to grow SWCNTs and double-walled carbon nanotubes 

(DWCNTs), and changes in the number of walls and diameters of the CNTs with respect 

to sulfur addition followed a similar trend for methane and ethanol. However, CNTs from 

methane were of higher purity, featured larger diameters, and were more sensitive to 

sulfur addition than ethanol-grown CNTs. These differences were attributed to 

differences in the thermal stabilities of methane and ethanol which would primarily effect 

carbon feedstock decomposition and CNT nucleation (Stage D and NG), though it's 

important to note the flow rates and carrier gases used for methane and ethanol were 

significantly different. 
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More recently, Gpsann, et al. found a marked difference in CNT growth and 

impurity formation between methane and toluene in a direct fiber spinning process at a 

fixed reactor temperature and feed flow rates114. Using methane resulted in an aerogel 

that could be directly dry spun into a fiber; using toluene, a less stable precursor, resulted 

in an oversupply of carbon and production of significant amounts of amorphous carbon. 

Carbon feedstock decomposition rate, which is related to the thermodynamic stability of 

the feedstock, can have a significant effect on the CNT-selectivity. By reducing the 

toluene flow rate stable fiber spinning was achieved, demonstrating either methane or 

toluene may be used successfully if reactor conditions are appropriately adjusted.  

Differences in the decomposition kinetics and thermodynamic stability between 

carbon feedstocks may also have implications for CNT morphology and the chirality 

distribution. Barnard, et al. tested three different carbon feedstocks, ethanol, methane, 

and toluene, with extensive TEM studies to determine the effect of carbon feedstock on 

the morphology of as-grown CNTs115. The highest selectivity for SWCNTs was found 

using either ethanol (92% SWCNTs) or toluene (89% SWCNTs), while using methane 

resulted in more DWCNTs and only 25% SWCNTs. Ethanol and toluene also resulted in 

narrower diameter distributions for SWCNTs and the inner tube of DWCNTs. 

Approximately 80% of the SWCNTs/inner DWCNTs had diameters ranging from 1.1-1.7 
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nm for ethanol, 1.3-2.1 nm for toluene, and 1.6-4.6 nm for methane. With respect to 

chirality, SWCNTs grown from ethanol and toluene tended towards near-armchair 

chiralities while methane-grown DWCNTs showed a more uniform chirality distribution 

for both the inner and outer CNTs. Several factors contributed to the changes in diameter 

distribution, number of walls, and chirality distribution. First, ethanol and toluene have 

lower decomposition temperatures than methane. As a result, carbon from ethanol or 

toluene was available near the reactor inlet which might have enabled SWCNT 

nucleation while the catalyst particles had a narrower diameter distribution and a smaller 

average diameter. In contrast, carbon from methane decomposition was delayed giving 

catalyst particles more time to coalesce and grow resulting in larger-diameter CNTs with 

a broader diameter distribution and increased number of walls. The changes in chirality 

distribution may also be related to the thermal conditions at CNT nucleation. At lower 

temperatures, simulations suggest that CNTs with near-armchair chiralities are favored; 

while at higher temperatures, CNT chiralities with faster kinetics are preferred116. The 

conditions under which carbon is made available, therefore, may be an important 

consideration for CNT growth when narrow diameter distributions and/or specific 

chiralities are desired.  

The studies here provide some qualitative information regarding subtle changes in 

CNT morphology, purity, and yield due to carbon feedstock. While general conclusions 

 
 

116 Vasilii I. Artyukhov, Evgeni S. Penev, and Boris I. Yakobson, “Why Nanotubes Grow Chiral,” Nature 
Communications 5, no. 1 (December 2014): 4892, https://doi.org/10.1038/ncomms5892. 
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can be made related to the thermal stability of the carbon species (i.e. faster carbon 

production during Stage D can increase yields during Stage NG or decrease CNT purity 

via Stage DI), the carbon feedstock may not be a significant factor in optimizing CNT 

growth so long as the other reactor parameters are tuned appropriately. For this reason, a 

variety of carbon feedstocks have been used to demonstrate CNTs growth. Therefore, the 

choice of carbon feedstock will depend on the production goals (purity, production rate, 

cost, life cycle assessment etc.). Future studies are needed to determine if feedstocks lead 

directly to CNT growth or if pyrolytic intermediate species drive CNT growth117. 

2.2.1.2. Effect of Carbon Partial Pressure/Supply Rates 

Altering the carbon supply rate to the flow reactor has been used to control CNT 

morphology, purity, and production rate. The carbon supply rate must be chosen to 

balance CNT yield and impurity content118. However, CNT yield is ultimately limited by 

the nature of the carbon feedstock and its tendency to participate in unwanted competing 

reactions (i.e. homogenous gas-phase decomposition) (Stage DI). This was shown by Ci 

et al. who used acetylene as the carbon feedstock for SWCNT growth119. Due to the 

 
 

117 Desirée L. Plata et al., “Early Evaluation of Potential Environmental Impacts of Carbon Nanotube 
Synthesis by Chemical Vapor Deposition,” Environmental Science & Technology 43, no. 21 (November 
2009): 8367–73, https://doi.org/10.1021/es901626p; Eric R. Meshot et al., “Engineering Vertically Aligned 
Carbon Nanotube Growth by Decoupled Thermal Treatment of Precursor and Catalyst,” ACS Nano 3, no. 9 
(September 22, 2009): 2477–86, https://doi.org/10.1021/nn900446a. 
118 Sung-Hyun Lee et al., “Synthesis of Carbon Nanotube Fibers Using the Direct Spinning Process Based 
on Design of Experiment (DOE),” Carbon 100 (April 2016): 647–55, 
https://doi.org/10.1016/j.carbon.2016.01.034. 
119 Ci et al., “Carbon Nanofibers and Single-Walled Carbon Nanotubes Prepared by the Floating Catalyst 
Method.” 



 
63 

 

rapid kinetics of homogeneous feedstock decomposition, the partial pressure of acetylene 

and reactor temperature were carefully controlled to maximize CNT yield and minimize 

amorphous carbon formation. CNT yields increased with increasing partial pressure of 

acetylene up to a partial pressure of 5.0 Torr after which CNT yield decreased. This was 

attributed to deactivation of the catalyst particles due to carbon overcoating. Reactor 

temperature had a significant effect on CNT quantity and selectivity; below 800˚C few 

CNTs were collected and above 1100˚C mainly amorphous carbon was obtained. Similar 

correlations with reactor temperature and acetylene partial pressure were obtained in their 

studies of DWCNT production120. Higher yields of CNTs were obtained at higher 

temperatures and/or partial pressures of acetylene, but both maximum reactor 

temperature and acetylene flow rate were limited by amorphous carbon formation via 

uncontrolled homogeneous decomposition.  

Similar findings were found in systems using xylene as the carbon feedstock121 

Andrews, et al., using xylene as carbon feedstock and ferrocene as catalyst precursor, 

mapped out the conditions of carbon partial pressure and reactor temperature that yielded 

the highest carbon conversion and MWCNT production rate, Figure 2.6122. Yield of 

MWCNTs initially increased with increasing reactor temperature for all partial pressures, 

 
 

120 Zhenping Zhou et al., “Controllable Growth of Double Wall Carbon Nanotubes in a Floating Catalytic 
System,” Carbon 41, no. 2 (2003): 337–342. 
121 Andrews et al., “Multiwall Carbon Nanotubes”; R. Andrews et al., “Continuous Production of Aligned 
Carbon Nanotubes: A Step Closer to Commercial Realization.Pdf,” Chemical Physics Letters 303 (1999): 
467–74. 
122 Andrews et al., “Multiwall Carbon Nanotubes.” 



 
64 

 

likely due to a higher carbon supply rate from xylene decomposition. After a critical 

temperature, the yield decreased due to competing xylene homogeneous decomposition. 

Similarly, Wei, et al. noted a direct correlation between as-produced material yield and 

the xylene/ferrocene/sulfur solution flow rate123. The feedstock flow rate and CNT yield 

were limited by the tendency for xylene to undergo homogeneous decomposition 

resulting in layers of amorphous carbon on the surfaces of MWCNT and DWCNT 

bundles.  

Current FCCVD state of the art is beset by a trade-off between CNT quality and 

quantity. As a result, decisions in the carbon feedstock or supply rate are made in order to 

achieve the goals of the process. If highly crystalline, pure CNTs are required, lower 

carbon flow rates and lower production rates are necessary. However, if overall CNT 

yield is more important than product purity, higher carbon supply rates will increase CNT 

yield up to the point that feedstock homogeneous gas-phase decomposition begins to 

dominate. 

 

 
 

123 Jinquan Wei et al., “Large-Scale Synthesis of Long Double-Walled Carbon Nanotubes,” The Journal of 
Physical Chemistry B 108, no. 26 (July 2004): 8844–47, https://doi.org/10.1021/jp049434x. 
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Figure 2.6 (a) Carbon yield as a function of carbon feedstock partial pressure and 
temperature (yield represented as a percentage of carbon feed converted to CNT 

product) and (b) Nanotube production rate as a function of partial pressure of 
carbon feedstock and temperature. Rates in grams per square meter per minute. 

For (a) and (b), partial pressure represented 1 x = 8 mbar. [Adapted with 
permission from Andrews, et al.124 Copyright 2002 American Chemical Society.] 

 

2.2.1.3. Mixed Carbon Feedstocks 

Combining carbon feedstocks may be a solution to the current trade-off between 

CNT quality and quantity. By pairing feedstocks with different thermodynamic 

 
 

124 Andrews et al., “Multiwall Carbon Nanotubes.” 
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stabilities, a balance between carbon availability and minimal impurity formation can be 

achieved. Systems using two feedstocks were first reported on early CO-based systems to 

increase CNT production rate. Most hydrocarbons typically decompose homogeneously 

at temperatures between 600-700˚C resulting in the co-production of amorphous carbon 

and CNTs, however CO being highly stable avoids this issue. Solid carbon from CO is 

produced via the Boudouard reaction: 

 

2𝐶𝑂 → 𝐶(𝑠) + 𝐶𝑂   

 

At high temperatures, an equilibrium is established which results in a controlled release 

of carbon atoms, therefore limiting amorphous carbon and/or MWCNT growth. The slow 

release of carbon atoms may give the growing CNTs time to stabilize and achieve the 

most energetically favorable structure, thereby producing highly crystalline CNTs. 

Nikolaev, et al. studied the yield and purity of SWCNTs grown from CO125. Introducing 

a small amount of methane (0.7 vol%) led to an increase in the production rate to 20 mg/h 

(up from 15 mg/h) and a decrease in iron content to 5 mol% (down from 7 mol%). 

However, higher methane concentrations (1.4 vol.%) led to a decrease in the product 

purity with larger amounts of amorphous carbon observed. These observations were 

attributed to methane, with a lower thermal stability, increasing the amount of carbon 

 
 

125 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
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available in the reactor. Small quantities of methane improved SWCNT production but 

too much lead to excessive carbon atom availability which led to amorphous carbon 

formation. The results reported by Nikolaev, et al. demonstrated that changing the 

composition of the methane and CO feedstock led to differences in overall carbon 

availability (Stage D), CNT yields (Stage NG), and impurity formation (Stage DI). 

In a similar study by Bladh, et al., acetylene was added to a CO feedstock and 

injected through a cooled injector into an atmospheric pressure reactor with temperature 

setpoints between 1000-1100˚C126. Small amounts of acetylene lead to enhanced carbon 

decomposition and adversely affected CNT purity. By replacing CO with argon and 

running the same concentration of acetylene through the reactor, low yields of SWCNTs 

were obtained which were similar in appearance to those obtained when acetylene was 

absent and only Fe(CO)5 was present as the reactive species. The results of these 

experiments suggested that Fe(CO)5 served as the carbon source for SWCNT growth 

instead of acetylene and that acetylene did not significantly enhance SWCNT growth 

despite higher carbon availability. The presence of acetylene in the reactor did, however, 

result in the growth of MWCNTs on iron nanoparticles deposited in the hot zone of the 

reactor, which was not observed when only CO was present. Gas-phase production of 

SWCNTs mainly occurred from CO whereas MWCNTs formed on iron particle wall 

deposits due to acetylene disproportionation. The increase in amorphous carbon content 

 
 

126 Bladh, Falk, and Rohmund, “On the Iron-Catalysed Growth of Single-Walled Carbon Nanotubes and 
Encapsulated Metal Particles in the Gas Phase.” 
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in the products was attributed to the lower thermal stability of acetylene resulting in more 

available carbon (Stage D) and increased impurity formation (Stage DI). Based on 

thermal stabilities alone, acetylene and CO are more ill-matched than methane and CO, 

which could explain the enhancement in SWCNT production with small amounts of 

methane but not with acetylene. Both studies illustrate that increasing the rate at which 

carbon is made available will affect CNT growth rates, types of CNTs grown, and 

impurity formation. Careful consideration of the combined feedstocks with an 

understanding the thermochemistry, is necessary to increase production of CNTs with 

minimal impurities. 

Combining carbon feedstocks also affects CNT morphology, as shown by Saito, 

et al. who paired ethylene and toluene, which possess distinct decomposition 

thermodynamics and kinetics, to modulate SWCNT diameters127. Combining ethylene, a 

thermally unstable carbon feedstock, and toluene, a relatively more thermally stable 

carbon feedstock, partially compensated for a non-uniform temperature profile inside the 

reactor. Since ethylene decomposed at lower temperatures near the inlet of the reactor 

(i.e. close to the nozzle exit for ferrocene injection), carbon atoms were available early to 

nucleate small-diameter CNTs. As the CNTs were transported to the hot zone of the 

reactor, toluene was the primary carbon feedstock sustaining CNT growth. By changing 

ethylene flow rates, the SWCNT diameter distribution was shifted, with higher flow rates 

 
 

127 Takeshi Saito et al., “Selective Diameter Control of Single-Walled Carbon Nanotubes in the Gas-Phase 
Synthesis,” Journal of Nanoscience and Nanotechnology 8, no. 11 (November 1, 2008): 6153–57, 
https://doi.org/10.1166/jnn.2008.SW23. 
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leading to smaller diameters. In this way, some degree of control over CNT morphology 

was achieved. It is important to note that these results were obtained assuming a non-

uniform temperature profile at the front end which was not explicitly reported. The 

temperature profile, and the temperature gradient, at the front end of the reactor is a key 

control parameter. This profile will directly impact the decomposition rates of the carbon 

feedstock and the growth rates of the CNTs which will then influence the resulting CNT 

morphology. 

Based on the thermodynamic stability, it is expected that different carbon 

feedstocks react differently under identical reactor conditions. Some research groups 

have taken advantage of this design parameter to increase CNT production rates or tune 

CNT diameters by combining carbon feedstocks. Matching feedstocks may be a viable 

solution towards high production of high-quality CNT with minimal impurities.  

2.2.1.4. Oxygenated Functional Groups 

Certain functional groups in the carbon feedstock may affect the thermochemistry 

of CNT growth. However, the interaction between the functional groups and catalyst 

nanoparticles or CNTs has not been well-documented. For example, Ren, et al. noted 

differences in CNTs from methane and ethanol, but attributed these differences to kinetic 

stability and did not consider possible effects from the presence of the hydroxyl group128.  

 
 

128 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method.” 
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Alan Windle’s group investigated the role of oxygenated functional groups during 

CNT growth in the direct fiber spinning process129. They found that their process was 

amenable to a wide range of oxygen-containing precursors including diethylether, 

polyethylene glycol, 1-propanol, acetone, and ethylformate. In contrast, sustainable 

spinning could not be achieved with aromatic-containing hydrocarbons like benzene and 

mesitylene or hydrocarbons like hexane unless an oxygen-containing feedstock was also 

introduced130. However, no definitive explanation for these observations was presented. 

In a similar study, Li, et al. reported the ability to grow 96% pure SWCNTs using ethanol 

as a feedstock131. They ascribed the high degree of purity to high hydrogen flow rates and 

the presence of the hydroxyl group which both helped to suppress amorphous carbon 

formation (Stage DI), particularly at the surface of the catalyst. By reacting with carbon 

deposited on the surface of the catalyst, -OH groups were expected to effectively 

suppress catalyst deactivation and extend catalyst lifetime. However, the efficacy of other 

alcohols in SWCNT growth depended on the relative availability of free -OH radical 

groups and dissociated alkyl chains. Methanol in the presence of hydrogen did not result 

in any carbon products, while alcohols with longer alkyl chains such as hexanol and 

isopropanol led to large amounts of amorphous carbon in addition to CNTs. These 

 
 

129 Li, Kinloch, and Windle, “Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition 
Synthesis”; Li et al., “Synthesis of High Purity Single-Walled Carbon Nanotubes from Ethanol by Catalytic 
Gas Flow CVD Reactions.” 
130 Li, Kinloch, and Windle, “Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition 
Synthesis.” 
131 Li et al., “Synthesis of High Purity Single-Walled Carbon Nanotubes from Ethanol by Catalytic Gas 
Flow CVD Reactions.” 
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observations were attributed to the sequence of bond dissociation in the alcohols. For 

methanol, dissociation likely occurred at the C-O bond first which resulted in the 

production of -OH and methyl groups. In the presence of hydrogen, it was predicted that 

the methyl group would react to form methane, a more thermally stable carbon feedstock, 

that would then flow out of the reactor without significant decomposition and carbon 

production. By removing hydrogen, CNTs were obtained from methanol. Larger alcohols 

were predicted to dissociate and produce long alkyl groups that easily generated carbon 

intermediates non-catalytically, thereby leading to an oversupply of carbon species that 

contributed to catalyst deactivation and amorphous carbon formation rather than 

sustained CNT growth. They reasoned that ethanol was particularly apt for growing 

highly pure SWCNTs because it could decompose into -CH3 which would react with 

hydrogen and leave unreacted, -OH which maintained catalyst activity, and -CH2 that 

would be primarily responsible for SWCNT growth. From these studies, functional 

groups played active roles in the growth of CNTs. Additional studies into the effects of 

other functional groups such as ketones, thiols, ethers, esters, and aldehydes are merited. 

2.2.2. Effect of Carrier Gas 

The carrier gas plays a significant role in the dynamics of CNT growth. The most 

typical carrier gases used for CNT synthesis are argon132, 

 
 

132 Mihnea Ioan Ionescu et al., “Hydrogen-Free Spray Pyrolysis Chemical Vapor Deposition Method for 
the Carbon Nanotube Growth: Parametric Studies,” Applied Surface Science 257, no. 15 (May 2011): 
6843–49, https://doi.org/10.1016/j.apsusc.2011.03.011; L. Song et al., “Large-Scale Synthesis of Rings of 
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nitrogen133, and hydrogen134. Sometimes, small additions of chemical etching agents 

such as water vapor or carbon dioxide are also added135. Whether the carrier gas is inert 

or reactive at higher temperatures, its presence still affects the purity, length, yield, 

diameter, and number of CNT walls due to its influence on overall reaction density 

(dilution), precursor decomposition (Stage D), iron nanoparticle formation (Stage C), 

CNT nucleation and growth (Stage NG), and impurity formation/catalyst deactivation 

(Stage DI).  

2.2.2.1. Carrier Gas Flow Rate, Impurity Formation, and CNT Morphology 

In a majority of FCCVD CNT growth studies, the carrier gas accounts for a large 

fraction of the fluid composition while the carbon feedstock and catalyst precursor are 

minor components. Modulating the carrier gas flow rate has been used to alter residence 

time and to dilute reactant streams to minimize impurity formation and influence the 

growth and morphology of CNTs. A clear example of using this strategy was presented in 

 
 

Bundled Single-Walled Carbon Nanotubes by Floating Chemical Vapor Deposition,” Advanced Materials 
18, no. 14 (July 18, 2006): 1817–21, https://doi.org/10.1002/adma.200502372; Wei et al., “Large-Scale 
Synthesis of Long Double-Walled Carbon Nanotubes.” 
133 Futko et al., “Simulation of the Kinetics of Growth of Iron Nanoparticles in the Process of Chemical 
Vapor Deposition of Hydrocarbons with Injection of Ferrocene for the Synthesis of Carbon Nanotube 
Arrays.” 
134 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Li et al., “Synthesis of High Purity Single-Walled Carbon Nanotubes from Ethanol by 
Catalytic Gas Flow CVD Reactions”; Thang Q. Tran et al., “Post-Treatments for Multifunctional Property 
Enhancement of Carbon Nanotube Fibers from the Floating Catalyst Method,” ACS Applied Materials & 
Interfaces 8, no. 12 (March 30, 2016): 7948–56, https://doi.org/10.1021/acsami.5b09912. 
135 Nasibulin et al., “Studies on Mechanism of Single-Walled Carbon Nanotube Formation.” 
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two related studies reporting the preferential growth of DWCNTs136. Using methane as 

the carbon feedstock and argon as the carrier gas, Wei, et al. reported that longer 

residence times (argon flow rate of 1000 sccm) lead to a heterogeneous product 

containing a mixture of impurities in the form of catalyst particles and amorphous carbon 

with MWCNTs and DWCNTs137. By reducing residence time (argon flow rates to above 

1500 sccm), the average catalyst nanoparticle size decreased and no MWCNTs were 

observed. In a follow-up study using xylene as the carbon feedstock and an 

argon/hydrogen mixture as the carrier gas, SWCNTs and DWCNTs were observed at low 

argon/hydrogen flow rates, but increasing the carrier gas flow rates resulted in the 

production of DWCNTs138. In both studies, they argued that diluting the reactant stream 

sufficiently (lowering the reaction density) and reducing the reaction time, the diameters 

of both catalyst and CNTs could be controlled to favor the growth of primarily DWCNTs 

with minimal impurities. However, excessive carrier gas flow rates also reduced CNT 

yields139. In a more recent report for a dry spinning CNT fiber process, Kaniyoor, et al. 

found for high hydrogen flow rates (above 2 L/min) and low sulfur-to-iron atomic ratios 

that very crystalline SWCNTs with low amorphous carbon content could be 

preferentially grown; in contrast, at low hydrogen flow rates (below 2 L/min) and high 

 
 

136 Wei et al., “Large-Scale Synthesis of Long Double-Walled Carbon Nanotubes”; Wei et al., “Preparation 
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sulfur-to-iron atomic ratios, MWCNTs were obtained140. Kaniyoor, et al. attributed the 

effect of the hydrogen flow rate on number of CNT walls to the shorter residence times- 

which arrested the growth of additional CNT walls and prevented further catalyst particle 

aggregation- and the jetting of the carrier gas which carried the catalyst particles further 

downstream in the reactor, thereby minimizing catalyst particle aggregation. Under the 

high hydrogen, low sulfur conditions, CNT production rates were maximized. Far from 

being silent actors, carrier gases will exert a large influence on the extent of gas-phase 

reactions and lead to changes in impurity formation and CNT growth. 

Several groups have utilized carrier gas flow rate as an effective means to reduce 

amorphous carbon formation by reducing residence time (increasing flow rate), which 

limited the opportunity for homogeneous, gas-phase pyrolysis. For example, Tran, et al. 

found that doubling the hydrogen flow rate resulted in a reduction of carbon 

impurities141. Gspann, et al. also observed that, while holding reactant concentrations 

constant, reducing the residence time could effectively minimize amorphous carbon 

production142.  

It is widely accepted in the literature that lowering residence time results in less 

carbon impurity formation, yet there does not exist a clear relationship between carrier 

 
 

140 Adarsh Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres 
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gas flow rate and residual catalyst impurity in as-produced CNT material. Gspann, et al. 

found the iron content of CNTs decreased by a factor of 10 with twice the hydrogen flow 

rate143. Kaniyoor, et al. note that residual catalyst mass fractions depend on both the 

sulfur concentration and the carrier gas flow rate; the highest residual catalyst 

contents were observed for samples produced at the reactor conditions where CNT 

fiber production was unstable. They reasoned that there was insufficient residence time 

in the reactor for the nucleation of large-diameter catalyst nanoparticles or the growth of 

CNTs long enough to where particles became entangled and left with the rest of the CNT 

aerogel. In contrast, both Tran, et al.144 and Mikhalchan, et al.145 report higher residual 

catalyst contents and larger-diameter catalyst nanoparticles at higher hydrogen flow rates. 

While no explanation was offered, this trend could be due to better catalyst fluidization; 

rather than depositing on the reactor walls, the gas-borne catalyst nanoparticles exited 

with the CNTs. Alternatively, hydrogen may react with ferrocene resulting in increased 

iron atom production near the reactor inlet. The differences in residual catalyst content as 

a function of carrier gas flow rate may simply be due to differences in the reactor design. 

What is clear is that carrier gas flow rates influence the amorphous carbon and catalyst 

impurity content in as-produced CNT materials. 

 
 

143 Gspann, Smail, and Windle. 
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Since carrier gas flow rates dictate the concentration and residence time of the 

reactants, they will also influence the morphology of CNTs in addition to impurity 

formation. Theoretical calculations using nitrogen as the carrier gas indicated a 

correlation between the carrier gas flow rate and average catalyst nanoparticle diameters. 

Futko, et al. developed a kinetic model for iron nanoparticle formation and found that 

increasing the carrier gas flow rate resulted in decreased particle number concentration 

and smaller catalyst diameters (Stage C)146. These results were attributed to more dilute 

reactant streams and shorter residence time which minimized nanoparticle collisions and 

iron production. Consistent with these findings, experimental studies have found CNT 

diameter and number of walls to be inversely proportional to carrier gas flow rate147. In a 

direct fiber spinning process using ethanol in the presence of ferrocene and thiophene, 

low hydrogen flow rates (400-600 sccm) resulted in primarily MWCNTs while increased 

hydrogen flow rates (1000 sccm) favored SWCNT growth148. In addition to diluting the 

reactant stream and reducing reaction time, high hydrogen flow rates would suppress 

 
 

146 Futko et al., “Simulation of the Kinetics of Growth of Iron Nanoparticles in the Process of Chemical 
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overall carbon formation, according to mechanisms that will be discussed in Section 

2.2.2.2. Carrier gas flow rate can be used to control the frequency of catalyst nanoparticle 

collisions and resultant catalyst size/concentration (Stage C) which then has implications 

for the CNT diameter distribution and number of walls. 

Carrier gas flow rate has been used to control the residence time and 

concentration of reactants within the reactor. This allows for control of the rate of catalyst 

nanoparticle collisions, catalyst size, and concentration (Stage C), which in turn dictates 

CNTs diameter and number of walls. Higher carrier gas flow rates have also been 

correlated to less impurity formation (Stage DI). As with all experimental parameters, the 

carrier gas flow rate must be understood and carefully tuned to avoid detrimental effects 

on CNT growth. 

2.2.2.2. Active Carrier Gases 

Certain carrier gases play a more active (direct) role than just controlling reactant 

concentration and residence time within the reactor (indirect). Hydrogen has a 

particularly pronounced effect on CNT growth, participating directly in chemical 

reactions and processes during synthesis depending on the carbon feedstock and catalyst 

precursor used. Hydrogen’s enhancing effect on CNT yield has been well documented for 

CO-based FCCVD growth processes149. At elevated temperatures, CO will decompose 
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via the Boudouard reaction to produce carbon dioxide and solid carbon. Only under 

extreme conditions (ex. high temperature and pressure) can appreciable amounts of 

SWCNTs be grown. Bladh, et al. recognized early on that substituting 25% of the CO 

with hydrogen could increase SWCNT yield by a factor of four150. This was attributed to 

either hydrogen co-adsorbing on the surface of the iron nanoparticles and weakening the 

C—O bonds (Stage D and NG) or additional carbon production from the hydrogenation 

of CO. Based on qualitative observations of the structural integrity of SWCNT films, 

they concluded that small additions of hydrogen led to longer SWCNTs, either by a 

surface enhancement of the catalyst which prevented catalyst deactivation or by increased 

carbon atom production. However, hydrogen in excess reduced SWCNT yield Bladh, et 

al. attributed this observation to carbon monoxide reacting with hydrogen and being 

converted to acetylene. which they surmised was not a suitable precursor for CNT 

growth. Of note, acetylene has been used successfully in CNT growth by other groups151. 

Similarly, Nasibulin, et al. credited increased SWCNT yields from CO 

disproportionation to the additional carbon atoms produced from CO hydrogenation 
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(Stage D)152. In addition, Nasibulin, et al. attributed two more very important roles to 

hydrogen within their system153. Because they produced iron nanoparticles via a HWG, 

the iron source wire oxidized, even when using very pure gases. Hydrogen was critical to 

prevent wire oxidation and reduce the gas-borne nanoparticles to activate them for CNT 

growth. The third role of hydrogen in this reactor process was to sequester oxygen which 

could react with liberated carbon atoms to produce CO2 and reduce carbon availability. A 

subsequent study also found the addition of hydrogen resulted in significant increases in 

the lengths of SWCNTs, especially when a small amount of water and/or carbon dioxide 

were present154. They surmised that small additions of water (150-330 ppm) helped etch 

amorphous carbon on the catalyst surface or CNT walls. However, excessive water (over 

330 ppm) hindered CNT growth and produced more defective SWCNTs, possibly due to 

oxidization of the CNT walls. Carbon dioxide, also an etching agent, was present in the 

reactor as a byproduct of in-situ reactions between carbon monoxide and iron contained 

in or deposited on the reactor walls155. Carbon dioxide assisted CNT growth, as was 

evidenced by the close correlation between the SWCNT growth window and the point at 
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155 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity”; Nasibulin et al., “Studies on Mechanism 
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which significant amounts of carbon dioxide were released from the reactor walls156. 

Hydrogen, water, and carbon dioxide all helped extend the catalytic lifetime resulting in 

longer SWCNTs.  

In some studies using hydrocarbons as the carbon feedstock, similar increases in 

CNT yield were also observed when hydrogen was present. For SWCNT growth using n-

hexane, hydrogen significantly increased SWCNT yield157. Yah, et al. reported an 

increase in MWCNT yield using a xylene/ferrocene solution, which was attributed to 

interactions between hydrogen and the catalyst nanoparticles158. They postulated that 

hydrogen etched amorphous carbon on the surface of the nanoparticles, thereby 

preventing catalyst deactivation. Additionally, hydrogen was thought to react with 

ferrocene to produce more iron nanoparticles, according to the reaction, 

𝐹𝑒(𝐶 𝐻 ) +  𝐻 → 𝐹𝑒 + 2𝐶 𝐻 . 

Like systems using CO as a carbon feedstock, hydrocarbon-based CNT growth might be 

positively impacted because of interactions between hydrogen and the catalyst particles. 

However, hydrogen may also have an inhibitory effect for CNT production from 

hydrocarbons due to a thermodynamic equilibrium between hydrogen and hydrocarbons. 

Whereas hydrogen reacts with CO to produce more carbon atoms, hydrocarbons and 

 
 

156 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity.” 
157 Zhu et al., “Direct Synthesis of Long Single-Walled Carbon Nanotube Strands.” 
158 Clarence S. Yah et al., “Continuous Synthesis of Multiwalled Carbon Nanotubes from Xylene Using the 
Swirled Floating Catalyst Chemical Vapor Deposition Technique,” Journal of Materials Research 26, no. 
05 (March 2011): 640–44, https://doi.org/10.1557/jmr.2010.69. 
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hydrogen exist in a dynamic equilibrium. As seen in Figure 2.5, hydrocarbons dissociate 

to form hydrogen and carbon. Except for methane, at temperatures over approximately 

300 ˚C this process occurs spontaneously, as indicated by the negative Gibb’s free 

energies of reaction. For this reason, hydrocarbons can result in higher CNT yields and 

larger degrees of impurities than CO systems due to higher carbon atom availability. 

Because a thermodynamic equilibrium between hydrogen and hydrocarbons might be 

established, hydrogen as a carrier gas has been used in the literature to modulate the 

hydrocarbon decomposition (Stage D) and prevent excessive impurity formation (Stage 

DI)159. As an example, Figure 2.7 shows methane conversion (based on the equilibrium 

composition) for the decomposition reaction to graphite and hydrogen. Above 1100˚C, 

excess hydrogen has a minor impact on the methane equilibrium concentration but at 

lower temperatures, the presence of hydrogen shifts the equilibrium composition and 

suppresses gas-phase reactions. This thermodynamic data offers insight as to why 

numerous CNTs studies report the use of hydrogen to prevent uncontrolled hydrocarbon 

homogeneous decomposition. Hydrogen is particularly useful for reducing the formation 

of amorphous carbon in the colder regions of the reactor near the inlet and outlet. 

However, hydrogen may also reduce CNT yield because less carbon atoms overall are 

available for growth. To balance this inhibitory effect, reactor temperatures must be 

increased to achieve adequate CNT growth. For example, using ethanol as the carbon 

 
 

159 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method.” 
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feedstock and hydrogen as a carrier gas, Li, et al. observed no CNT growth below 

1000˚C160. The ratio of hydrogen to hydrocarbon and the growth temperature must 

therefore be carefully modulated to balance hydrogen’s positive effects for catalyst 

formation (Stage C), catalyst reactivation (Stage DI), and impurity suppression (Stage 

DI) with its inhibitory effect on carbon atom availability (Stage D). 

 

 

Figure 2.7 Methane equilibrium conversion to graphite and hydrogen as a 
function of temperature at various CH4:H2 ratios. [Results obtained using HSC code 

version 7.192 with different initial CH4/H2 ratios at 25˚C] 

2.2.2.3. Diameter Control with Active Carrier Gases 

Several studies have reported that the carrier gas could influence the diameter and 

chirality distribution of CNTs, either through chemical interactions with the nanoparticles 

and gaseous precursor or selective etching of CNTs based on differences in chemical 
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reactivity161. An example of this behavior was reported by Liu, et al., where high 

hydrogen and ultralow methane flow rates were used to achieve diameter and chirality 

tuning162. In their synthesis, large-diameter SWCNTs were preferentially grown which 

were attributed to several interactions between hydrogen and the iron catalyst or methane. 

First, hydrogen reduced the catalytically inactive iron carbide phase and removed 

amorphous carbon overcoating on the catalyst surface, extending catalyst lifetime. 

Second, hydrogen lowered the carbon fugacity and delayed the nucleation of the graphitic 

cap. Both effects were linked to a delay in CNT nucleation giving more time for the 

nanoparticles to grow and result in larger-diameter SWCNTs with a broader diameter 

distribution. Finally, hydrogen was said to slow down methane decomposition, further 

delaying SWCNT nucleation based on carbon atom availability. In experiments 

employing argon in lieu of hydrogen, SWCNTs with smaller average diameters and 

narrower diameter distributions were obtained as argon did not delay CNT nucleation. 

Furthermore, hydrogen was found to selectively etch more reactive SWCNTs, metallic 

 
 

161 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method”; Yongping Liao et al., “Direct Synthesis of Colorful Single-Walled Carbon 
Nanotube Thin Films,” Journal of the American Chemical Society 140, no. 31 (August 8, 2018): 9797–
9800, https://doi.org/10.1021/jacs.8b05151; Ying Tian et al., “Growth of Single-Walled Carbon Nanotubes 
with Controlled Diameters and Lengths by an Aerosol Method,” Carbon 49, no. 14 (November 2011): 
4636–43, https://doi.org/10.1016/j.carbon.2011.06.036; Zhen Zhu et al., “The Use of NH 3 to Promote the 
Production of Large-Diameter Single-Walled Carbon Nanotubes with a Narrow ( n,m ) Distribution,” 
Journal of the American Chemical Society 133, no. 5 (February 9, 2011): 1224–27, 
https://doi.org/10.1021/ja1087634. 
162 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method.” 
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and small-diameter CNTs, at high temperatures. By reducing the reaction temperature, 

more metallic SWCNTs were grown.  

In systems employing CO as the carbon feedstock, small additions of carbon 

dioxide were found to change the diameter and chirality distribution of as-grown CNT 

materials163. Tian et al. found that when small amounts of carbon dioxide were added to 

the carrier gas, the growth of smaller-diameter SWCNTs was suppressed. This was 

attributed to carbon dioxide’s selective etching of smaller-diameter graphitic caps due to 

the higher reactivity of the smaller caps. In a follow-up study, Liao, et al. were able to 

grow colorful SWCNT films by modulating their diameter and chirality distribution with 

small additions of CO2164. By adding 0.25 and 0.37 vol% CO2 to the CO feed, green and 

brown films, respectively, were made. Increasing the CO2 in the reactant stream saw a 

corresponding increase of the average SWCNT diameter. With 0.25 vol% CO2, a narrow 

diameter distribution (1.0-1.5 nm) and chirality distribution was achieved, which was not 

seen with 0 vol% and 0.5 vol% CO2. A preferred chiral angle between 20-30˚ was 

obtained for all CO2 flows, corresponding to near-armchair CNTs. Interestingly, 

increasing CO2 resulted in an increase of metallic SWCNTs, which is at odds with other 

reports that suggest metallic SWCNTs are preferentially etched because they are more 

reactive165. Liao, et al. postulated that the presence of CO2 would alter CO 

 
 

163 Tian et al., “Growth of Single-Walled Carbon Nanotubes with Controlled Diameters and Lengths by an 
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disproportionation and play a role in the way carbon atoms interact with the catalyst 

particle or during CNT nucleation166. Similarly, Zhu, et al. achieved diameter modulation 

using small amounts of ammonia and CO2 as etchants in a system employing CO as the 

carbon feedstock167. In this study, CNTs diameters and chiralities were clustered around 

large-diameter (13,12) SWCNTs.  

When using reactive carrier gases for diameter modulation, caution must be 

exercised to avoid undesirable consequences. Liu, et al. found that either too small or too 

large a flow rate resulted in excessive CNT etching168. A low flow rate increased the 

residence time of the reactants with hydrogen in the reactor and exacerbated hydrogen 

etching of the CNTs. High flow rates led to increased hydrogen concentration and 

reduced residence time, both of which would decrease CNT growth. Under both low and 

high hydrogen flow conditions, CNT cap formation on the surface of the catalyst would 

be adversely affected by hydrogen occupying active sites. However, neither explanation 

was experimentally or theoretically corroborated. Liao, et al.169 found that increasing 

CO2 concentration to 1.23 vol% led to lower-quality SWCNTs and Zhu, et al.170 reported 

that with 1000 ppm of ammonia no CNTs were made. 

 
 

166 Liao et al., “Direct Synthesis of Colorful Single-Walled Carbon Nanotube Thin Films.” 
167 Zhu et al., “The Use of NH 3 to Promote the Production of Large-Diameter Single-Walled Carbon 
Nanotubes with a Narrow ( n,m ) Distribution.” 
168 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method.” 
169 Liao et al., “Direct Synthesis of Colorful Single-Walled Carbon Nanotube Thin Films.” 
170 Zhu et al., “The Use of NH 3 to Promote the Production of Large-Diameter Single-Walled Carbon 
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Although carrier gases are typically not considered active participants in CNT 

growth, certain carrier gasses (hydrogen, carbon dioxide, ammonia) are chemically active 

and can influence CNT diameters and chirality via effects on carbon feedstock 

decomposition (Stage DI), CNT nucleation (Stage NG), and catalyst lifetime (Stage DI).  

2.2.3. Catalyst 

In many reactor designs, the catalyst and CNTs are formed concurrently in the 

same space, making FCCVD processes unique from other CVD-based production 

methods. Eliminating the catalyst supports typically used in fixed and fluidized bed 

systems reduces costs associated with the reagent and post-production purification. 

However, control over the catalyst size, morphology, concentration, and utilization is 

challenging because the catalyst precursor and carbon source experience dynamic and 

often uncontrolled conditions in the reactor. Furthermore, the catalyst nanoparticle 

morphology and phase may change throughout the reactor due to temperature and 

velocity gradients. Reactor conditions must be adjusted to accommodate both CNT 

growth and the catalyst formation. Some of the effects of the carrier gas flow rates on the 

catalyst size distribution in the reactor have already been discussed. The process by 

which catalyst nanoparticles are formed (Stage C), CNTs are nucleated (Stage NG), 

catalyst nanoparticles deactivated (Stage DI), the concentration of catalyst present, the 

catalyst source, and the efficiency of the catalyst for nucleating CNTs have been explored 

in the literature and will be discussed here. 
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2.2.3.1. Catalyst Precursor 

FCCVD processes most commonly utilize iron, cobalt, or nickel catalysts as these 

metals are active for in decomposition of hydrocarbons and carbon monoxide, have high 

carbon solubility, form metastable carbides, and facilitate fast carbon bulk and surface 

diffusion171. These properties make them ideal for CNT synthesis. However, few studies 

have systematically probed the effect of different catalyst precursors. Some studies have 

used different catalysts in the same system and were found to influence CNT growth172. 

Horváth, et al. found drastic differences in the CNT growth based on the metallocene 

selected, primarily due to differences in the metallocene solubility in liquid hydrocarbon 

feedstock173. Where possible, 6 grams of metallocene were dissolved in 100 mL of 

benzene. However, this could not be achieved with cobaltocene or nickelocene and as a 

result the CNT yield was effectively limited. Bimetallic catalysts (ferrocene-cobaltocene, 

ferrocene-nickelocene, and cobaltocene-nickelocene) were also investigated. It was found 

that ferrocene-cobaltocene and ferrocene-nickelocene mixtures increased CNT yield 

compared to ferrocene alone, with the most successful bimetallic mixture being 

ferrocene-nickelocene. Based on TEM observations, CNTs produced from bimetallic 

 
 

171 Andrews et al., “Multiwall Carbon Nanotubes.” 
172 Horváth et al., “Inexpensive, Upscalable Nanotube Growth Methods”; B. C. Satishkumar et al., “Single-
Walled Nanotubes by the Pyrolysis of Acetylene-Organometallic Mixtures,” Chemical Physics Letters 293, 
no. 1 (1998): 47–52; Rahul Sen, A. Govindaraj, and C. N. R. Rao, “Carbon Nanotubes by the Metallocene 
Route,” Chemical Physics Letters 267, no. 3 (March 21, 1997): 276–80, https://doi.org/10.1016/S0009-
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Nanotubes Obtained by the Decomposition of Metal-Containing Free Precursor Molecules,” Chemistry of 
Materials 9, no. 10 (October 1, 1997): 2078–81, https://doi.org/10.1021/cm9700965. 
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catalysts had better crystallinity and less amorphous carbon content. For the ferrocene-

nickelocene catalyst mixture, the average CNT diameter was lower than in the case of the 

ferrocene-cobaltocene mixture though the crystallinity was similar for both. The 

cobaltocene-nickelocene mixture was determined to be inefficient due to the lower 

solubility in benzene and lower CNT crystallinity observed.  

The effect of different catalyst sources with a gaseous carbon feedstock on CNT 

growth was studied by Satishkumar, et al.174. This system employed acetylene as the 

carbon feedstock and nickelocene, ferrocene, or cobaltocene (including mixtures thereof), 

or Fe(CO)5 as catalyst precursors. Using nickelocene and cobaltocene individually 

resulted in isolated SWCNTs, with cobaltocene providing a higher yield of SWCNTs. 

Using a (1:1) mixture of ferrocene and either cobaltocene or nickelocene had no effect on 

SWCNT yield but was found to improve purity. Using Fe(CO)5 resulted in more bundling 

of SWCNTs than was observed for metallocene-derived catalysts. These studies indicated 

the catalyst source will affect CNT growth but did not offer insights regarding the 

observed differences among metal catalysts or metallic mixtures. Theoretical studies like 

the one published by Yuan, et al. may help explain the difference in performance 

between metal catalysts and guide catalyst selection175. This study investigated the 

mechanism for defect healing at the catalyst-CNT interface for the growth of perfectly 

crystalline SWCNTs. For all three topological defects considered in this study- isolated 

 
 

174 Satishkumar et al., “Single-Walled Nanotubes by the Pyrolysis of Acetylene-Organometallic Mixtures.” 
175 Qinghong Yuan et al., “Efficient Defect Healing in Catalytic Carbon Nanotube Growth,” Physical 
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pentagons, heptagons and a pentagon/heptagon pair- iron was found to the be the most 

efficient at defect healing and producing high-quality SWCNTs. Quantitative 

experimental studies related to the effect of catalyst composition on CNT yield and 

crystallinity in FCCVD processes is an opportunity for further investigation. 

Few studies have been reported which investigate changes in CNT morphology 

using the same metal catalyst obtained from different catalyst precursors. Moisala, et al. 

studied CNT growth using three iron-based catalysts precursors176. Iron atoms were 

generated either using a HWG or from thermal decomposition of ferrocene or Fe(CO)5, 

and growth conditions were optimized for each catalyst precursor. Ferrocene produced 

the largest-diameter nanoparticles while HWG produced the smallest-diameter 

nanoparticles. Additionally, Fe(CO)5 resulted in the highest number of nanoparticles 

whereas both ferrocene and HWG led to a similar number of catalyst nanoparticles. TEM 

imaging of SWCNTs produced from ferrocene revealed primarily SWCNTs in bundles 

with diameters of up to 20 nm and several micrometers in length. SWCNTs produced 

from Fe(CO)5 were found to be shorter and mixed with metal particles. TEM imaging of 

SWCNTs from HWG catalyst particles revealed individual SWCNTs approximately 50 

nm in length. In general, SWCNTs from the HWG process exhibited less bundling in 

comparison to SWCNTs produced from ferrocene decomposition. Based on their on-line 

detection method for SWCNT growth, Moisala, et al. concluded that the most efficient 

 
 

176 Anna Moisala et al., “On-Line Detection of Single-Walled Carbon Nanotube Formation during Aerosol 
Synthesis Methods,” Carbon 43, no. 10 (August 2005): 2066–74, 
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growth (as indicated by the change in mobility size per catalyst nanoparticle) arose from 

the HWG process. The cause of these differences in the SWCNTs was not determined 

and represents an opportunity for theoretical calculations to explore.  

Two additional studies on the effect of catalyst precursors are reported by Chiang 

and Sankaran and Hoecker, et al.177. The study by Chiang and Sankaran was discussed 

previously in Section 2.1.2. Hoecker, et al. studied the effect of sulfur on catalyst 

nucleation and found that regardless of metal precursor (ferrocene, nickelocene, or 

cobaltocene), or differences in catalyst introduction (ferrocene or preformed iron 

nanoparticles), sulfur was necessary for CNT formation178. Cobaltocene and ferrocene 

both resulted in a spinnable CNT aerogel above a critical mass concentration. No 

spinnable aerogel was achieved when preformed iron nanoparticles were introduced 

using a spark generator, which was attributed to the inherent limitation on the 

concentration of iron the spark generator could deliver. Nickelocene did not result in a 

spinnable CNT aerogel and the CNTs were noted to be shorter and curled. CNT 

crystallinity determined via Raman spectroscopy differed between the catalyst 

precursors; CNTs grown with ferrocene had the highest IG/ID ratio while CNTs grown 

from nickelocene had the lowest.  

 
 

177 Christian Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst 
Nucleation Processes and a Critical Catalyst Particle Mass Concentration,” Scientific Reports 7, no. 1 
(December 2017), https://doi.org/10.1038/s41598-017-14775-1; Chiang and Sankaran, “Synergistic Effects 
in Bimetallic Nanoparticles for Low Temperature Carbon Nanotube Growth.” 
178 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
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Many questions remain regarding the influence of catalyst metal and its effect on 

CNT growth in floating catalyst systems. More research in this area, particularly in-situ 

particle measurements and experimentally informed reactor simulation studies, is merited 

and may be the key to achieve large production rates of high-quality CNTs with carefully 

tuned diameter distributions, chirality, and number of walls. 

2.2.3.2. Theoretical Modeling of Catalyst Particle Dynamics 

Current FCCVD reactor conditions are poorly characterized and present 

numerous unknown factors which pose problems for theoretical modeling of catalyst 

nanoparticle formation. Theoretical models for particle nucleation and growth in FCCVD 

reactors rely on models that can trace their roots to metal aerosol models published in the 

mid-1970s179. At their core, metal aerosol models consider a metal vapor above or near 

saturation where the critical radius of the smallest stable particle is given by the Kelvin 

equation180,  

 
 

179 C. G. Granqvist and R. A. Buhrman, “Ultrafine Metal Particles,” Journal of Applied Physics 47, no. 5 
(May 1976): 2200–2219, https://doi.org/10.1063/1.322870. 
180 S. K. Friedlander and William H. Marlow, “Smoke, Dust and Haze: Fundamentals of Aerosol 
Behavior,” Physics Today 30, no. 9 (September 1977): 58–59, https://doi.org/10.1063/1.3037714; Fred 
Gelbard and John H Seinfeld, “The General Dynamic Equation for Aerosols. Theory and Application to 
Aerosol Formation and Growth,” Journal of Colloid and Interface Science 68, no. 2 (February 1979): 363–
82, https://doi.org/10.1016/0021-9797(79)90289-3; S. L. Girshick and C. -P. Chiu, “Homogeneous 
Nucleation of Particles from the Vapor Phase in Thermal Plasma Synthesis,” Plasma Chemistry and 
Plasma Processing 9, no. 3 (September 1989): 355–69, https://doi.org/10.1007/BF01083672; George 
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and Equilibrium of Nano-Materials,” Journal of Nanoscience and Nanotechnology 12, no. 3 (March 1, 
2012): 2625–33, https://doi.org/10.1166/jnn.2012.5774; S. Panda and S.E. Pratsinis, “Modeling the 
Synthesis of Aluminum Particles by Evaporation-Condensation in an Aerosol Flow Reactor,” 
Nanostructured Materials 5, no. 7–8 (September 1995): 755–67, https://doi.org/10.1016/0965-
9773(95)00292-M; Dale R. Warren and John H. Seinfeld, “Simulation of Aerosol Size Distribution 
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where p is the vapor pressure of the metal, po is the equilibrium vapor pressure of the 

bulk material, S is the saturation ratio of the metal, σ is the liquid surface tension of the 

bulk material, ν1 is the atomic volume of the condensing phase, kB is the Boltzmann 

constant, T is the absolute temperature, and dp
* is the critical aggregate diameter. For dp < 

dp
*, the aggregate will tend to shrink due to evaporation while for dp > dp* the aggregate 

will grow due to coalescence and is considered a stable particle. The aerosol models 

describe metal nanoparticles nucleating from a supersaturated vapor as the vapor 

cooled181. In these models, nanoparticles are nucleated from collisions of monomers 

which, in the case of metal aerosols, are individual metal atoms described by the kinetic 

theory of gases. Three major classes of models for metal aerosols exist: discrete models, 

moment models, and monodisperse models. All three classes rely on colloidal growth 

 
 

Evolution in Systems with Simultaneous Nucleation, Condensation, and Coagulation,” Aerosol Science and 
Technology 4, no. 1 (January 1985): 31–43, https://doi.org/10.1080/02786828508959037; Dale R. Warren 
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Aerosol Science and Technology 3, no. 2 (January 1984): 135–53, 
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Synthesis”; Panda and Pratsinis, “Modeling the Synthesis of Aluminum Particles by Evaporation-
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theory with different treatments of the kinetic theory of gases. The most rigorous model 

class, the discrete model, does not make any simplifying assumptions to the kinetic 

theory and as a result, the computational analysis becomes prohibitively costly. Moment 

and monodisperse models are more efficient due to simplifying assumptions. Moment 

models consider particles with sizes at or greater than the critical diameter, dp
*, calculated 

from the Kelvin equation, and require a particle size distribution type to be assumed, 

generally either a log-normal or bi-modal distribution182. Moment models can be further 

simplified to systems of three differential equations by assuming all particles are of the 

same average particle size and are otherwise known as monodisperse models. 

Monodisperse models represent the simplest treatment for metal aerosols and are the 

most widely used in CNT literature.  

The computational treatment for particle nucleation from saturated metal aerosols 

has been developed over several decades and was a natural starting point for groups 

looking to model particle nucleation in FCCVD systems. Nearly all computational studies 

examining particle nucleation in FCCVD reactors refer to the monodisperse particle 

model developed by Kruis, et al. whose coagulation model sought to connect the 

continuum and molecular regimes of particle growth183. Later, Panda and Pratsinis 

improved upon this model by including a nucleation rate expression from Girshick, et al. 
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and with particular emphasis on the effects of particle diffusivity and velocity on the 

particle collision frequency184. Most importantly, Panda and Pratsinis demonstrated that 

results from their monodisperse model compared favorably to more rigorous discrete-

sectional and moment models for systems with low saturation ratios and monotonically 

decreasing temperature profiles. These developments suggest that with appropriate 

modifications, monodisperse models can achieve representative results without the 

computational expense of more complex models.  

While these results point towards a good compromise between computational 

expense and accuracy, groups looking to adapt these models to FCCVD systems must 

note that the conditions used to develop metal aerosol models are distinct from the 

conditions encountered in FCCVD systems. In FCCVD, metal vapors are generally 

produced from the decomposition of a metallic or organometallic precursor rather than a 

saturated metal vapor and therefore require that a monomer balance be included as a 

source term. One treatment of this extra source term was reported by Kuwana and Saito 

for a system employing ferrocene as the catalyst precursor and reactor temperatures 

ranging from 700-900˚C185. In their system, they adapted the nucleation model reported 

by Kruis, et al. with a source term to include the unimolecular dissociation of 
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Synthesis”; Panda and Pratsinis, “Modeling the Synthesis of Aluminum Particles by Evaporation-
Condensation in an Aerosol Flow Reactor.” 
185 Kazunori Kuwana and Kozo Saito, “Modeling CVD Synthesis of Carbon Nanotubes: Nanoparticle 
Formation from Ferrocene,” Carbon 43 (2005): 2088–95, https://doi.org/10.1016/j.carbon.2005.03.016. 



 
95 

 

ferrocene186. Ferrocene decomposition was assumed to occur via gas phase reduction and 

reactions at the surface of growing nanoparticles near the reactor entrance187. Gas-phase 

reduction was found to be the predominant mechanism for iron atom formation, and 

consequently gas flow, temperature, and concentration gradients of ferrocene all affected 

the rate of ferrocene reduction. At all reactor temperatures considered, an initial 

nanoparticle nucleation period occurred followed by a sharp increase in particle diameter. 

At higher reactor temperatures shorter nucleation periods were observed and particle size 

increased significantly (>20 nm). Independent of reactor temperature, particle size varied 

radially, with the largest particles found near the reactor walls due to longer residence 

times. In a follow-up study, Kuwana and Saito assumed an isothermal reactor and 

updated their model to include a ferrocene decomposition route that accounted for 

hydrogen’s accelerating effect188. Several years later, Futko, et al. developed a 

monodisperse model adopting the hydrogen-accelerated ferrocene decomposition 

reaction for an isothermal reactor using xylene as the carbon feedstock and ferrocene as 

the catalyst precursor189. Consistent with previous work, their model predicted an 

increase in iron nanoparticle diameter at higher temperatures. They did not account for 
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radial distributions in the catalyst particle diameters but instead focused on the 

dependence of particle number concentration, volume fraction, and mean particle 

diameter on the diluent gas flow rate, reactor temperature, and ferrocene concentration in 

xylene. Their results showed maxima in the particle number concentration and a 

sigmoidal volume fraction, independent of flow conditions. Computational fluid 

dynamics (CFD) calculations performed by Conroy, et al. found that particle number 

concentration had a maximum at approximately nine reactor radii from the inlet of a 

reactor set at 1144˚C and that the particle volume fraction is a sigmoidal function of the 

axial position190. Minimum particle number concentration and maximum particle volume 

fraction occurred near the reactor wall, indicating large particles in low velocity regions. 

Large particles were found to be more influenced by local gas velocity than small 

particles which showed more uniform radial distributions. Unlike previous studies 

discussed, Conroy, et al. neglected the continuum regime for particle growth based on the 

Knudsen number and a unimolecular dissociation reaction for ferrocene. While these 

studies present qualitatively consistent results, experimental validation is needed. 

One potentially significant oversight among most FCCVD particle modeling is 

that particle evaporation is not considered. The original metal aerosol models did not 

have to consider particle evaporation as nucleation typically occurred over monotonically 

decreasing temperature profiles. In contrast, initial particle nucleation in FCCVD systems 

 
 

190 Devin Conroy et al., “Carbon Nanotube Reactor: Ferrocene Decomposition, Iron Particle Growth, 
Nanotube Aggregation and Scale-Up,” Chemical Engineering Science 65, no. 10 (May 2010): 2965–77, 
https://doi.org/10.1016/j.ces.2010.01.019. 
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occur under an increasing temperature gradient before reaching the hottest zone of the 

reactor where particle evaporation is possible and has been observed experimentally191. A 

computational model accounting for particle evaporation was reported by Brown, et al. 

who used a three-moment CFD model and a log-normal particle size distribution to study 

the effects of wall composition and catalyst supply rate on the resultant particles192. This 

system employed carbon monoxide as the carbon source, a mixture of nitrogen and 

hydrogen as the carrier gas, and a HWG under a reducing atmosphere as the catalyst 

source. Particle size was pre-defined, and the model did not include particle nucleation 

from monomers. For a reactor temperature of 1200˚C, the degree of particle evaporation 

was highly correlated with particle number concentration (i.e. particle supply rate); at 

higher number concentrations, particle evaporation was reduced due to higher particle 

collision frequency. The iron concentration near or on the reactor wall did not affect 

particle evaporation rate but small iron particles could diffuse to the reactor walls and that 

iron on the reactor walls participated in the dissociation of carbon monoxide. As a note, 

the role of catalyst deposits on the reactor walls during FCCVD growth continues to be 

poorly documented. Computational simulations do not incorporate wall loss of catalyst 

 
 

191 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel”; Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst 
Nucleation Processes and a Critical Catalyst Particle Mass Concentration”; Christian Hoecker et al., 
“Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in a CVD Process 
for Continuous Carbon Nanotube Synthesis,” Carbon 96 (January 2016): 116–24, 
https://doi.org/10.1016/j.carbon.2015.09.050. 
192 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity.” 



 
98 

 

which may have a large effect on the catalyst particle nucleation, number concentration, 

and size distribution. 

As more in-depth experimental studies are reported for FCCVD systems, particle 

nucleation models can be validated and modified. Particle nucleation models to date do 

not effectively capture some key particle dynamics in FCCVD systems, particularly with 

respect to ferrocene decomposition, particle evaporation, particle wall loss, and the effect 

of growth promoters (such as sulfur) on particle nucleation. To better inform future 

FCCVD reactor development, models must more accurately account for these 

phenomena. As the existing models indicate key relationships between the catalyst 

nanoparticle formation and stability, utilization of these insights can prove instrumental 

in designing more effective FCCVD reactors.  

2.2.3.3. Control of Catalyst Size and Concentration 

Typically, carrier gas flow rate, reactor temperature, and catalyst precursor delivery 

rate are the main parameters used to control the size and concentration of catalyst 

nanoparticles. Since the effect of carrier gas flow rate was discussed in Section 2.2.2, this 

section will be devoted to the effects of reactor temperature and catalyst precursor supply 

rate. 

In agreement with the theoretical studies discussed previously, experimental studies 

have documented a direct correlation between reaction temperature and catalyst 
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nanoparticle diameter193. Reactor temperature influences the rate of catalyst precursor 

decomposition, nanoparticle nucleation, and nanoparticle growth (Stage C). Zhou, et al. 

observed higher yield of carbonaceous materials, especially amorphous carbon, at higher 

temperatures due to the presence of large-diameter catalytic nanoparticles194. In a system 

using xylene as the carbon feedstock and ferrocene as the catalyst precursor, Andrews, et 

al. observed that increases in the reactor temperature resulted in larger-diameter catalyst 

nanoparticles and MWCNTs195. Larger-diameter SWCNTs were also obtained for high 

temperature FCCVD using methane, ferrocene, and a mixture of hydrogen and argon as 

carrier gas196. Singh et al. found that the average catalyst diameter increased with 

temperature, as did the diameter distribution of CNTs produced by spray-pyrolysis of a 

toluene and ferrocene solution197. In a rigorous study, Kuo, et al. used a fractional 

factorial design to identify the principle factors in the resultant MWCNT diameters198. 

Reaction temperature was identified as a major factor, with MWCNT diameter increasing 

 
 

193 Andrews et al., “Multiwall Carbon Nanotubes”; Futko et al., “Simulation of the Kinetics of Growth of 
Iron Nanoparticles in the Process of Chemical Vapor Deposition of Hydrocarbons with Injection of 
Ferrocene for the Synthesis of Carbon Nanotube Arrays”; Chien-Sheng Kuo et al., “Diameter Control of 
Multiwalled Carbon Nanotubes Using Experimental Strategies,” Carbon 43, no. 13 (November 2005): 
2760–68, https://doi.org/10.1016/j.carbon.2005.05.022; Kuwana and Saito, “Modeling Ferrocene Reactions 
and Iron Nanoparticle Formation”; Kuwana and Saito, “Modeling CVD Synthesis of Carbon Nanotubes: 
Nanoparticle Formation from Ferrocene”; Liu et al., “Diameter-Selective Growth of Single-Walled Carbon 
Nanotubes with High Quality by Floating Catalyst Method”; Singh et al., “Production of Aligned Carbon 
Nanotubes by the CVD Injection Method”; Zhou et al., “Controllable Growth of Double Wall Carbon 
Nanotubes in a Floating Catalytic System.” 
194 Zhou et al., “Controllable Growth of Double Wall Carbon Nanotubes in a Floating Catalytic System.” 
195 Andrews et al., “Multiwall Carbon Nanotubes.” 
196 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method.” 
197 Singh et al., “Production of Aligned Carbon Nanotubes by the CVD Injection Method.” 
198 Kuo et al., “Diameter Control of Multiwalled Carbon Nanotubes Using Experimental Strategies.” 
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with increasing reaction temperature for a constant flow of catalyst. In contrast to the 

previous reports, both Lee, et al.199 and Kim, et al.200 found CNT diameter to be 

independent of growth temperature in an acetylene/ferrocene-based system. However, 

neither report utilized rigorous statistical analysis to support this claim. Barring few 

exceptions, most experimental and theoretical literature for FCCVD systems indicate that 

there is a direct correlation between the catalyst nanoparticle diameter and reactor 

temperature. 

The catalyst precursor supply rate also affects catalyst nanoparticle diameter and 

thus CNT diameter and number of walls201. At higher catalyst input, the catalyst particle 

number concentration increases giving rise to more frequent particle-particle collisions, 

leading to particle growth. Singh, et al. noted a direct correlation between ferrocene input 

concentration and the average MWCNT diameter202. A similar relationship between CNT 

diameter and ferrocene concentration was predicted by Futko, et al., based on simulations 

 
 

199 Lee et al., “Temperature-Dependent Growth of Carbon Nanotubes by Pyrolysis of Ferrocene and 
Acetylene in the Range between 700 and 1000 °C.” 
200 Kim et al., “Investigation on the Temperature-Dependent Growth Rate of Carbon Nanotubes Using 
Chemical Vapor Deposition of Ferrocene and Acetylene.” 
201 Futko et al., “Simulation of the Kinetics of Growth of Iron Nanoparticles in the Process of Chemical 
Vapor Deposition of Hydrocarbons with Injection of Ferrocene for the Synthesis of Carbon Nanotube 
Arrays”; Kuo et al., “Diameter Control of Multiwalled Carbon Nanotubes Using Experimental Strategies”; 
Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by Floating 
Catalyst Method”; Motta et al., “Mechanical Properties of Continuously Spun Fibers of Carbon 
Nanotubes”; Singh et al., “Production of Aligned Carbon Nanotubes by the CVD Injection Method”; Zhang 
et al., “Modulating the Diameter of Carbon Nanotubes in Array Form via Floating Catalyst Chemical 
Vapor Deposition.” 
202 Singh et al., “Production of Aligned Carbon Nanotubes by the CVD Injection Method.” 
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for a ferrocene-xylene system203. Higher ferrocene concentrations in xylene led to higher 

maximum particle number concentration, which occurred further downstream in the 

reactor. The increase in particle number concentration was accompanied by an increase in 

particle diameter and volume fraction. Zhang, et al. also observed that low ferrocene 

concentrations in the presence of ethylene or propylene led to small-diameter 

MWCNTs204. Low ferrocene sublimation temperatures resulted in low catalyst 

concentration and minimized interparticle collisions. The mean diameter of MWCNTs 

was reduced from 41 nm to 31 nm by decreasing the sublimation temperature from 80˚C 

to 60˚C.  

While several studies indicate a direct correlation between catalyst precursor 

supply rate and the catalyst nanoparticle diameter, not all papers report consistent 

observations. For example, Liu, et al. found they could carefully modulate SWCNT 

diameter through precise catalyst control205. In contrast with previously discussed 

studies, they observed an increase in SWCNT diameter at low catalyst flow rate. 

However, they proposed that the size of the metal nanoparticles is in part related to 

methane conversion rather than catalyst flow rate. In an early study, Bai, et al. reported 

that CNT diameters (and therefore catalyst nanoparticle diameter, assuming a correlation 

 
 

203 Futko et al., “Simulation of the Kinetics of Growth of Iron Nanoparticles in the Process of Chemical 
Vapor Deposition of Hydrocarbons with Injection of Ferrocene for the Synthesis of Carbon Nanotube 
Arrays.” 
204 Zhang et al., “Modulating the Diameter of Carbon Nanotubes in Array Form via Floating Catalyst 
Chemical Vapor Deposition.” 
205 Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with High Quality by 
Floating Catalyst Method.” 
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between CNT and catalyst diameters) decreased at high ferrocene/benzene molar 

ratios206. SWCNTs were obtained at the highest ferrocene/benzene molar ratio 

considered, while primarily MWCNTs were observed at low ferrocene/benzene molar 

ratios. However, the thiophene feed rate was coupled to the benzene feed rate which may 

have additional implications for the CNT growth (See Section 2.2.4) A study by Kuo, et 

al. also suggests that higher flow rates of catalyst favored smaller-diameter MWCNTs, 

though the effect was minimal207. With few exceptions, higher catalyst flow rates have 

generally been linked to the growth of larger-diameter CNTs, in agreement with the 

yarmulke nucleation mechanism. Studies reporting smaller catalyst diameters at higher 

catalyst flow rates may have other factors that influence the growth of iron nanoparticles, 

and to the best of our knowledge, no mechanism to explain this observation has been 

proposed.  

Catalyst flow rate also affects the average number of walls. In direct fiber 

spinning, Motta, et al. found that catalyst flow influenced the CNT populations inside as-

produced fibers208. Decreasing the atomic percentage of iron injected into the furnace led 

to increased prevalence of SWCNTs and DWCNTs over MWCNTs. The higher 

prevalence of SWCNTs at lower iron concentrations was again attributed to smaller iron 

nanoparticles due to fewer gas-phase particle collisions. Similar findings were reported 

 
 

206 Shuo Bai et al., “Influence of Ferrocene/Benzene Mole Ratio on the Synthesis of Carbon 
Nanostructures,” Chemical Physics Letters 376, no. 1 (July 17, 2003): 83–89, 
https://doi.org/10.1016/S0009-2614(03)00959-X. 
207 Kuo et al., “Diameter Control of Multiwalled Carbon Nanotubes Using Experimental Strategies.” 
208 Motta et al., “Mechanical Properties of Continuously Spun Fibers of Carbon Nanotubes.” 
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by Fan, et al. regarding the number of CNT walls and catalyst content209. At high catalyst 

flow rates, low CNT yield and increased production of amorphous carbon was found, 

Figure 2.8. This was likely due to interparticle collisions resulting in catalyst 

nanoparticles that were too large to nucleate CNTs. The rate of catalyst delivery can have 

important implications in both the purity of as-produced CNTs and the structure of the 

CNTs.  

 

Figure 2.8 Plot of CNT yields and number of walls with respect to catalyst flow rate 
[Reprinted from Fan, et al.210 with permission from Elsevier. License number 

4924561390759]. 
 

The studies discussed so far assume the catalyst present at the front end of the 

reactor are the main drivers in CNT growth. However, recent studies may challenge this 

 
 

209 Yue-Ying Fan et al., “Single- and Multi-Wall Carbon Nanotubes Produced Using the Floating Catalyst 
Method: Synthesis, Purification and Hydrogen up-Take,” Carbon 44, no. 11 (September 2006): 2160–70, 
https://doi.org/10.1016/j.carbon.2006.03.009. 
210 Fan et al. 
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assumption211. A series of recent publications indicate the presence of two independent 

nucleation events in an FCCVD reactor separated by a particle evaporation zone. The 

first event occurs near the inlet of the reactor where the catalyst precursor decomposes 

and liberates metal atoms. The second nucleation event is near the outlet of the reactor 

where particles recondense from a metal vapor (generated within the hot zone just prior) 

cooling along a decreasing temperature gradient. Hoecker, et al. hypothesized that CNT 

growth is influenced more by the second nucleation event212. To test this hypothesis, they 

conducted a series of experiments to decouple the catalyst formation from the CNT 

aerogel formation213. In this series of experiments, two reactors were used: one for the 

catalyst particle generation and the other for CNT aerogel production. The size and mass 

distribution of catalyst particles from ferrocene and thiophene decomposition in the first 

furnace were characterized. By changing the temperature and residence time of ferrocene 

and thiophene in the first reactor, control of the particle size and catalyst mass 

concentration was achieved prior to being introduced into the second growth reactor. 

From these experiments, no correlation between the initial size of the catalyst particles 

and the formation and diameter of CNT bundles was found. In fact, catalyst particles with 

 
 

211 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel”; Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst 
Nucleation Processes and a Critical Catalyst Particle Mass Concentration”; Hoecker et al., “Catalyst 
Nanoparticle Growth Dynamics and Their Influence on Product Morphology in a CVD Process for 
Continuous Carbon Nanotube Synthesis.” 
212 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel”; Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product 
Morphology in a CVD Process for Continuous Carbon Nanotube Synthesis.” 
213 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
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diameters that are considered ideal for CNT growth did not result in CNT aerogel 

formation in the second growth furnace. Furthermore, when catalyst particles with 

diameters much larger than typical CNT diameters (diameter greater than 100 nm) were 

fed into the second reactor, a CNT aerogel was obtained. An initial critical mass 

concentration of catalyst material (FexCy > 1.1-1.6 x 102 mg/m3) was identified, below 

which no CNT aerogel formation occurs. The critical mass concentration was 

independent of the size or number concentration of catalyst particles. The critical mass 

concentration Hoecker, et al. calculated held true across published reports from other 

direct CNT fiber spinning groups. Below this critical mass concentration, the metal vapor 

would not be sufficiently saturated, and the re-nucleation of catalyst particles would be 

inadequate. As a result, the interaction between the catalyst and pyrolytic carbon species 

would be reduced. Furthermore, the critical mass concentration hypothesis held true for 

cobaltocene or iron generated from a spark generator. The results from these studies 

indicate that the second particle nucleation event may be more important for CNT growth 

than the initial nucleation. Focus should be paid to the conditions where pyrolytic carbon 

species and re-nucleated catalyst particles interact. 

Catalyst particle size and concentration are intricately connected to CNT growth 

and must therefore be carefully controlled. The three main reactor parameters for 

controlling the catalyst particles are: carrier gas flow rate, reactor temperature, and 

catalyst precursor supply rate. The field has found that catalyst particle diameters usually 

increase with lower carrier gas flow rate, higher reactor temperatures, and increased 
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supply rates. However, some of these conclusions have been challenged in recent studies, 

demonstrating the need for further investigation into catalyst particle nucleation.  

2.2.3.4. State of the Catalyst 

A question remains regarding the state of the catalyst, and whether particles are 

liquid or solid during CNT growth. While reactor conditions are generally below that of 

the melting point for bulk catalyst material, the melting point depression phenomena 

must be considered for nanoparticle catalysts. The Gibbs-Thompson equation can be used 

to model the impact of nanoparticle size on melting temperature214: 

𝑇 = 𝑇 −
6휎𝑉

𝑑 𝛿 𝑆
 

where Tm is the melting point of the nanoparticle, Tm
o is the melting point of the bulk 

solid, V is the surface tension, Vs is the molar volume of the solid, dp is the particle 

diameter, and δmSo is the entropy of melting. The critical diameter predicted by the 

Gibbs-Thompson equation at which the particle melts for a given temperature is given 

by: 

𝑑 , =
6휎𝑉

(𝑇 − 𝑇)𝛿 𝑆
 

 

 
 

214 Kaptay, “The Gibbs Equation versus the Kelvin and the Gibbs-Thomson Equations to Describe 
Nucleation and Equilibrium of Nano-Materials.” 
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Surface tension values used here were taken from literature for bulk alloys in lieu of 

surface tension values for nanoparticles215. Plotting the critical melting diameter as a 

function of temperature allows the expected state to be determined. As can be seen in 

Figure 2.9, the Gibbs-Thompson equation predicts that iron particles below 15 nm will 

be liquid even at a relatively low temperature of 600 ºC. When impurities such as carbon 

or sulfur are considered, it increases the probability that iron particles under typical 

growth conditions will be at least partially liquid216. Impurities usually result in melting 

point depression by increasing the particle surface tension, as is the case for carbon217. 

This means that particles within the appropriate size range for CNT growth will likely be 

liquid under typical FCCVD reactor conditions. Molecular dynamics simulations are 

consistent with this observation, though the exact melting temperature values vary218.  

 Several experimental studies have attempted to elucidate the active state of 

catalyst particles through in-situ catalyst sampling. Anisimov, et al. attempted a series of 

in-situ samplings to map the catalyst changes as it moved through the reactor219.  

 
 

215 A. Kasama et al., “Surface Tension of Liquid Iron and Iron-Oxygen Alloys,” Canadian Metallurgical 
Quarterly 22, no. 1 (1983): 9–17. 
216 B. Alemán et al., “Inherent Predominance of High Chiral Angle Metallic Carbon Nanotubes in 
Continuous Fibers Grown from a Molten Catalyst,” Nanoscale 8, no. 7 (2016): 4236–44, 
https://doi.org/10.1039/C5NR07455J. 
217 W. D. Callister, Jr. and D. G. Rethwisch, Materials Science and Engineering: An Introduction, 8th 
Edition (Hoboken, NJ, USA: John Wiley & Sons, Inc., 2010); J. Lee and K. Morita, “Effect of Carbon and 
Sulphur on the Surface Tension of Molten Iron,” Steel Research 73 (September 2002): 367–72. 
218 Feng Ding, Arne Rosén, and Kim Bolton, “Size Dependence of the Coalescence and Melting of Iron 
Clusters: A Molecular-Dynamics Study,” Physical Review B 70, no. 7 (August 2004), 
https://doi.org/10.1103/PhysRevB.70.075416. 
219 Anisimov et al., “Mechanistic Investigations of Single-Walled Carbon Nanotube Synthesis by Ferrocene 
Vapor Decomposition in Carbon Monoxide.” 
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Figure 2.9 Predicted iron nanoparticle melting temperature as a function of 
temperature determined from Gibbs-Thompson equation. 

 

SWCNTs were grown using CO as a carbon feedstock, ferrocene as the catalyst 

precursor, and a small concentration of water vapor. Two temperature profiles were 

tested: a “low temperature” profile defined by a maximum temperature of 862˚C and a 

“high temperature” profile characterized by a maximum temperature of 1054˚C. Active 

nanoparticles were indexed primarily to the γ-Fe phase and, to a lesser extent, the α-Fe 

phase. Inactive nanoparticles were attributed to the Fe3C phase, formed near the reactor 

entrance, and later converted to pure iron through etching by carbon dioxide formed on 

the reactor walls and water vapor supplied to the system. In-situ sampling experiments 

revealed that SWCNTs continuously grew along the length of the reactor for the low 

temperature profile. In comparison, the high temperature conditions resulted in rapid 

initial growth, but early termination evidenced by static SWCNT lengths at several 

downstream positions in the reactor. Growth termination was attributed to two different 
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mechanisms: larger degree of SWCNT bundling in the high temperature profile which 

restricted continuous carbon supply to the catalyst during growth, and a change in the 

catalyst phase from solid to liquid as the particles moved into the hot zone of the reactor. 

Anisimov, et al. estimated the melting temperature of the catalyst nanoparticles using the 

Gibbs-Thomson equation; between 900-950˚C, the Kelvin equation predicted catalyst 

particles with diameters under 8.2 - 9.0 nm would melt. TEM measurements of catalyst 

particles collected from different positions along the length of the reactor for the high 

temperature profile revealed that catalyst particles fell within the range of these 

diameters, implicating catalyst melting in the hottest zone of the reactor. Ci, et al. also 

proposed that the phase change of catalyst particles at high reactor temperatures resulted 

in a change in the morphology of carbon deposits220. Unlike Anisimov, et al., they argued 

liquid catalyst particles were necessary for CNT growth. For straight and small-diameter 

nanotubes to grow, catalyst particles had to be sufficiently heated to above the melting 

temperature of the iron/graphite eutectic point (approximately 1140˚C), below which 

only amorphous carbon deposits were collected.  

These studies suggest that a phase transition occurs for catalyst particles in the 

reactor which has implications for CNT growth. Anisimov, et al. went even further to 

study the crystallographic phase of catalyst particles from in-situ sampling with ex-situ 

 
 

220 Ci et al., “Carbon Nanofibers and Single-Walled Carbon Nanotubes Prepared by the Floating Catalyst 
Method.” 
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analysis221. Given the complexity of conducting in-situ catalyst characterization for 

FCCVD systems, drawing conclusions from in-situ STEM or TEM studies on supported 

catalyst systems may provide some insight222. In-situ microscopy studies have revealed 

that catalyst particles are at least partially crystalline. One such study reported by Wirth 

et al. investigated the phase of iron catalyst nanoparticles during CVD of CNTs by in-situ 

grazing-incidence X-ray diffraction, X-ray reflectivity, and environmental transmission 

electron microscopy223. A single Fe nanoparticle contained a mixture of γ/α phases, 

partially attributed to the presence of residual carbon from nucleation. Both reactor 

temperature and impurities (e.g. carbon) influenced the particle morphology. Particles 

that were γ-phase rich remained in a metallic state during growth, while α-rich particles 

formed Fe3C. A similar phase mixing phenomenon may occur for particles nucleated in 

the gas phase, and may be amplified due to the absence of a catalyst support.  

The catalyst physical state may also effect the chirality of the CNTs grown, with 

several experimental studies demonstrating chirality control of SWCNTs224. One such 

 
 

221 Anisimov et al., “Mechanistic Investigations of Single-Walled Carbon Nanotube Synthesis by Ferrocene 
Vapor Decomposition in Carbon Monoxide.” 
222 Stefano Mazzucco et al., “Direct Evidence of Active and Inactive Phases of Fe Catalyst Nanoparticles 
for Carbon Nanotube Formation,” Journal of Catalysis 319 (November 2014): 54–60, 
https://doi.org/10.1016/j.jcat.2014.07.023; Julio A. Rodríguez-Manzo et al., “In Situ Nucleation of Carbon 
Nanotubes by the Injection of Carbon Atoms into Metal Particles,” Nature Nanotechnology 2, no. 5 (May 
2007): 307–11, https://doi.org/10.1038/nnano.2007.107; Andreas K. Schaper et al., “The Role of Iron 
Carbide in Multiwalled Carbon Nanotube Growth,” Journal of Catalysis 222, no. 1 (February 15, 2004): 
250–54, https://doi.org/10.1016/j.jcat.2003.11.011; Hideto Yoshida et al., “Atomic-Scale In-Situ 
Observation of Carbon Nanotube Growth from Solid State Iron Carbide Nanoparticles,” Nano Letters 8, no. 
7 (July 2008): 2082–86, https://doi.org/10.1021/nl080452q. 
223 Christoph T. Wirth et al., “The Phase of Iron Catalyst Nanoparticles during Carbon Nanotube Growth,” 
Chemistry of Materials 24, no. 24 (December 21, 2012): 4633–40, https://doi.org/10.1021/cm301402g. 
224 Liao et al., “Direct Synthesis of Colorful Single-Walled Carbon Nanotube Thin Films”; Zhu et al., “The 
Use of NH 3 to Promote the Production of Large-Diameter Single-Walled Carbon Nanotubes with a Narrow 
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study sought to determine the connection between catalyst composition and the chirality 

distribution for as-grown CNTs225. Chiang and Sankaran had previously developed an 

atmospheric-pressure microplasma reactor to continuously deliver nickel catalyst 

particles with a defined average diameter and diameter distribution226. This study found 

an intimate relationship between the catalyst diameter, the CNT diameter, and the number 

of CNT walls. In a follow-up study, they investigated the influence of the composition in 

a NixFe1-x catalyst on the chirality distribution of as-grown SWCNTs227. To determine 

chirality distribution as a function of the catalyst composition, the SWCNTs produced 

were characterized with a combination of UV-Vis-NIR absorbance spectroscopy, micro-

Raman spectroscopy, and photoluminescence spectroscopy. Increasing the iron content of 

the particles resulted in a decrease in the relative abundance of metallic CNTs and a shift 

in the S11 peak observed in the UV-Vis-NIR absorbance spectra from (9,4) SWCNTs 

with pure Ni catalyst to (7,6) SWCNTs with Ni0.67Fe0.33 to (8,4) SWCNTs with Ni0.5Fe0.5 

and Ni0.27Fe0.73. SWCNTs catalyzed from the Ni0.27Fe0.73 exhibited the narrowest chirality 

distribution, showing a preference for small-diameter semiconducting SWCNTs. When 

 
 

( n,m ) Distribution”; Liu et al., “Diameter-Selective Growth of Single-Walled Carbon Nanotubes with 
High Quality by Floating Catalyst Method”; Wei-Hung Chiang and R. Mohan Sankaran, “Linking Catalyst 
Composition to Chirality Distributions of As-Grown Single-Walled Carbon Nanotubes by Tuning Ni x Fe 
1−x Nanoparticles,” Nature Materials 8, no. 11 (November 2009): 882–86, 
https://doi.org/10.1038/nmat2531. 
225 Chiang and Sankaran, “Linking Catalyst Composition to Chirality Distributions of As-Grown Single-
Walled Carbon Nanotubes by Tuning Ni x Fe 1−x Nanoparticles.” 
226 Wei-Hung Chiang and R. Mohan Sankaran, “In-Flight Dimensional Tuning of Metal Nanoparticles by 
Microplasma Synthesis for Selective Production of Diameter-Controlled Carbon Nanotubes,” The Journal 
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pure Ni or a NixFe1-x catalysts were used, SWCNTs were successfully grown at 600˚C, 

while growth from pure iron catalyst particles could only be achieved at temperatures 

above 700˚C. At 700˚C, both Ni0.27Fe0.73- and Fe- catalyzed SWCNTs exhibited a broad 

chirality distribution, evidenced by UV-Vis-NIR absorbance spectra and micro-Raman 

spectra. Chiang and Sankaran concluded that the chirality distribution of SWCNTs arose 

because of changes in the crystallographic structure of NixFe1-x. These changes were 

expected to alter the lattice matching between the catalyst and the initial SWCNT cap. 

However, these conclusions are only valid at low-temperature FCCVD reactor conditions 

where the catalyst particles were expected to be crystalline. Higher temperatures also 

reduced the effect of the catalyst on the SWCNT structure; at higher temperatures, the 

catalyst particles were more likely to be in a liquid-like state whereby no catalyst 

structure-induced chirality preference would result. 

Molecular dynamics simulations may offer some additional insights into the 

connection between the state of the catalyst particles and the resulting CNT chirality 

distribution. Artyukhov, et al. investigated chiral selectivity combining both nucleation 

dynamics and growth kinetics for CNTs with diameters of 0.8 and 1.2 nm from a flat 

Ni(111) slab228. The simulation found a strong preference for the growth of (n, n-1) near-

armchair CNTs on a solid slab surface, particularly for (6,5) and (9,8) tubes. These results 

are consistent with experimental studies which report a high population of (6,5) and (9,8) 

CNTs. Furthermore, in calculating general (n, m) distributions using interface energy 
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fitting, they found the peak diameter distribution balanced two competing effects. First, 

small-diameter CNTs were preferred when considering interface energies, and second, 

large-diameter CNTs were more favorable in view of the configurational entropy of CNT 

caps. The growth of minimally chiral CNTs was a balance between less 

thermodynamically favorable nucleation of chiral CNTs and kinetically slower growth of 

achiral CNTs. However, the model predicted a broader chirality distribution from liquid 

catalyst particles where kinetics become the dominant driving force for chirality 

selection. The fastest growth rates were predicted for (2m, m) CNTs. 

It is important to note that current FCCVD systems are dynamic and changes in 

temperature gradients or residence times may affect the physical state of catalyst 

nanoparticles. Impressive in-situ and molecular dynamics simulation work has been done 

for supported catalyst systems, but the extent to which conclusions from these systems 

can be extended to fluidized, unsupported catalyst particles is unknown. Particularly for 

FCCVD systems, in-situ catalyst studies are difficult and often rely on ex-situ analysis. 

The effect of temperature on the state of the catalyst and the deactivation of the catalyst 

in FCCVD systems remains an open question. For more recent studies that conducted in-

situ catalyst particle sampling to determine the effects of temperature gradients, see 

Section 2.2.5.3. 

2.2.3.5. Catalyst Utilization 

Few studies have considered catalytic efficiency within the FCCVD process, 

defined here as either the atomic ratio of carbon in CNT to metal catalyst or the 

percentage of catalyst particles that successfully nucleate a CNT. The catalytic efficiency 
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is particularly crucial for FCCVD processes as growth time is on the order of seconds and 

residual catalyst particles are considered an impurity to be removed via post-processing 

purification. Maximizing catalytic efficiency is critical for process optimization. 

Based on their HiPco process, Nikolaev, et al. estimated the ideal C:Fe ratio to be 

approximately 1000:1, assuming 100-atom iron clusters growing 1-micron long 

SWCNTs229. However, their experimental C:Fe ratios of between 5:1 and 10:1 indicated 

that not all the iron participated in SWCNT nucleation. Instead, most of the iron was 

consumed in continued nanoparticle growth after SWCNT nucleation. Similarly, Gspann, 

et al. reported a very low carbon conversion efficiency of 2% with most of the carbon 

exiting unreacted or converted into amorphous carbon and small, uncollected CNTs230. 

Half of the iron input was found with the collected CNTs, while the rest exited as gas-

born particles or deposited on the reactor walls. For the iron collected with the CNTs, 

only 0.5% of the iron was estimated to have successfully nucleated a CNT. This 

calculation was made based on the assumption of CNTs with three walls, 10 nm in 

diameter, and 100 microns long. Reguero, et al. reported an even lower catalyst 

utilization, suggesting < 0.1% of catalyst particles lead to CNT nucleation231. These 

 
 

229 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
230 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route.” 
231 Víctor Reguero et al., “Controlling Carbon Nanotube Type in Macroscopic Fibers Synthesized by the 
Direct Spinning Process,” Chemistry of Materials 26, no. 11 (June 10, 2014): 3550–57, 
https://doi.org/10.1021/cm501187x. 
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reports demonstrate that overall catalyst efficiency is very low and presents a major 

opportunity for process improvement. 

Nikolaev, et al. were among the first to try and increase catalyst utilization232. By 

increasing the heating rate of the catalyst precursor and increasing the CO pressure, faster 

CO disproportionation rates were achieved, and lower catalyst input could be used. In a 

follow-up study, larger production rates at higher CO pressures were confirmed233. They 

found at all pressures that SWCNT production could be initially increased with larger 

catalyst precursor inputs. Higher catalyst flow rate meant more iron to produce SWCNT-

nucleating nanoparticles. However, too much catalyst reduced SWCNT yield due to more 

catalyst precursor leading to larger nanoparticles that could not nucleate SWCNTs. At the 

highest catalyst input, a slight increase in SWCNT mass was found, but much of the 

additional mass was carbonaceous deposits. To prevent the aggregation of iron 

nanoparticles, they suggested using nucleating agents like molybdenum or tungsten 

which they surmised would rapidly sequester iron in small clusters. A multi-zone 

showerhead configuration was designed which allowed the nucleation of iron 

nanoparticles and CNT growth to occur separately at their optimum temperatures. For a 

similar CO and Fe(CO)5 system, Bladh, et al. found growth was enhanced when 

 
 

232 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
233 Bronikowski et al., “Gas-Phase Production of Carbon Single-Walled Nanotubes from Carbon Monoxide 
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hydrogen was added to the reactor234. Hydrogen could react with CO to produce more 

carbon which they believed would ensure an adequate carbon supply to the iron 

nanoparticles before the catalyst was overcoated and deactivated. Process modifications 

explored in CO-based FCCVD have considered the lifetime of the catalyst and ways to 

either increase the number of active catalyst particles or maximize the available growth 

time.  

In addition to lengthening the catalyst lifetime or increasing the number of active 

catalyst particles, better catalyst usage also requires identifying where the catalyst is lost 

or how it is consumed. Experimental studies by Hoecker, et al. suggested the primary 

catalyst loss mechanisms were wall deposition and iron leaving in the gas phase235. For 

the catalyst that was not lost, a large discrepancy between catalyst and carbon availability 

was found. They concluded that when iron nanoparticles passed through the hot zone of 

the reactor, many evaporated and were unavailable to catalyze CNT growth at the time 

when carbon was most available236. At the exit of the reactor where temperatures 

dropped and abundant carbon was present, catalyst particles re-nucleated and catalyzed 

impurity formation rather than CNT growth. SEM images of CNTs collected at different 

axial locations in the reactor are shown in Figure 2.10, which support these conclusions. 

 
 

234 Bladh, Falk, and Rohmund, “On the Iron-Catalysed Growth of Single-Walled Carbon Nanotubes and 
Encapsulated Metal Particles in the Gas Phase.” 
235 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis.” 
236 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel”; Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product 
Morphology in a CVD Process for Continuous Carbon Nanotube Synthesis.” 



 
117 

 

The largest accumulation of impurities was found near the exit of the reactor due to the 

secondary catalyst nucleation event. These findings help explain the low catalyst 

utilization.  

 

Figure 2.10 SEM images of in-situ samples from various axial positions in an 
FCCVD process using methane as carbon source, ferrocene as catalyst precursor, 

hydrogen as carrier gas, and thiophene as growth promoter. [Reprinted from 
Hoecker, et al.237 with permission from Elsevier. License number 4924870343430.] 
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Enhancing the catalytic efficiency in the FCCVD process requires understanding 

the major sources of catalyst loss and how to effectively inject the catalyst particles to 

maximize the contact with feedstock (utilization). Developing such an understanding will 

enable an increase in the fraction of iron that contributes to CNT nucleation rather than 

impurity formation or growth of large catalyst nanoparticles. Coupled with the 

fundamental understanding on catalyst dynamics within the reactor is the capability 

(equipment) needed to deliver controlled catalyst nanoparticles. Advancements in 

understanding of what factors contribute to low catalyst utilization presents an 

opportunity for significant process improvements. 

2.2.4. Effect of Sulfur and Other Group 16 Elements 

Unique to FCCVD systems, sulfur has often been used to enhance the apparent 

catalytic activity and resultant CNT (number of walls, diameter). Sulfur’s potential as a 

growth promoter in vapor phase reactions was first realized for vapor-grown carbon 

fibers (VGCFs). Among the earliest reports of its use, US Patent 2,796,331 claims a 

process for making fibrous carbon from a mixture of coke oven gas, hydrogen, and 

hydrogen disulfide at temperatures between 1150˚C and 1450˚C238. Though carbon fibers 

could be obtained without hydrogen disulfide, a small amount of hydrogen disulfide (0.4 

vol. %) significantly increased carbon fiber yield. However, at this time the true catalyst 

 
 

238 Harry Kauffman and David Griffiths, Process for Making Fibrous Carbon, United States Patent Office 
2,796,331 (Pittsburgh, PA, filed June 9, 1954, and issued June 18, 1957), 
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(iron) for VGCFs had not been identified. Forty years later, Tibbetts, et al. studied the 

effect of sulfur on the state of iron catalyst nanoparticles during the production of 

VGCFs239. By carefully controlling the amount of hydrogen disulfide injected into the 

reactor together with methane as the carbon feedstock and Fe(CO)5 as the catalyst 

precursor, higher yields of good quality VGCFs were obtained. Sulfur’s role in gas phase 

reactions was attributed to it reducing the melting point of catalyst particles, since liquid 

catalyst nanoparticles better nucleate fibers. This reasoning was justified by two 

experimental observations. First, X-ray fluorescence results indicated high sulfur 

concentrations in the nanoparticles, suggesting full sulfur solvation, though X-ray 

fluorescence is a bulk analytical method, and it is unable to distinguish sulfurs position 

e.g. within the bulk or on surface of the nanoparticle. Second, a sharp decrease in fiber 

yield and quality occurred below the Fe-S eutectic point at 988˚C.  

In early work on CNT growth by the arc discharge method, sulfur was employed 

and its effects on the CNT morphology were studied240. Kiang, et al. noted when no 

sulfur was present, CNTs grown in a graphite/cobalt system featured narrow diameter 

distributions, typically between 1-2 nm241. Adding sulfur boosted CNT growth but the 

CNTs were found to have a wider diameter distribution ranging from 1 to 6 nm. 

 
 

239 Gary G. Tibbetts et al., “Role of Sulfur in the Production of Carbon Fibers in the Vapor Phase,” Carbon 
32, no. 4 (1994): 569–576. 
240 C.-H. Kiang et al., “Vapor-Phase Self-Assembly of Carbon Nanomaterials,” Chemical Physics Letters 
259, no. 1–2 (1996): 41–47; Ching-Hwa Kiang et al., “Catalytic Synthesis of Single-Layer Carbon 
Nanotubes with a Wide Range of Diameters,” The Journal of Physical Chemistry 98, no. 26 (1994): 6612–
6618. 
241 Kiang et al., “Catalytic Synthesis of Single-Layer Carbon Nanotubes with a Wide Range of Diameters.” 
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Regardless of sulfur’s presence, the majority of CNTs had diameters between 1.3 and 1.5 

nm. It was suggested that sulfur might remove terminating groups at the ends of growing 

CNTs or bond and stabilize large-diameter CNTs. In a follow-up study, sulfur was noted 

to effect the yield and morphology of CNTs, particularly at lower temperatures242. 

Consistent with the previous report, sulfur enhanced CNT yield and produced SWCNTs 

with diameters ranging from 1-6 nm, together with a much greater variety of carbon 

nanomaterials ranging from carbon nanofibers, MWCNTs, and filled CNTs. Sulfur’s 

effect on the enhancement of the catalyst activity was key for the formation of such 

structures, especially at lower temperatures. Again, sulfur’s role was attributed to 

maintaining open CNT ends during growth. 

As a result of its wide recognition as a growth promoter, sulfur has been a key 

component in many FCCVD processes. However, its use has implications on the 

morphology of CNTs and the mechanism for sulfur-enhanced growth is a subject of 

ongoing research. 

2.2.4.1. Sulfur’s Effect on CNT Growth 

Several studies suggest that increasing the sulfur concentration leads to more CNTs 

with a greater number of walls. Kiang, et al. noted the coexistence of large-diameter 

MWCNTs and SWCNTs in soot from arc discharge when sulfur was present, as opposed 
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to only SWCNTs without sulfur243. In an early study of sulfur-enhanced FCCVD growth, 

sulfur containing thiophene was introduced with benzene, ferrocene, and hydrogen into a 

furnace at 1200˚C244. Consistent with previous studies, CNT yield increased with sulfur 

but the composition of the CNTs was inextricably linked to the concentration of sulfur. 

For low thiophene concentrations (0.5-5.0 wt.%), the product was primarily SWCNTs; 

higher concentrations (greater than 5.0 wt.%) led to MWCNTs growth. The yield-

enhancing effect of sulfur must therefore be balanced with the tendency of MWCNT 

formation at higher sulfur additions.  

A study by Ci, et al. found that sulfur was key to growing DWCNTs from the 

pyrolysis of acetylene in the presence of ferrocene245. Adding sulfur to the catalyst 

mixture increased the product yield by a factor of five with maximum CNT yield for a 

S:Fe ratio between 1:64-1:8, and a simultaneous increase in the number of walls. 

DWCNTs were observed when thiophene was added compared with SWCNTs without 

sulfur. It was concluded that sulfur changed the growth kinetics of CNTs rather than the 

thermodynamics. Small amounts of sulfur were detected using EDS measurements, 

suggesting surface coating rather than complete Fe-S mixture of the bulk catalyst. 

According to Ci, et al., small amounts of sulfur were necessary to overcome kinetic 

barriers associated with the growth of a second CNT wall.  

 
 

243 Kiang et al. 
244 Cheng et al., “Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes by the 
Catalytic Pyrolysis of Hydrocarbons.” 
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Several studies have noted an increase in the number of walls and diameter 

distribution of CNTs grown as the concentration of sulfur in the reactant mixture 

increased246. In a study by Ren, et al. using methane as carbon source, hydrogen as 

carrier gas, and ferrocene as catalyst precursor, a mixture of SWCNTs, MWCNTs, and 

amorphous carbon was produced when no sulfur was present247. With a small addition of 

sulfur, primarily small-diameter SWCNTs were grown. Gradual increases in sulfur 

addition resulted in increases in the diameters, diameter distributions, number of walls 

observed, and the overall heterogeneity of the product, supported by HRTEM 

measurements and Raman RBM peak shifts to lower frequencies indicating larger-

diameter CNTs. This trend with respect to sulfur addition occurred when either methane 

or ethanol was used, although changes in CNTs were more acute with methane. 

Consistent findings were reported by Reguero, et al. using butanol as the carbon 

feedstock248. Additions of 0.1-0.2 wt% sulfur resulted in SWCNTs, while increasing 

sulfur concentration to 1.5 wt% resulted in MWCNTs. At intermediate sulfur 

concentrations, large diameter, collapsed SWCNTs were obtained. These results were 

supported by TEM images and the upshift in the 2D (G’) band in Raman spectra. 

 
 

246 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method”; Jinquan Wei et al., “The Effect of Sulfur on the Number of Layers in a Carbon Nanotube,” 
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Method.” 
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One study suggested higher sulfur concentrations may actually result in fewer 

CNT walls. Lee, et al. conducted a design of experiments study in order to determine the 

experimental factors with the greatest influence on CNT fiber direct spinning249. Their 

process utilized methane as carbon source, a hydrogen/argon carrier gas mixture, and 

sulfur as growth promoter. Sulfur concentration was found to have a significant effect on 

the morphology of the carbon fibers, particularly when the methane flow and reactor 

temperature were at their highest values in the study. They concluded that higher sulfur 

content in the system promoted methane decomposition at the catalyst surface and sulfur-

assisted growth enhancement was greatest when the temperature exceeded the eutectic 

point of the iron-sulfur system. At higher sulfur/methane molar ratios the direct spinning 

process was negatively affected. It is possible that the lowest sulfur flow rate used in this 

study (4.7×10-9 mol/min) was too low and resulted in too few active catalyst particles 

present for CNT growth.  

Most researchers agree that sulfur addition is necessary to increase the CNT yield. 

However, using sulfur also results in more diverse products (larger diameter distributions, 

mixtures of single- and multi-walled CNTs). It is unknown if higher catalytic activity can 

be achieved while maintaining product quality. A report by Paukner and Koziol suggests 

sulfur-free growth is better overall250. They demonstrated that excess sulfur poisons the 
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catalyst and promotes impurity formation, resulting in defective CNTs. Raman spectra 

normalized to the G peak collected for CNTs grown using toluene as a carbon feedstock, 

ferrocene as catalyst, and small additions of thiophene as a growth promoter reveal a 

significant increase in the ID/IG ratio with S/C ratios as low as 0.05; this is indicative of a 

marked increase in defects in the CNTs, Figure 2.11. Additionally, only the Raman 

spectra from CNTs grown without a sulfur promoter showed RBM peaks characteristic of 

SWCNTs. In contrast, even at low sulfur concentrations, no RBM peaks were observed. 

Furthermore, SEM images reveal evidence of significant impurity formation with 

thiophene present, compared to the sulfur-free growth. To enhance sulfur-free growth, the 

authors suggested that optimized injection temperature could result in direct fiber growth 

of SWCNTs with high degrees of crystallinity and minimum impurities. These results 

implicate sulfur as a barrier for future scale-up efforts of high-quality SWCNT growth. 

Even so, its role should be properly understood. 

There are two additional points that must be addressed when reviewing the effect 

of sulfur in FCCVD CNT processes. First, there is little attention paid to decoupling the 

impact of sulfur on the catalyst (size, distribution) vs. the CNT growth. More insights to 

defining the relationship of sulfur to these two fundamental steps in the FCCVD process 

are critical. Second, other CNT growth processes (fluidized bed, fixed bed, substrate) do 

not typically require sulfur to achieve CNT growth, which suggests that something 

unique to the current FCCVD process requires sulfur. Both of these points deserve more 

investigation which may help FCCVD become more productive and potentially simplify 
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the process if sulfur is ultimately not required for efficient production of high-quality 

CNTs. 

 

Figure 2.11 (a) Raman spectra for CNTs grown from toluene/ferrocene solution 
with different S:C ratios. The spectra are normalized to the G peak and offset from 
each other. (b) Correlation between S:C ratio and ID/IG ratio as well as ID/I2D ratio. 

[Adapted with permission from Paukner and Koziol251] 
 

2.2.4.2. Mechanisms for Sulfur-Assisted Growth 

The mechanism by which sulfur enhances CNT growth remains an open question, 

although several hypotheses have been suggested. Based on their observations of the 

evolution of CNT morphology with increasing sulfur content, Ren, et al. postulated a 
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localized liquid zone (LLZ) growth mechanism distinct from the yarmulke 

mechanism252. HRTEM images revealed catalyst particles with diameters much larger 

than those of the CNTs observed and CNTs with closed caps, which was suggestive of a 

root-growth mechanism from a small, localized zone on the surface of the catalyst (Stage 

NG). According to the LLZ mechanism, thiophene would preferentially decompose on 

the surface of the catalyst particle where there existed a higher number of defects. By 

absorbing sulfur, metal-metal bonding among surface and bulk atoms was weakened 

which enhanced surface reconstruction of the catalyst. Catalytic decomposition of the 

carbon source was anticipated to occur preferentially at zones with higher local sulfur 

content. Once carbon dissolved into these localized zones and the concentration 

saturated, carbon would precipitate to form graphitic layers on the surface before being 

“lifted off” and initiating CNT growth (Stage NG). In addition to creating LLZs, sulfur 

enhanced the formation of smaller graphitic caps by stabilizing the dangling carbon 

bonds at the border of graphene sheets and increasing the number of five-membered ring 

defects necessary to form small caps. Sulfur also prevented further graphitic cap growth 

by anchoring it to the surface of the catalyst. The change in CNT diameter with 

increasing sulfur concentration was attributed to changes in the cap’s surface tension. For 

successful “lift off” from the surface of the catalyst, the graphitic cap must overcome 

both the surface tension of the sheet and the adhesive forces between the carbon and 
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metal atoms. As a result of sulfur-carbon interactions, the carbon-metal interactions 

weakened, and higher sulfur concentrations facilitated larger graphene sheets. Sulfur also 

introduced more defects into the graphitic cap and facilitated the bending of larger 

graphitic caps away from the surface of the catalyst. The positive correlation between the 

number of walls in the CNTs, as well as the overall CNT yield, and sulfur content was 

attributed to sulfur’s effect on the surface reconstruction of the catalyst. Because of this 

effect, carbon decomposition at the catalyst surface was increased and more carbon was 

supplied to the growing CNTs which translated to an increased number of walls 

observed. Yield would also be expected to increase because of higher carbon supply, 

which was observed experimentally at high sulfur concentrations. In their sulfur-assisted 

CNT growth mechanism, Ren, et al. identified the temperature gradient in the reactor as 

critical for stabilizing the LLZs253. Localized, active sites on the surface of a catalyst 

nanoparticle would result only at temperatures low enough where the bulk of the catalyst 

remained solid and inactive towards methane decomposition, Figure 2.12. This 

mechanism suggests that catalyst particles with larger diameters could produce small 

diameter SWCNTs and DWCNTs. In the presence of sulfur, thermal gradients were 

anticipated to be instrumental for the stabilization of localized liquid zones which favored 

the nucleation of SWCNTs and DWCNTs. However, no detailed analyses of the reactor 

or modeling were presented.  
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Figure 2.12 Representation of sulfur-assisted CNT growth from LLZ and changes in 
number of walls with respect to temperature gradient. [Reprinted with permission 

from Ren, et al.254. Copyright 2006 American Chemical Society] 
 

Findings from Wei, et al. appear to agree with the sulfur-assisted LLZ growth 

mechanism255. However, they rationalized the role of sulfur based on the formation of a 

Fe-FeS eutectic phase. The FeS phase was anticipated to have a much lower surface 

energy than iron which might reduce the activation energy for CNT nucleation. The study 

concluded that CNTs nucleated from localized zones on the surface of the catalyst and 

the size of these zones increased with higher concentrations of sulfur. The authors also 

stated that the size of the active surface on the catalyst would determine the final number 
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of CNT walls, and therefore the number of CNT walls was related to the sulfur content in 

the catalyst. 

In another study, Motta, et al. rationalized the role of sulfur based on the Fe-C-S 

ternary phase diagram256. The ternary Fe-C-S diagram at 1400˚C indicates the presence 

of two immiscible liquids, one rich in carbon and one rich in sulfur. Increasing sulfur 

content in iron nanoparticles significantly reduced the solubility of carbon in iron. This 

observation was crucial for their proposed mechanism for sulfur-assisted growth. In the 

presence of sulfur and under typical growth conditions, iron nanoparticles were 

anticipated to be composed of two immiscible liquids, one rich in carbon and the other 

rich in sulfur. Based on other studies related to the influence of sulfur on the surface 

tension of iron in addition to well-known observations from steel production, the sulfur-

rich phase was predicted to segregate to the surface of the iron particles. There, sulfur 

would help reduce the particle surface tension and the interfacial energy between the 

graphitic layer and the iron nanoparticle257. This prediction was supported experimentally 

 
 

256 M. S. Motta et al., “The Role of Sulphur in the Synthesis of Carbon Nanotubes by Chemical Vapour 
Deposition at High Temperatures,” Journal of Nanoscience and Nanotechnology 8, no. 5 (May 1, 2008): 
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https://doi.org/10.2355/isijinternational.42.588; S. Jung et al., “Effects of Sulfur on Interfacial Energy 
between Fe-C Melt and Graphite,” Journal of Materials Science 40, no. 9–10 (May 2005): 2227–31, 
https://doi.org/10.1007/s10853-005-1938-3; C. Wu and V. Sahajwalla, “Dissolution Rates of Coals and 
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from ex-situ analysis of the residual catalyst particles. Sulfur was mainly found at the 

interface between the iron particles and graphitic walls of the CNT. Furthermore, due to 

carbon’s low solubility in the thin sulfur-rich layer, Motta, et al. proposed that carbon 

would rapidly diffuse across the surface of the particle to the growing end of the CNT258. 

Sulfur would then help assemble the carbon atoms at the growing edge of the CNT while 

also limiting carbon encapsulation, even as particles grew larger.  

Reguero, et al. extended the ternary Fe-C-S discussion by determining the 

proportion of iron, carbon, and sulfur in inactive catalyst particles259. Using a 

combination of XPS, XRD, HRTEM, and organic elemental analysis, the composition of 

inactive particles was calculated to be a Fe:C:S ratio of 70:26:4. The catalyst particles 

possessed C-rich and S-rich liquid phases in equilibrium with a graphite phase. From 

these results, a mechanism in which most catalyst particles are inactivated early in the 

process was suggested. They identified S:C ratio as a key factor, as well as the timing of 

S and C introduction to the iron particle. If S is encountered after the iron particles have 
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incorporated a large amount of C, two immiscible liquids (one C-rich and one S-rich) 

would result. The C-rich phase was expected to be in equilibrium with graphite and this 

state would favor complete encapsulation. However, if S encountered an iron particle 

with a low carbon content, the C-rich and S-rich liquids would not be in equilibrium with 

graphite, and carbon would, instead, be extruded from the catalyst particle to form a 

CNT. Furthermore, their results indicated that while sulfur may increase the number of 

active particles, it did not increase the nucleation density. Particles instead tended to 

coalesce and grow, resulting in large-diameter CNTs with increasing number of walls at 

high S concentrations. Based on their observations, Reguero, et al. suggested that the 

decomposition of the C and S precursors was crucial to controlling the reaction yield, 

percentage of active catalyst particles, and CNT morphology. 

Gspann, et al. further investigated sulfur’s role during CNT nucleation260. 

Contrary to the LLZ-based mechanism, they assumed a correlation between the catalyst 

particle diameter and the CNT diameter at nucleation. A nucleation mechanism proposed 

by Gspann, et al. relied on the relative timing of the catalyst nanoparticles formation 

(Stage C) and carbon availability (Stage D) to explain the subsequent change in the 

average CNT diameter during growth, Figure 2.13. By switching to toluene, a less 

thermally stable carbon feedstock, carbon atoms were available for growth earlier in the 

reactor when the catalyst nanoparticles were smaller. This meant the amount of sulfur 
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introduced into the reactor could be reduced by a factor of 42, resulting in fewer walls 

and better crystallinity. In contrast, using methane meant that carbon availability was 

delayed to later stages in the reactor at which point catalyst nanoparticles could have 

grown. Higher sulfur concentrations were necessary to appreciably grow CNTs when 

using methane. Even when excess sulfur would likely poison the catalyst, they ascribed 

the continued catalytic activity to the presence of hydrogen in the reactor. Hydrogen 

could extract sulfur from the surface of the catalyst particles to form H2S, reducing the 

overall concentration of sulfur in the catalyst and extending the catalytic life of the 

particle. This proposed mechanism might explain why several other studies which report 

using methane and a sulfur additive select hydrogen as a carrier gas261. 

The nucleation mechanism proposed by Ren, et al.262 and Gspann, et al.263 are 

based on observations consistently reported throughout the literature: controlled addition 

of sulfur increase CNT yield, and higher sulfur contents are correlated with larger 

numbers of walls and lower CNT crystallinity. Both mechanisms consider the 

 
 

261 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel”; Peng Liu et al., “Electrical Property Enhancement of Carbon Nanotube Fibers from Post 
Treatments,” Colloids and Surfaces A: Physicochemical and Engineering Aspects 509 (November 2016): 
384–89, https://doi.org/10.1016/j.colsurfa.2016.09.036; Liu et al., “Diameter-Selective Growth of Single-
Walled Carbon Nanotubes with High Quality by Floating Catalyst Method”; Ren, Li, and Cheng, 
“Evidence for, and an Understanding of, the Initial Nucleation of Carbon Nanotubes Produced by a 
Floating Catalyst Method”; Rajyashree M. Sundaram, Krzysztof K. K. Koziol, and Alan H. Windle, 
“Continuous Direct Spinning of Fibers of Single-Walled Carbon Nanotubes with Metallic Chirality,” 
Advanced Materials 23, no. 43 (November 16, 2011): 5064–68, https://doi.org/10.1002/adma.201102754. 
262 Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial Nucleation of Carbon 
Nanotubes Produced by a Floating Catalyst Method.” 
263 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route.” 
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temperatures at which the iron, sulfur, and carbon become available, and in both 

mechanisms, sulfur is available only after catalyst nucleation.  

 

Figure 2.13 Proposed mechanism of sulfur-assisted CNT growth. (a) Early carbon 
availability (near axial entrance) in the reactor; (b) later carbon availability in the 
reactor where catalyst particles have had time to grow. [Reproduced from Gspann, 

et al.264 with permission from The Royal Society of Chemistry. License number 
1068993-1.] 

 

However, these mechanisms have a few key differences. First, the LLZ-based method 

does not consider particle coarsening or the possibility of further particle growth after the 

nucleation of CNTs. The CNT diameters observed in the product could be reflective of 

the diameters of the particles at the time of nucleation, rather than the final particle 

diameter resulting from coalescence at later stages in the reactor. The model by Gspann, 

et al. does not account for changes in carbon supply and changes in the rate of diffusion 
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of carbon through the particle, both of which may be key factors in sulfur-assisted 

growth. Finally, Ren, et al. attribute the increased number of walls as a direct 

consequence of higher sulfur concentrations increasing the size of the LLZs and the 

stabilization of larger graphitic sheets. In contrast, the mechanism reported by Gspann, et 

al. implied the number of walls is influenced primarily by the size of the catalyst particles 

at the time carbon becomes available. Further, they stated that larger sulfur 

concentrations are not the cause of a greater number of CNT walls, but rather a result of 

larger nanoparticles. 

2.2.4.3. The Effect of Sulfur Precursor 

Few studies regarding the role of the sulfur precursor on the type of CNTs 

produced have been reported. However, one study suggests the sulfur precursor may play 

a more significant role than simply as a growth enhancer265. Selecting a more unstable 

sulfur precursor, carbon disulfide, resulted in earlier sulfur coating on the surface of the 

catalyst, thereby promoting the growth of more SWCNTs. Due to the earlier release of 

sulfur and the relatively smaller catalyst particles, less sulfur was required to activate the 

catalyst and the sulfur content could be reduced. Raman results indicated less defective 

CNTs when carbon disulfide was used in place of thiophene. In addition, HRTEM 

images revealed bundles comprised of SWCNTs with diameters ranging between 1.1-2.0 

 
 

265 Sundaram, Koziol, and Windle, “Continuous Direct Spinning of Fibers of Single-Walled Carbon 
Nanotubes with Metallic Chirality.” 
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nm. Carbon disulfide also appeared to influence the chirality of the SWCNTs; metallic 

SWCNTs were predominantly found, as evidenced by Raman, HRTEM, and diffraction 

results. In contrast, CNTs produced using thiophene did not appear to have a predominant 

chirality. A mechanism that can explain the chiral preference of different sulfur 

promoters has not yet been proposed, though it may suggest a new means to achieve 

chiral-specific growth. A more recent article by Kaniyoor, et al. might suggest that the 

effect of the specific type sulfur promoter may not have as pronounced an effect on CNT 

growth as previously thought and that changes in CNT growth due to the specific type of 

sulfur promoter might only occur for low hydrogen flow rates266. 

2.2.4.4. Other Group 16 Growth Promoters 

Other group 16 elements have been investigated as alternative growth promoters 

to sulfur. A study by Mas, et al. sought to determine the effect of other group 16 elements 

on FCCVD synthesis of direct-spun CNT fibers267. Selenium and tellurium were 

successfully used as growth promoters and stable spinning conditions were achieved. 

However, the author’s discussion mainly focused on selenium. They determined that 

selenium and sulfur have similar effects on CNT growth, increasing the concentration of 

either lead to increased CNT diameters, increased number of walls, and decreased IG/ID. 

 
 

266 Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of 
Sulfur-Source.” 
267 Bartolomé Mas et al., “Group 16 Elements Control the Synthesis of Continuous Fibers of Carbon 
Nanotubes,” Carbon 101 (May 2016): 458–64, https://doi.org/10.1016/j.carbon.2016.02.005. 
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Selenium present in iron nanoparticles preferentially segregated at the surface of the 

nanoparticle to form a selenium-rich liquid layer. This layer assisted the catalytic 

decomposition of the carbon feedstock, stabilized the edges of the initial graphitic cap, 

and assisted in the cap lift-off via high interfacial energy between the graphene cap and 

the Fe-Se-C alloy. One difference between the sulfur and selenium systems was for a 

similar number of walls, the CNTs grown with selenium had slightly larger average 

diameters. Mas, et al. attributed this to a lower C solubility in the Fe-Se-C alloy and a 

greater reduction in surface tension for iron particles by selenium. To the best of our 

knowledge, no other studies have explored alternative growth promoters. 

2.2.5. Temperature 

Reaction and injection temperatures significantly influence thermodynamic, 

kinetic, and mass/thermal transport properties of gas-phase reactions and plays a major 

role in all stages of CNT growth. Temperature has already been reviewed in the context 

of other experimental parameters because it governs all chemical processes occurring 

during FCCVD synthesis. Increasing the reactor temperature will accelerate the 

decomposition of the catalyst precursor and carbon feedstock (Stage D) and increase the 

rate of random gas-phase collisions. It will affect catalyst nanoparticle formation (Stage 

C), CNT nucleation and growth (Stage NG), and will play a key role in catalyst 

deactivation and impurity formation (Stage DI). This section will cover the effect of 

reaction and injection temperature on CNT yield and crystallinity and the role of 

temperature gradients. 
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2.2.5.1. Temperature and CNT Yield 

Since temperature plays a large role in reactant decomposition, it is reasonable to 

expect higher temperatures will increase CNT yield. A study by Ren, et al. using methane 

as the carbon source, ferrocene as the catalyst precursor, and thiophene as a promoter, 

found that SWCNT yield increased with increasing temperature, in the range of 900-

1100˚C268. They concluded that the initial SWCNT nucleation occurs at a temperature 

below 900˚C and that at higher temperatures, the decomposition of methane (Stage D) 

and carbon diffusion through the catalyst nanoparticle were more pronounced. Higher 

temperatures also promoted the “lift off” of the graphitic caps on the surface of catalyst 

particles due to increased kinetic energy. For these reasons, better CNT yields and earlier 

CNT nucleation were achieved at higher reactor temperatures. 

A similar study by Yah, et al. found that MWCNT yield and growth rate increased 

with temperature using xylene/ferrocene solutions in a “swirling” FCCVD system269. 

Optimum operating temperatures were found to be between 900-1000˚C, due to a 

sufficiently high carbon diffusion rate through the catalyst particle. However, above 

1000˚C, a decrease in MWCNT was noted due to deactivation of catalyst nanoparticles 

from carbon overcoating (Stage DI). 

 
 

268 Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial Nucleation of Carbon 
Nanotubes Produced by a Floating Catalyst Method.” 
269 Yah et al., “Continuous Synthesis of Multiwalled Carbon Nanotubes from Xylene Using the Swirled 
Floating Catalyst Chemical Vapor Deposition Technique.” 
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While it is expected that higher CNT yields are observed at higher growth 

temperatures, CNT yield will be limited by the tendency for homogeneous pyrolysis of 

the carbon feedstock. If the temperature is too high, carbon formation will overwhelm the 

system and result in more impurity formation. 

2.2.5.2. Temperature Effects on CNT Structure 

Reactor temperature also affects CNT crystallinity, chirality, and the number of 

walls, particularly when coupled to other experimental factors. Lee et al. studied the CNT 

properties as a function of temperature between 700-1000˚C270. CNTs were observed to 

have between 20 and 30 walls and the degree of crystallinity, CNT alignment, and 

bundling was found to improve with increasing temperature. Enhanced long-range 

crystalline order at higher temperatures was confirmed by the ID/IG ratio in the Raman 

spectra: the ID/IG ratio decreased (IG/ID increased) from 0.73 at 700˚C to 0.24 at 1000˚C. 

These results are in agreement with those reported by Kim, et al. who found, for an 

acetylene/ferrocene system, increased crystallinity at higher temperatures, supported by 

HRTEM imaging and Raman271. As the growth temperature increased from 600-800˚C, 

the ID/IG ratio decreased from 0.87 to 0.44, indicating enhanced graphitization. Tian, et al.  

 
 

270 Lee et al., “Temperature-Dependent Growth of Carbon Nanotubes by Pyrolysis of Ferrocene and 
Acetylene in the Range between 700 and 1000 °C.” 
271 Kim et al., “Investigation on the Temperature-Dependent Growth Rate of Carbon Nanotubes Using 
Chemical Vapor Deposition of Ferrocene and Acetylene.” 
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reported similar observations in a ferrocene/CO system, as confirmed by Raman272. In-

situ sampling experiments conducted in a methane/ferrocene/thiophene FCCVD process 

by Hoecker, et al. also indicated a maximum IG/ID ratio for CNTs collected just after the 

highest temperature in the reactor273. These studies demonstrate that higher temperatures 

result in more crystalline CNTs.  

Theoretical studies provide inconclusive results regarding the effect of reaction 

temperature on CNT crystallinity274. In one report considering three types of defects, 

higher temperature promoted the elimination of point defects in SWCNTs. The 

calculations showed that defects were stabilized at the catalyst-CNT interface and with 

sufficient energy, defects could migrate towards this interface. Higher temperatures 

supplied more energy and promoted the diffusion of defects to the catalyst-CNT interface 

where they could be mended. These calculations agree with experimental studies and 

suggest a potential mechanism towards improved CNT crystallinity at higher 

temperatures. In slight contrast, Yuan, et al. conducted DFT calculations and found, like 

in Feng Ding’s models, that topological defects (those comprised of any combination of 

pentagons, heptagons, or octagons) could be efficiently removed from a growing 

 
 

272 Tian et al., “Growth of Single-Walled Carbon Nanotubes with Controlled Diameters and Lengths by an 
Aerosol Method.” 
273 Hoecker et al., “The Influence of Carbon Source and Catalyst Nanoparticles on CVD Synthesis of CNT 
Aerogel.” 
274 Feng Ding, “Theoretical Study of the Stability of Defects in Single-Walled Carbon Nanotubes as a 
Function of Their Distance from the Nanotube End,” Physical Review B 72, no. 24 (December 7, 2005), 
https://doi.org/10.1103/PhysRevB.72.245409; Yuan et al., “Efficient Defect Healing in Catalytic Carbon 
Nanotube Growth.” 
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SWCNT at the catalyst-CNT interface275. They determined that it was theoretically 

possible to grow a 0.1-100 cm long “perfect” SWCNT (defect concentration less than 10-

8-10-11). However, their results show that a slow growth rate and a lower growth 

temperature was optimal for growing “perfectly” crystalline SWCNTs. While the results 

from Yuan, et al. appear to be contrary to many published experimental studies, it 

suggests that there may be multiple pathways to eliminating defects in CNTs during 

growth. The calculations by Yuan, et al. do not include the effects of defect migration 

along the CNTs. Additionally, theoretical calculations regarding the growth of MWCNTs 

as a function of temperature are limited due to the large cost associated with such large 

systems. A mechanism explaining improved MWCNT crystallinity at higher 

temperatures remains unknown. Current studies, both experimental and theoretical, reveal 

that temperature affects crystallinity during CNT growth. 

In addition to crystallinity and chirality, temperature has been linked to changes in 

CNT diameter and the number of walls. Several studies have reported that the growth of 

SWCNTs and DWCNTs is primarily limited by carbon supply while the growth of 

MWCNTs is limited by carbon diffusion through the catalyst particle276. As reaction 

temperature influences both carbon supply and carbon diffusion rates, it is expected to 

play a key role in determining the number of walls. Based on the LLZ growth 

 
 

275 Yuan et al., “Efficient Defect Healing in Catalytic Carbon Nanotube Growth.” 
276 Jason H. Hafner et al., “Catalytic Growth of Single-Wall Carbon Nanotubes from Metal Particles,” 
Chemical Physics Letters 296, no. 1 (1998): 195–202; R. T. K. Baker et al., “Formation of Filamentous 
Carbon from Iron, Cobalt, and Chromium Catalyzed Decomposition of Acetylene,” Journal of Catalysis 30 
(1973): 86–95. 
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mechanism, Ren, et al. report that the number of walls increased with temperature277. 

They observed more RBM peaks in the Raman spectra as the growth temperature 

increased from 1100˚C to 1180˚C due to the growth of more DWCNTs in addition to 

SWCNTs. The increase in the number of walls was attributed to the effect of reactor 

temperature on the growth stage. Using ferrocene as the catalyst precursor and CO as the 

carbon feedstock, Tian, et al. found that the average diameter and diameter distribution 

increased with the reactor temperature, confirmed by Raman, UV-Vis-NIR absorption 

spectroscopy, and photoluminescence studies278. They concluded that larger CNT 

diameters and diameter distributions at higher temperatures were a result of increased 

catalyst particle growth. 

Clearly, growth temperature has a significant effect on the structure of CNTs. 

Experimentally, higher temperatures have led to more crystalline CNTs; theoretical 

calculations indicate defects more readily migrate towards the CNT-catalyst interface to 

be annealed at higher temperatures during growth (Stage NG). Temperature has also 

been found to influence diameter and chirality distributions of the CNTs, either due to 

kinetic differences in cap formation or by exacerbating the etching effects of the carrier 

gas. Due to temperature’s marked effect on carbon supply and catalyst precursor 

decomposition (Stage D), nanoparticle coalescence (Stage C), and diffusion of carbon 

 
 

277 Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial Nucleation of Carbon 
Nanotubes Produced by a Floating Catalyst Method.” 
278 Tian et al., “Growth of Single-Walled Carbon Nanotubes with Controlled Diameters and Lengths by an 
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through the catalyst particle (Stage NG), temperature also plays a role in changing CNT 

diameter and number of walls.  

2.2.5.3. Temperature Gradients and Their Impact on CNT Growth 

Recently, more experimental papers have reported the effects of axial and radial 

thermal gradients and flow profiles inside the reactor. Such studies are crucial for better 

control of CNT growth.  

Endo, et al. were among the first groups to apply CFD modeling to an FCCVD 

reactor279. Their model was based on a reactor at the University of Kentucky where 

xylene was the carbon feedstock, ferrocene was the catalyst, and a mixture of 10% 

hydrogen in argon was the carrier gas. In addition to calculating rate constants for surface 

reactions of xylene and its decomposition products, they mapped the temperature 

distribution and axial velocities in both the preheater and growth furnace. While the 

preheater exhibited highly irregular temperature and axial velocity profiles, its use had a 

stabilizing effect on the conditions inside the furnace, where growth occurred. Although 

preliminary, these results alluded to the effect of flow near the inlet of the reactor and the 

temperature of feed gases on CNT production.  

 
 

279 Hajime Endo et al., “CFD Prediction of Carbon Nanotube Production Rate in a CVD Reactor,” 
Chemical Physics Letters 387, no. 4–6 (April 2004): 307–11, https://doi.org/10.1016/j.cplett.2004.01.124. 
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Nikolaev, et al. found that injection conditions played a key role in the yield and 

purity of SWCNTs. Reactants were introduced through a water-cooled injector with a 

multi-nozzle injector (“showerhead”) configuration, Figure 2.14280.  

 

Figure 2.14 Schematic showing water-cooled injector with showerhead 
configuration to achieve faster heating rates. [Reprinted from Nikolaev, et al.281, 

with permission from Elsevier. License number 4924900372018]. 
 

Combining a water-cooled injector with the showerhead configuration helped increase 

SWCNT production rates up to 15 mg/h with only 7 mol% of iron, a drastic improvement 

in the SWCNT production rate and product purity. Tian, et al. sought to control SWCNT 

average diameter and length by manipulating the temperature profile and residence times 

of the gases in the reactor using a cooled injector probe inserted at different points in the 

 
 

280 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
281 Nikolaev et al. 
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reactor282. Using a furnace set point temperature of 825˚C, ferrocene was introduced as a 

vapor through the cooled injector probe at various axial positions into the reactor (6.5 

cm- 29 cm). As the probe position changed from 6.5 cm to 23 cm, the average diameter 

of the SWCNTs increased from 1.2 nm to 1.6 nm, while beyond 23 cm, the average 

diameter of SWCNTs decreased to 1.2 nm at a probe position of 29 cm. SWCNT length 

also changed as a function of the position of the cooled injector probe. For probe 

positions between 6.5 cm-23 cm, SWCNT lengths decreased; when the probe was located 

past 26 cm, SWCNT lengths increased. These observations in SWCNT average diameter 

and length were attributed to changes in the maximum furnace temperature and reactant 

residence time in the heated zone. They found that the temperature profile and maximum 

temperature in the reactor changed as the probe was moved further into the reactor. As 

the probe position moved between 6.5-20 cm, the maximum temperature in the reactor 

increased. When the probe moved beyond 26 cm inside the reactor, the maximum 

temperature decreased. The researchers attributed this observation to the cooling effect of 

the probe and the two-zone reactor compensating for it by changing the power output to 

achieve the correct set point. The highest maximum temperature was 920˚C when the 

probe was inserted 20 cm into the reactor. Maximum temperature affected CNT growth 

from CO because above 900˚C CO disproportionation is thermodynamically hindered, 

leading to less available carbon. Lower temperatures facilitated growth throughout the 
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length of the reactor. Furthermore, as the probe was inserted into the reactor, the 

residence time of the reactants decreased. Therefore, the SWCNT length was maximized 

and the average SWCNT diameter was minimized when the probe was 6.5 cm in the 

reactor due to lower maximum temperature and longer residence times.  

Comprehensive studies on the effects of thermal gradients on the nucleation of 

catalyst nanoparticles and morphology of carbon material produced was performed by 

Hoecker, et al.283. Detailed CFD calculations of the temperature and velocity radial 

gradients throughout the reactor revealed opposing effects before and after the reactor 

midpoint, Figure 2.15. Midway through the reactor, the radial temperature gradient was 

minimum. Before this point, the radial temperature gradient was positive and 

thermophoretic forces drove particles towards the center of the reactor.  

 
 

283 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration”; Hoecker et al., “Catalyst Nanoparticle 
Growth Dynamics and Their Influence on Product Morphology in a CVD Process for Continuous Carbon 
Nanotube Synthesis.” 



 
146 

 

 

Figure 2.15 Flow and temperature profiles along the reactor axis, both measured 
and simulated for a hydrogen bulk flow of 0.5 slpm, a furnace set point of 1200˚C 

and a radially uniform inflow into the reactor 50 mm from the reactor entrance; a) 
measured wall temperature in the reactor, b) modeled temperature gradients 

between wall and centerline with ΔTmax~ 98˚C, c) simulated velocity profiles in the 
reactor with Umax ~ 0.068 m/s. [Reprinted from Hoecker, et al.284  with permission 

from Elsevier. License number 4924870343430.] 
 

After the midpoint, the radial temperature gradient was negative and thermophoretic 

forces drove particles towards the walls of the reactor, potentially enhancing particle loss 

due to wall deposition. To study the catalyst particle dynamics, Hoecker, et al. performed 

in-situ sampling to correlate the catalyst nanoparticle size distribution to the axial 

position of the reactor285. The particle size distribution was measured by means of an in-

situ TSI-Scanning Mobility Particle Sizer 3080 system coupled with FTIR measurements 

 
 

284 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis.” 
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of the exhaust gases. A rapid increase in particle axial concentration between 

temperatures of 800-1050˚C was observed, with maximum particle concentration at 

approximately 1100˚C, independent of the furnace set point. When the axial temperature 

increased to over 1200˚C, particle diameter and concentration decreased due to particle 

evaporation. The particle concentration just before the hot zone was maximized for a set 

reactor temperature of 1250˚C which resulted in sufficient precursor decomposition 

without excessive particle evaporation. Independent of reactor temperature, the minimum 

particle concentration coincided with the maximum temperature in the furnace. 

Downstream of the hottest point in the reactor, a second particle nucleation event was 

identified and attributed to decreasing temperatures resulting in precipitation of iron 

particles from a supersaturated metal vapor. In a follow-up study, CNT production was 

quantified along the length of the reactor286. The re-nucleation of catalyst particles 

downstream of the hottest point in the reactor dominated the resultant carbon product 

purity and yield, implying that pyrolytic carbon species were key in the formation of 

CNTs. In-situ samplings of CNT products along the length of the reactor reflected 

changes in overall carbon graphitization with spatial and temperature variation inside the 

reactor; the maximum IG/ID ratio occurred just after the hottest zone and the minima were 

found at the entrance and exit of the reactor. Additional experiments with strategically 

placed filters at several axial locations in the reactor led to the surprising conclusion that 
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reactant injection conditions did not play as significant a role as the conditions of the 

reactor where catalyst particles re-nucleated. Filters placed near the injection zone 

effectively filtered out any catalyst particles from the initial nucleation event and resulted 

in no carbon aerogel formation. When the filter was placed just upstream of the hottest 

reactor zone, no carbon deposits on the filter were observed but carbon aerogel formation 

still occurred downstream of the reactor, indicating the catalyst had evaporated. In the 

gaseous phase, catalyst particles could pass through the filter and re-condense to nucleate 

CNT aerogels as the temperature near the outlet of the reactor decreased. Most carbon 

deposits were collected downstream of the hottest zone showing the importance of the 

second nucleation event and suggesting that heterogeneous pyrolytic carbon species, not 

the parent carbon feedstock, were responsible for the growth of CNTs. Experiments 

where a counter flow of methane was introduced from the downstream end of the reactor 

suggested that CNTs could still form so long as the precursor was heated to above 

1000˚C where pyrolysis could be induced. 

 Having studied the effects of temperature gradients, catalyst evaporation, and 

carbon supply, Hoecker, et al. then examined the role of sulfur in FCCVD287. They 

demonstrated that there was a significant portion of the reactor where no catalyst particles 

were available for CNT growth, even as carbon from methane decomposition was 
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available288. In the presence of sulfur, they found not only that catalyst nanoparticles 

were nucleated earlier near the inlet of the reactor but also that the re-nucleation event 

occurred earlier, as well, Figure 2.16.  

 

Figure 2.16 Catalyst particle number concentration along length of reactor (A) 
without and (B) with sulfur at 1250˚C, 0.5 slpm H2 flow, 1 µmol ferrocene/min, and 

10 µmol thiophene/min. [Reprinted from Hoecker, et al.289 under a Creative 
Commons CC BY license] 

 

 
Catalyst particle number concentrations increased dramatically with sulfur present and 

particles were more available for CNT growth. Hoecker, et al. concluded that sulfur 

lowered the nucleation energy barrier for catalyst particles, both in the initial nucleation 
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and the re-nucleation stages290. When no sulfur was present, particles nucleated only at 

elevated temperatures (>1050˚C). With small additions of sulfur, particles were detected 

at temperatures below 1000˚C. In this way, sulfur could be used to offset the thermal 

effects on catalyst particle nucleation that arise due to the reactor temperature profile. 

These studies pointed to the effect of axial thermal gradients on catalyst formation and 

revealed an additional role that sulfur may serve in mitigating the effects of thermal 

profiles on catalyst nucleation. 

The changes in the temperature and velocity gradients inside the reactor play a 

significant role in the yield, purity, and homogeneity of the CNTs produced. Many 

assumptions regarding the inlet conditions of the furnace have been made to guide 

process improvements, but new dynamics are still being realized, indicating significant 

phenomena in the system remain undiscovered. CFD models combined with in-situ 

sampling during experiments, particularly near the outlet of the furnace, are expected to 

yield valuable insights that will guide process modifications for better control over CNT 

growth in FCCVD systems. 

2.2.6. Other Factors 

In this review, the effects of carbon feedstock, carrier gas, catalyst, growth 

promoters, and temperature were discussed as the major factors influencing CNT growth 

in FCCVD reactor systems. However, other factors, such as the effect of the reactor tube 
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material or reactor geometry, are as yet not well-documented291. This should emphasize 

the overall message that FCCVD CNT growth is complex and remains relatively ill-

understood. 

2.3. Conclusions 

Carbon nanotubes have immense commercial potential across several fields; it is no 

wonder they have captivated researchers for over 25 years. But despite the progress and 

development, CNTs are prohibitively expensive for mass market adoption and CNT 

production facilities remain small with inconsistent demand primarily from niche 

markets. A re-examination of reliable CNT production from both an economical and 

engineering standpoint is required if this nanomaterial is to achieve notable market reach. 

This review discussed at length many of the experimental and theoretical studies 

reporting the effects of the most common synthesis parameters on the growth of CNTs 

from the floating catalyst chemical vapor deposition process. To further reduce costs 

associated with CNT production, it will be crucial to develop a better engineering 

understanding of the dynamics occurring throughout the reactor. A more in-depth 

engineering approach to CNT growth has only recently begun and has already led to key 
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insights in process dynamics. A holistic engineering approach to CNT synthesis will help 

determine the key dimensionless group(s) to characterize CNT synthesis and will be 

necessary for scaling up CNT production and reducing production costs.  

Another crucial component in improving CNT synthesis is in the methods that are 

used to analyze and characterize as-grown CNTs. To support the advancement of CNT-

based technologies, CNT classification for bulk properties will need to be standardized in 

a meaningful way. Reported classifications should be obtained by standardized methods 

and include key information such as: the number of walls, aspect ratio, diameter 

distributions, chirality preference, impurity content, and crystallinity. Thorough 

characterization will help establish links between synthesis parameters and the 

performance of CNT-based material studies, with application research informing CNT 

synthesis efforts292. An example is seen with studies confirming CNT fiber tensile 

strength and conductivity having a direct correlation with high aspect ratios of CNTs. 

One way to improve CNT fiber properties, therefore, will be in increasing the aspect 

ratios of CNTs; this goal represents a synthesis opportunity. A standardization in CNT 

characterization will be beneficial for continuing growth efforts and, when CNT 

production is more economical, for clients who wish to use CNTs in advanced materials. 

 
 

292 Tsentalovich et al., “Influence of Carbon Nanotube Characteristics on Macroscopic Fiber Properties”; 
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While many questions surrounding CNT synthesis remain unanswered, notable 

progress for CNT growth has been achieved. With further development and 

understanding, CNTs will undoubtedly be among the next generation of advanced 

materials293.
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Chapter 3 

FCCVD Reactor Description 

A typical Floating Catalyst Chemical Vapor Deposition (FCCVD) reactor is a 

simple premise with a few key components: the inlet, the reactor space, and the outlet. At 

the inlet, the hydrocarbon feedstock, catalyst precursor, carrier gas, and growth promoter 

are introduced into the reactor where they are combined and brought up to growth 

temperature. The main reactor space is typified by a single cylinder resting in a 

resistively heated furnace. For FCCVD reactors normally found in university labs, the 

reactor tube is a simple cylinder made of either quartz, a high-temperature ceramic, or 

steel with diameters between 2.54-7.62 cm and around 1 m in length. At the outlet of the 

reactors, entrained CNTs, soot, amorphous carbon, volatile organic compounds (VOCs), 

and residual catalyst particles are collected, and unreacted gases are sent to an exhaust 

system. Beyond these three key components, any number of additions or modifications 

can be introduced to improve the reactor design. 
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FCCVD reactors have been notoriously ill-studied; few experimental studies are 

reported which feature in-situ material sampling or include reactor characterization under 

growth conditions. As a result, FCCVD reactor systems have been treated as a “black 

box” in the literature with a research emphasis placed on optimizing growth parameters 

for high-quality material or large quantities of material. Very little experimental evidence 

has been reported which definitively connects the changes in growth parameters to 

changes in growth dynamics inside the reactor that result in the observed material trends, 

though many hypotheses have been proposed. The most widely accepted understanding 

of the sequence of events occurring inside the reactor is:  

1) Catalyst precursor decomposition,  

2) Catalyst particle nucleation,  

3) Carbon feedstock decomposition which makes carbon available for CNT 

nucleation and growth,  

4) Catalyst particle deactivation and carbon impurity formation. 

However, within the last few years, new in-situ aerosol sampling experiments 

have revealed additional dynamics- catalyst particle evaporation and condensation- which 

have largely been undocumented294. The FCCVD reactor process and proposed sequence 

of events occurring inside the reactor are represented in Figure 3.1, below. It is entirely 

 
 

294 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis”; Hoecker et al., “The Dependence of CNT 
Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation Processes and a Critical Catalyst Particle Mass 
Concentration.” 
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likely that these events do not occur sequentially but instead throughout the reactor space 

to varying degrees. Studying the dynamics inside the reactor under growth conditions 

will be the only way to fully understand and scale FCCVD CNT growth. 

 

Figure 3.1 Typical FCCVD reactor featuring inlet, reactor space, and outlet. Also 
shown is the proposed sequence of events occurring inside the reactor as is widely 
accepted in the literature. Until very recently, catalyst particle evaporation and 

condensation had not been reported. [Image courtesy of Arthur Sloan] 
 

Because of this, the team at Rice University sought to design and construct two 

reactor systems with the purpose of developing a deeper understanding of CNT growth 

and reactor design. 

3.1. Rice University FCCVD Reactor Systems 

The Pasquali lab at Rice University has two reactor systems in order to study the 

dynamics occurring inside the reactor that affect CNT growth. Both reactors were 
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designed and constructed between 2017-2020. The immediate goal of the projects was to 

understand CNT growth and reactor design at a more fundamental level and therefore 

gain control over CNT synthesis. The long-term goal of these projects was to be able to 

link changes in the properties of macroscale CNT-based materials (fibers, films, foams) 

to growth conditions. We aim to develop a more holistic understanding of the entire CNT 

supply chain, from precursors and CNT production to advanced materials, by 

streamlining both CNT synthesis and processing. 

3.1.1. Horizontal FCCVD Reactor 

The first reactor is a horizontal FCCVD reactor (Figure 3.2). 

 

Figure 3.2 Schematic showing the main components of the horizontal FCCVD 
system at Rice University. [Image courtesy of Arthur Sloan] 
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This system is based on a three-zone resistively heated furnace that can be heated 

to a maximum of 1300℃. Each zone is connected to an external temperature control unit 

and can be controlled independently of the other two zones; the length of each reactor 

zone is 0.3048 m in length. An alumina reactor tube that was 76 mm in outer diameter, 64 

mm in inner diameter, and 1422 mm in length was used. The carrier gases, carbon 

feedstock, catalyst precursor, and growth promoter are introduced into the reactor 

through a Controlled Evaporator Mixer (CEM) system. Because of the CEM system, the 

horizontal FCCVD reactor is limited to using liquid precursor solutions and up to two 

distinct carrier gases. At the outlet of the reactor, a simple collection chamber is attached 

where the solid sample is collected, and unreacted gases are exhausted to the building’s 

exhaust. The horizontal FCCVD reactor also features in-situ temperature monitoring 

capabilities which can be used to track changes in the thermal temperature profile over 

the length of the reactor. 

Because it is unique, the CEM system merits some discussion (Figure 3.3). The 

CEM system enabled the controlled delivery of a vaporized precursor solution to the 

reactor. Introducing the precursor solution as a vapor eliminated any uncontrolled 

evaporation dynamics that may have arisen had the solution been delivered to the reactor 

as a liquid. Prior to an experiment, a precursor solution containing the desired mixture of 

a carbon feedstock (typically for these studies, a mixture of alcohols, aromatic 

compounds, and ketones), catalyst precursor, and growth promoter was prepared. The 

solution was added to a large, 1 L stainless steel bubbler and connected to the system. 
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Figure 3.3. Schematic of Bronkhorst CEM system. 
 

Once the bubbler was secured and the reactor was at temperature, the bubbler was opened 

to a pressurized inert gas line, typically nitrogen. The precursor solution was fed into the 

reactor inlet lines when the nitrogen pushed down on the surface of the solution and 

forced it up and into the inlet lines (contrary to how a bubbler is normally used where the 

goal is to bubble a gas through a solution). The mass flow rate of the solution was 

controlled by a Coriolis meter pared with a mass flow controller. The precursor solution 

was then mixed with a carrier gas or mixture of two gases also set at a fixed mass flow 

rate. After mixing, the precursor solution and carrier gas passed through a small heater at 

a set temperature (typically 200℃). Inside the heater, the precursor solution was 
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vaporized and, together with the carrier gas, was carried into the reactor through a single 

central feed in the reactor inlet, illustrated in Figure 3.4. The horizontal FCCVD reactor 

was principally used to study CNT growth using liquid precursor solutions and, because 

of the CEM system, achieved a high degree of reproducibility. 

  

Figure 3.4. Image of inlet configuration for horizontal FCCVD reactor. [Image 
courtesy of Arthur Sloan] 

 

3.1.2. Vertical FCCVD Reactor 

The vertical FCCVD reactor at Rice University was designed to study CNT 

growth from gaseous hydrocarbons, namely methane. However, this reactor could easily 

be reconfigured to study growth from liquid carbon feedstocks. A schematic of the 

vertical FCCVD reactor is shown in Figure 3.5. 
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Figure 3.5 Schematic showing the main components of the vertical FCCVD reactor 
at Rice University. [Image courtesy of Arthur Sloan] 

 

Like the horizontal FCCVD reactor, the vertical FCCVD reactor is based on a 

three-zone resistively heated furnace. Each zone is 0.3048 m in length, has a maximum 

temperature of 1300℃, and can be controlled independently of the other two zones. 

Inside the furnace is a quartz reactor tube that is 7.5 cm in ID, 8.0 cm in OD, and 1.524 m 

in length. The mass flow rates for the carrier gas mixture (typically, argon and hydrogen) 

and a gaseous carbon feedstock (typically, methane) are set by Alicat flow meters. The 

gases are then combined and preheated prior to entering the reactor in a 3 kW Watlow 

Starflow circulation heater (Figure 3.6). The Starflow heater ensures uniformity in gas 

mixing and preheating temperature. The catalyst precursor and growth promoter are 

introduced into the reactor using liquid hydrocarbon (typically toluene) as a carrier 

medium. A solution with a known concentration of catalyst precursor and growth 
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promoter is prepared prior to an experimental run and is introduced into the reactor at a 

fixed volume flow rate using a simple syringe pump. The solution is delivered to the 

reactor as a liquid.  

 

Figure 3.6. Depiction of 3 kW Watlow Starflow Circulation Heater. 
 

Using a ¼” OD stainless steel Swagelock union T, the gases and catalyst solution 

are delivered to the reactor through a single, centralized port at the reactor inlet (Figure 

3.7). Prior to being introduced to the reactor, however, the gas streams and liquid streams 

are maintained separate. The catalyst solution flows through a nested tube (0.318 cm OD 

x 0.216 cm ID) inside a larger tube (0.635 cm OD x 0.533 cm ID) containing the 

preheated gas stream. The catalyst solution and the gases are injected into the reactor at a 

point approximately 6 mm and 5.5 mm past the inner face of the flange, respectively. Like 

the horizontal FCCVD reactor, the vertical FCCVD reactor has in-situ thermal 

temperature monitoring capabilities.  



 
163 

 

 

 

Figure 3.7. Vertical reactor inlet configuration. [Image courtesy of Arthur Sloan] 
 

This is done by using two thermocouples: one for recording temperatures at the front end 

of the reactor and one recording temperatures near the outlet of the reactor. Because of 

the inlet configuration, the temperature points recorded by the thermocouples are at radial 

points midway between the radial center of the reactor tube and the reactor tube walls 

(Figure 3.8). At the outlet of the reactor is a simple collection box. The solid material 

including CNTs, amorphous carbon, VOCs, and residual iron nanoparticles are collected 

from the end of the reactor tube walls and from a large sock filter (Figure 3.9) while the 

unreacted gases are exhausted to the building’s exhaust system. Connected to the exhaust 

line, the vertical FCCVD reactor system has three gas sensors for oxygen, methane, and 

carbon dioxide.  
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Figure 3.8. Vertical FCCVD reactor inlet flange. [Image courtesy of Arthur Sloan] 
 

The oxygen sensor is used primarily for safety considerations to ensure no dangerous 

levels of oxygen are present which would result in an explosion risk. Both methane and 

CO2 sensors are Edinburgh IR gas sensors that report vol% of the analyte gas detected in 

the exhaust stream. The methane sensor was used to measure methane conversion in the 

reactor. However, under normal experimental conditions, the methane reading is 

complicated by the presence of C-H IR signals arising from hydrocarbon species other 

than methane and cannot be used to calculate methane conversion. The vol% methane 

reading could be accurate if an alternative catalyst delivery system is devised that does 

not involve toluene or other hydrocarbons. In earlier designs of the reactor, the catalyst 

precursor and growth promoters were sublimated and flowed into the reactor using a 

Thermocouple 
ports 

Gas and catalyst 
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carrier gas stream. However, it was found that the instantaneous catalyst precursor and 

growth promoter mass flow rates could not be known with certainty, were difficult to 

control, may have changed over time, and were not reproducible even under the same 

sublimation conditions. [See Appendix A.2 for description of ferrocene mass flow rates 

calculated from offline calibration experiments.] In the future, a plasma generator may be 

a better means of introducing catalyst particles without additional hydrocarbons. With a 

new catalyst delivery system, the methane sensor could be used to calculate methane 

conversion. 

The carbon dioxide sensor was used to calculate the total volumetric gas flow of 

the exhaust stream. This was done by measuring the vol% CO2 of a trace CO2 gas stream 

with a known volume flow rate fed directly into the exhaust. [See Appendix A.3 for CO2 

tracer experiments.] The total volumetric gas flow rate in the exhaust gases is calculated 

according to the following equation: 

𝑣𝑜𝑙% 𝐶𝑂 =
𝑣

𝑣
 

where vol% CO2 is the reading obtained directly from the IR gas sensor, 𝑣 is the 

known volumetric flow rate of CO2, and 𝑣  is the total volumetric flow rate of the 

exhaust gases. This technique was used when a change in the volumetric gas flow was 

expected as a result of significant carbon feedstock decomposition. For example, one 

mole of methane decomposes to form one mole of carbon and two moles of hydrogen 

gas; this reaction would result in an increase in the total volume flow of gas. Carbon 

dioxide, being an unreactive gas, was not expected to react with any of the gases present 
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in the exhaust and so could be used as a tracer to calculate changes in the volumetric flow 

of gases leaving the reactor. 

 

Figure 3.9. Tube sock filter attached to the end of the reactor tube during 
experimental runs to collect material as it is produced. 

 

Finally, the exhaust line on the vertical FCCVD system included an additional 

port to attach a Hidden Analytical QGA mass spectrometer. The mass spectrometer was 

used to identify the gaseous species present in the exhaust. From this data, a clearer 

indication of the reaction chemistry occurring inside the reactor was obtained. With these 

components, CNT growth from gaseous hydrocarbon precursors was studied on the 

vertical FCCVD reactor. 

3.2. Reactor Development and Major Milestones 

Initial efforts were dedicated to the design and construction of the reactors for 

carbon nanotube (CNT) synthesis. Between 2017-2020, both reactors were installed and 
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were producing acceptable CNT yields (20-150 mg/hour) that permitted materials 

characterization and processing. The early-stage CNT synthesis development in the 

Pasquali lab between 2017-2020 saw achievements of several milestones for CNT growth 

that are summarized in the CNT growth progress timelines. [See Appendix A.4 for CNT 

growth progress timelines] Among the most notable milestones were: 

1. CNT growth confirmed on horizontal reactor (Oct 17, 2017; 8 months after 

horizontal reactor arrived to the lab), 

2. CNT growth confirmed on vertical reactor (May 21, 2018, 1 month after vertical 

reactor arrived), 

3. Films and fibrils made from CNTs produced on vertical and horizontal reactors (4 

months after horizontal FCCVD reactor’s final assembly and 7 months after 

vertical FCCVD reactor’s final assembly), 

4. CNT fiber made from CNTs grown on vertical reactor system, 13 months after 

CNT growth was first confirmed, and 

5. Aspect ratio record of ~3000, highest in the lab and comparable to commercially 

available CNT samples (18 months after initial reactor installation). 

Once sufficient growth was demonstrated, CNTs produced at Rice could be 

processed into macroscale CNT-based materials (CBMs) including fibrils, fibers, and 
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films295. While processing CNTs grown at Rice into macroscale CBMs was not a large 

focus, particularly in the early stages of the projects, the successful demonstration and 

characterization of these CBMs was a significant achievement. In the future, when CNT 

synthesis at Rice is more established, a direct reactor-to-materials process could be 

developed in the lab focused on catering synthesis conditions to produce CNTs which, 

once incorporated into a CBM, will result in the desired CBM properties. Connecting 

changes in synthesis conditions to trends in CBM properties will bolster future CNT 

supply chains by providing selectivity over CBM performance metrics which currently 

does not exist on the market. 

The films, fibrils, and fibers that were made from CNTs grown at Rice University 

featured comparable properties to CNT films and fibrils made using commercially 

available CNTs. CNT films and fibrils were produced using the slide coating technique 

reported by Headrick, et al.296 The electrical properties of the CNT films were 

characterized using the technique reported by Mirri, et al. and the electrical and 

 
 

295 “Fibril” refers to short (> 3 in.) CNT fibers produced from the down-scaled slide-coating technique 
reported by Headrick, et al. “Fiber” refers to CNT fibers produced from the solution spinning process 
reported by Behabtu et al., “Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity.” 
296 Robert J. Headrick et al., “Structure-Property Relations in Carbon Nanotube Fibers by Downscaling 
Solution Processing,” Advanced Materials 30, no. 9 (March 2018): 1704482, 
https://doi.org/10.1002/adma.201704482. 
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mechanical properties of the fibrils were characterized using the same procedure reported 

by Headrick, et al.297.  

 

Figure 3.10 Electrical conductivities for CNT films produced from CNT samples 
made on the Rice horizontal FCCVD reactor (DOE-12 and DOE-13) compared to 
CNT films made from commercial CNT producers (CCNI and HiPco). Data for 

CNT film conductivities corresponding to HiPco and CCNI samples were reported 
by Mirri, et al.298 

 
CNT films from CNTs produced on the horizontal FCCVD system exhibited electrical 

conductivities that were higher than CNT films reported in 2012 by Mirri, et al. using 

CNTs from commercial suppliers (Figure 3.10)299. 

 
 

297 Headrick et al.; Francesca Mirri et al., “High-Performance Carbon Nanotube Transparent Conductive 
Films by Scalable Dip Coating,” ACS Nano 6, no. 11 (November 27, 2012): 9737–44, 
https://doi.org/10.1021/nn303201g. 
298 Mirri et al., “High-Performance Carbon Nanotube Transparent Conductive Films by Scalable Dip 
Coating.” 
299 Mirri et al. 
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Fibrils made from two CNT samples produced on the vertical FCCVD system 

exhibited electrical conductivities and tensile strengths that were expected for their aspect 

ratios, based on trends previously reported in the lab for fibrils made from commercially 

supplied CNTs (Figure 3.11).300 

 

Figure 3.11. Comparison of tensile strength and electrical conductivity for fibrils 
made from two CNT samples produced at Rice University (circled in green) with 
CNT fibrils made from commercially supplied CNTs. Data for fibrils made from 

commercially available CNTs reported by Headrick, et al.301 
 

CNT fibers were also made from CNTs produced on the vertical FCCVD system 

according to the same wet spinning process reported by the lab in previous 

 
 

300 Headrick et al., “Structure-Property Relations in Carbon Nanotube Fibers by Downscaling Solution 
Processing,” March 2018. 
301 Headrick et al. 
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publications302. As shown in Figure 3.12, both tensile strength and electrical 

conductivities of the fibers made from lab-grown CNTs coincided closely with fiber 

property trends reported for CNT fibers made from commercially available CNT 

samples.  

 

Figure 3.12. (a) Tensile strength and (b) electrical conductivity properties for CNT 
fibers produced in the lab as a function of CNT aspect ratio. The red circles and 
blue squares represent fiber properties for CNT fibers previously reported by 

Tsentalovich, et al.303 The yellow triangles represent the properties for CNT fibers 
made from CNTs grown on the vertical FCCVD reactor at Rice. Data from figures 

adapted from the figures published in Tsentalovich, et al. 
 

 
 

302 Behabtu et al., “Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh 
Conductivity”; Tsentalovich et al., “Influence of Carbon Nanotube Characteristics on Macroscopic Fiber 
Properties.” 
303 Tsentalovich et al., “Influence of Carbon Nanotube Characteristics on Macroscopic Fiber Properties.” 
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Figure 3.13. Electrical conductivity and tensile strength improvements over time for 
CNT fibers produced at Rice University using the wet spinning technique. Red 

circles and blue diamonds are the best electrical conductivities and tensile strengths 
for CNT fibers made from commercially available CNT material each year. The 
green circle and diamond are the electrical conductivity and tensile strength for 

CNT fibers made from Rice-grown CNTs, respectively. The dotted green line 
denotes when the first experiment was conducted on the vertical reactor at Rice 
University in May 2018. Record CNT fiber property data provided by Lauren 

Taylor and Oliver Dewey 
 

Furthermore, Figure 3.13 shows that the first attempt to make CNT fibers from lab-

grown CNTs produced CNT fibers with properties that met or exceeded the best CNT 

fiber properties between 2009-2013, though the reactor had only been operational for one 

year. These experiments presented in Figure 3.10-Figure 3.13 were the first 

demonstrations of direct synthesis-to-material efforts in the lab and indicate that it will be 

possible to combine CBM production efforts with CNT synthesis efforts in the future. 

Significant gains in record CNT aspect ratios have also been achieved. This point is 

critical because CNT aspect ratios determine CBM performance. For CNT fibers, 
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theoretical predictions and experimental evidence have indicated that electrical 

conductivity and mechanical strength scale with CNT aspect ratio (Figure 3.12)304. 

Therefore, studying changes in CNT aspect ratios as a function of growth parameters is 

an important component in the overall CNT synthesis efforts. Finding the key growth 

parameters that will lead to high aspect ratio CNTs will further the CNT fiber 

development in the future. Between 2017-2020, several records in aspect ratio were 

recorded. Figure 3.14 shows changes in record CNT aspect ratios since May 2018 for 

samples grown on the vertical FCCVD reactor. October 2018 was the first observable 

CNT growth and since then, the highest aspect ratio achieved for CNTs at Rice is above 

3000. Figure 3.14 also shows the typical and best aspect ratios for CNT samples from 

two commercial suppliers. CNTs grown at Rice already have aspect ratios higher than 

OCSiAl CNTs and are approaching typical aspect ratios for CNTs from Meijo. The 

improvements in CNT aspect ratios for samples grown at Rice will lead to similar gains 

in CNT fiber performance or CBM properties.  

Between 2017-2020, several key milestones in the CNT synthesis projects have 

been realized. In addition to designing and installing the reactors, sufficient CNT 

 
 

304 Tsentalovich et al.; Natnael Behabtu, Micah J. Green, and Matteo Pasquali, “Carbon Nanotube-Based 
Neat Fibers,” Nano Today 3, no. 5 (October 1, 2008): 24–34, https://doi.org/10.1016/S1748-
0132(08)70062-8; B.I. Yakobson, G. Samsonidze, and G.G. Samsonidze, “Atomistic Theory of Mechanical 
Relaxation in Fullerene Nanotubes,” Carbon 38, no. 11–12 (2000): 1675–80, 
https://doi.org/10.1016/S0008-6223(00)00093-2. 
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production was achieved on both reactors which enabled the group to process the CNTs, 

characterize them, and incorporate them into a variety of macroscale CBMs. 

 

Figure 3.14. Record aspect ratios over time since May 2018 when vertical FCCVD 
reactor was first run. Dark blue and grey lines show the typical and best CNT 
aspect ratios for samples bought from two commercial suppliers, OCSiAl and 

Meijo.  
 

Figure 3.10-Figure 3.13 highlight key successes where CNT films, fibrils, and fibers 

made from Rice-grown CNTs exhibited comparable properties or coincided with known 

property trends to CBMs made from commercial CNT samples. Figure 3.14 

demonstrates that the properties for CNTs grown at Rice continue to improve and, in 

some cases, exceed the properties for commercial CNTs. It is reasonable to expect that 

similar improvements in CBM properties based on CNTs grown at Rice will also see 

improvements. One of the long-term goals for the group is to streamline and combine 
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CNT synthesis and processing efforts. In this way, CBM development can better inform 

CNT synthesis efforts and changes in CNT synthesis parameters can be correlated to 

observed trends in CNT macroscale assemblies. As a result, CNT synthesis can be 

catered for specific CBM properties. 

3.3. Conclusion 

The short-term goal for CNT synthesis efforts at Rice University is to develop a 

deeper understanding of the dynamics occurring inside the reactor and how they affect 

CNT growth. This chapter outlined the basic designs for both FCCVD reactors available 

at Rice University in the Pasquali lab that are used for the studies presented in this thesis. 

Whenever a series of experiments is discussed, the specific reactor (horizontal FCCVD or 

vertical FCCVD) will be identified. While these systems are relatively simple, it must be 

stressed that the dynamics occurring inside them are very complex. Elucidating the 

important phenomena occurring inside the reactors and relating changes in the growth 

parameters to what occurs during growth is crucial to increasing the efficiency and 

control of this process. Only then can high yields of high-quality CNTs be achieved. 

The long-term goal for CNT synthesis efforts at Rice University is to streamline 

CNT growth and processing. Connecting trends in CBM properties to certain key CNT 

synthesis parameters is necessary for developing a viable CNT supply chain. Control 

over final CBM properties can be best achieved when CNT synthesis efforts move 

beyond simple guesswork or chance and changes in synthesis parameters are linked to 

trends in CBM properties. Early results from CBMs based on Rice-grown CNTs are 
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promising and indicate that CBMs based on Rice-grown CNTs exhibit properties 

comparable to CBMs made from commercially available CNTs. When CNT synthesis at 

Rice University is more established and an ample supply of CNT material for processing 

is available, this long-term goal can be realized.
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Chapter 4 

The Role of Sulfur as a Growth Promoter in 
CNT Growth305 

Studies on the effect of sulfur, with respect to both CNT growth promotion and 

catalyst particle nucleation, have been reported throughout the literature and were 

described in detail in Section 2.2.4 in Chapter 2. The highlights are summarized here. 

As a growth promoter, sulfur was already known in the late 1950s to enhance 

vapor-grown carbon fiber (VGCF) formation. The prevailing hypothesis at the time was 

that sulfur reduced the melting point of the catalyst particles and made them more active 

for VGCF growth. Nearly 40 years later, in the early 1990s, the earliest CNT growth 

studies began incorporating sulfur in arc discharge reactors and found that adding small 

 
 

305 Significant contributions from Arthur Sloan. 
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amounts of sulfur to the system increased CNT growth rates and led to changes in CNT 

morphology (i.e. number of walls, diameter distribution, product heterogeneity). It was 

not long after that sulfur began appearing in FCCVD CNT growth studies, starting in the 

mid- to late-1990s, eventually becoming pervasive throughout the FCCVD CNT growth 

literature. Among the primary observations reported in FCCVD growth literature, sulfur 

and other group 16 elements were found to increase CNT yields, to result in changes in 

CNT morphologies, and to impact CNT crystallinity. However, the role and the 

mechanism by which the addition of sulfur influences FCCVD CNT growth is still an 

open question. Ren, et al. proposed in their localized liquid zone (LLZ) model that sulfur 

preferentially aggregates to form sulfur-rich liquid zones on the catalyst surface306. The 

presence of sulfur in iron would disrupt metal-metal bonding and create LLZs which 

would serve as the primary sites for the catalytic decomposition of the carbon source. 

Once LLZs were saturated with carbon, a graphitic cap would precipitate followed by cap 

“lift off” and CNT growth. Sulfur’s role in the LLZ growth model was to create LLZs, 

stabilize dangling carbon bonds at the edge of graphitic caps, and increase the number of 

five-ring defects that were required to form a curved cap. Motta, et al. suggested that the 

presence of sulfur in iron nanoparticles resulted in the formation of two immiscible 

liquids, one rich in carbon and one rich in sulfur307. From EELS and STEM BF studies, it 

 
 

306 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method.” 
307 Motta et al., “The Role of Sulphur in the Synthesis of Carbon Nanotubes by Chemical Vapour 
Deposition at High Temperatures.” 
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was observed that the sulfur preferentially accumulated on the surface of the catalyst 

particles. The formation of the sulfur-rich phase on the surface of the iron particles was 

anticipated to reduce the surface tension of the iron particles and to decrease the 

interfacial energy between the graphitic layer and iron nanoparticle. As a result of limited 

carbon solubility in the S-rich iron phase, Motta, et al. proposed that carbon would 

rapidly diffuse to the growing edge of the CNT and that particle encapsulation would be 

arrested, even as the particles grew larger. The time at which carbon and sulfur are 

supplied to the iron catalyst in the early growth stages was proposed to be the deciding 

factor between particle deactivation or successful CNT nucleation and growth and could 

also cause changes in CNT morphology308. It is clear from many of the studies reported 

for sulfur-assisted FCCVD growth that the addition of sulfur results in changes in CNT 

yield, in CNT diameter distribution, and in the number of walls. 

Until as late as 2016, FCCVD studies have focused primarily on changes in CNTs 

as a function of sulfur added to the system. Only very recently have new studies indicated 

that sulfur plays a critical role in catalyst particle nucleation309. Hoecker, et al. conducted 

in-situ particle sampling experiments and discovered that iron catalyst particles 

evaporated near the hottest point of the reactor, forming an unsaturated iron vapor. After 

 
 

308 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Reguero et al., “Controlling Carbon Nanotube Type in Macroscopic Fibers 
Synthesized by the Direct Spinning Process.” 
309 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
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the iron particles evaporated, they were unavailable to catalyze CNT growth until they re-

condensed from a saturated iron vapor at cooler temperatures near the reactor exit. In the 

presence of sulfur, however, more catalyst particles were nucleated earlier in the reactor 

and were re-condensed earlier in the reactor near the exit, meaning that iron catalyst 

particles were available to catalyze CNT growth for a larger portion of the reactor 

(Figure 4.1). This was the first report published in the context of CNT growth which 

indicated sulfur played a role in particle nucleation.  

 

Figure 4.1 Catalyst particle number concentration along the length of the reactor (a) 
without and (b) with sulfur.310 Conditions for CNT growth were 1250˚C set point 
temperature, 0.5 slpm hydrogen flow rate, 1 x 10-6 mol ferrocene/min, and 1 x 10-5 

mol thiophene/min. 
 

Sulfur may have a dual effect on FCCVD CNT growth, influencing both CNT 

growth and catalyst particle nucleation. Experiments and theoretical models that explore 

 
 

310 Hoecker et al. 
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sulfur’s role further will be key to increasing the efficiency and controllability of FCCVD 

growth. 

4.1. Particle Nucleation Models 

4.1.1. Historical Development 

A discussion on the theoretical development of catalyst particle nucleation in the 

CNT growth literature can be found in Chapter 2, Section 2.2.3.2. Additional details will 

be included here. Particle nucleation models for FCCVD CNT reactors are derivatives of 

work from metal aerosol literature dating back to the mid-1970s311. The original metal 

aerosol models adapted the Smoluchowski theory for particle nucleation to predict the 

behavior of evaporation-condensation systems. In these systems, a metal target is 

vaporized by a high-temperature plasma in an inert atmosphere to form a supersaturated 

metal vapor. As the supersaturated metal vapor cools, metal particles are nucleated and 

increase in size via condensation or coagulation (Figure 4.2). Nucleation (Figure 4.2(a)) 

is the process by which metal atoms combine to form a particle of diameter, dp.  

 
 

311 S. K. Friedlander, “Dynamics of Aerosol Formation by Chemical Reaction*,” Annals of the New York 
Academy of Sciences 404, no. 1 (1983): 354–64, https://doi.org/10.1111/j.1749-6632.1983.tb19497.x; 
Friedlander and Marlow, “<i>Smoke, Dust and Haze”; Fred Gelbard and John H Seinfeld, “The General 
Dynamic Equation for Aerosols. Theory and Application to Aerosol Formation and Growth,” Journal of 
Colloid and Interface Science 68, no. 2 (February 1, 1979): 363–82, https://doi.org/10.1016/0021-
9797(79)90289-3; Granqvist and Buhrman, “Ultrafine Metal Particles”; Warren and Seinfeld, “Simulation 
of Aerosol Size Distribution Evolution in Systems with Simultaneous Nucleation, Condensation, and 
Coagulation”; Warren and Seinfeld, “Nucleation and Growth of Aerosol From a Continuously Reinforced 
Vapor.” 
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Figure 4.2 Metal aerosols in an evaporation-condensation system will form particles 
from a supersaturated metal vapor phase along a decreasing temperature gradient. 

There are three processes that occur during particle formation: (a) nucleation 
(metal atoms combine to form a stable particle with diameter, dp*), (b) condensation 
(stable particles scavenge available metal atoms), (c) coagulation (two or more stable 

particles combine to form a larger particle). 
 

At a given temperature and vapor saturation condition, there exists a critical particle size, 

dp
*, whereby the Gibb’s free energy of the “bulk” particle phase relative to the vapor 

phase and the high surface energy of the particle are equal. The critical particle size can 

be calculated using the Kelvin equation: 

𝑝 =  𝑝 exp (
4휎휈
𝑑 𝑅𝑇

) 

𝑑∗ =
4휎휈

𝑅𝑇𝑙𝑛(𝑆)
 

where p is the vapor pressure at the curved surface of the particle, po is the equilibrium 

vapor pressure of the bulk material, σ is the liquid surface tension of the bulk material, ν1 

is the molar volume of the condensing phase, R is the universal gas constant, T is the 
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absolute temperature, dp
* is the critical aggregate diameter, and S is the saturation ratio of 

the metal (p/po). For a fixed vapor pressure, p, larger critical particle sizes are observed 

for higher temperatures and lower saturation ratios (Figure 4.3).  

 

Figure 4.3. The critical particle diameter for a fixed vapor pressure, p, of an iron 
particle and calculated from the Kelvin equation. The liquid surface tension values, 
σ, were calculated based on the findings in Kasama, et al.312. The molar volume, ν1, 
was calculated using an adjusted density for liquid iron at a given temperature, as 

reported in Cahill, et al.313. The equilibrium vapor pressure, p0, of iron at each 
temperature was calculated using the formula reported in Ferguson, et al.314. 

 

 
 

312 Kasama et al., “Surface Tension of Liquid Iron and Iron-Oxygen Alloys.” 
313 J Cahill, Temple Univ, and Philadelphia, “THE DENSITY OF LIQUID IRON FROM THE MELTING 
POINT TO 2500 K,” Trans. Met. Soc. AIME Vol: 224 (1962): 816–19. 
314 Frank T. Ferguson, Joseph A. Nuth, and Natasha M. Johnson, “Thermogravimetric Measurement of the 
Vapor Pressure of Iron from 1573 K to 1973 K,” Journal of Chemical & Engineering Data 49, no. 3 (May 
1, 2004): 497–501, https://doi.org/10.1021/je034152w. 
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This implies that only larger particles are stable at high temperatures and dilute 

conditions. The dp
* marks a crossover point where, above dp

* the particles are stable and 

will grow due to condensation and coagulation (Figure 4.2(b) and (c)). Below dp
*, the 

particle will shrink due to evaporation. In the traditional evaporation-condensation 

models, evaporation was neglected because particle nucleation and growth continued 

along a decreasing temperature profile where evaporation was considered to be negligible 

(Figure 4.4). This point has key implications for modeling FCCVD particle formation. 

 

Figure 4.4. Particle nucleation, coalescence, and coagulation from a supersaturated 
metal vapor along a decreasing temperature profile315. [Used with permission from 

Elsevier. License number 4925060364822] 

 
 

315 Panda and Pratsinis, “Modeling the Synthesis of Aluminum Particles by Evaporation-Condensation in 
an Aerosol Flow Reactor.” 
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In the most rigorous treatment of the particle nucleation models (classified as 

discrete models), collisions of individual metal atoms in the vapor phase are described by 

the kinetic theory of gases. From the kinetic theory, the collision rate between two 

populations of particles is described by the equation 

1
2

𝛽 𝑛 𝑛  

where β12 is the Brownian collision frequency function and n1 and n2 are the particle 

number concentrations for two particle populations with diameters, d1 and d2. The 

collision rate is particle size dependent and is reflected in β12. For very small particles 

whose size is less than the mean free path of the gas,  

𝛽 =
3𝑘 𝑇

휌
(𝑑 + 𝑑 )

1
𝑑

+
1

𝑑
  

and for large particles whose sizes are governed by the continuum regime,  

𝛽 =
2𝑘 𝑇

3휇
𝑑 + 𝑑

1
𝑑

+
1

𝑑
 

where kB is the Boltzmann’s constant, T is the absolute temperature, ρc is the particle 

density, and µ is the gas viscosity. For intermediate particle sizes that lie somewhere 

between the molecular and continuum regimes, a third β12 equation in terms of the 

Knudsen diffusivity of the particles can be used, where 

𝛽 = 2휋(𝐷 + 𝐷 )(𝑑 + 𝑑 ) + ( )
( )  . 
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In this expression, Di is the Brownian diffusivity of particle i, g12 is the diameter 

correction factor based on the mean free path of the particle, and c12 is the mean velocity 

of the particles316. Discrete models make no simplifying assumptions to the kinetic 

theory of gases. For n particles, there will be n coupled population balances required; as a 

result, discrete models are computationally expensive. To address this, simplifying 

assumptions can be and have been made to reduce the number of populations balances 

required. One common simplifying assumption imposes a lognormal particle population 

distribution; these types of models are called moment models317. An even simpler 

treatment for particle nucleation assumes particles with sizes equal to an average value. 

With this assumption, a system of only three equations is required: a metal atom balance, 

a particle number concentration balance, and a particle volume concentration balance. 

These models are known as monodisperse models and they form the basis for the 

majority of particle nucleation models reported in the FCCVD CNT literature.  

The monodisperse particle nucleation model most often cited in FCCVD CNT 

literature was reported by Kruis, et al.318 The authors sought to develop a simple model 

that connected the molecular and continuum particle regimes by only considering particle 

growth via coagulation. Its simplicity is likely the reason why many groups studying 

 
 

316 N. A. Fuks, The Mechanics of Aerosols, by N.A. Fuchs. Translated from the Russian by R.E. Daisley 
and Marina Fuchs. Translation Edited by C.N. Davies (Macmillan, 1964). 
317 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity.” 
318 Kruis et al., “A Simple Model for the Evolution of the Characteristics of Aggregate Particles 
Undergoing Coagulation and Sintering.” 
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particle nucleation dynamics in FCCVD reactors chose it. However, this model may be 

an oversimplified treatment of particle nucleation dynamics and may not be appropriate 

for particle nucleation in FCCVD CNT growth reactors. By only considering particle 

growth via coagulation, the average particle sizes may be underestimated, and the particle 

number density may be overestimated. The deviations in average particle size and 

number density are further exacerbated for high surface energy systems, including iron 

which is a common metal catalyst in FCCVD growth. An alternative monodisperse 

model was reported by Panda and Pratsinis who expanded on the Kruis, et al. model by 

including a nucleation rate expression from Girshick, et al. and by paying special 

attention to the effects of particle diffusivity and velocity on particle collision 

frequency319. With these modifications, the model reported by Panda and Pratsinis 

accounted for particle nucleation, condensation, and coagulation and was found to 

compare favorably with more computationally demanding discrete sectional and moment 

models. Figure 4.5, below, shows a comparison of the particle nucleation dynamics 

predicted by the Kruis, et al. model (monodisperse without nucleation), the Panda and 

Pratsinis model (monodisperse with nucleation), and a third model reported by 

Friedlander which considered both nucleation and coalescence (1st moment model) for a 

 
 

319 Girshick and Chiu, “Homogeneous Nucleation of Particles from the Vapor Phase in Thermal Plasma 
Synthesis”; Panda and Pratsinis, “Modeling the Synthesis of Aluminum Particles by Evaporation-
Condensation in an Aerosol Flow Reactor.” 
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given set of conditions320. The area shaded in green in Figure 4.5 indicates the typical 

time scales observed in FCCVD reactors. 

 

Figure 4.5. Comparison of the predicted trends for the Kruis, et al. model 
(monodisperse without nucleation), Panda and Pratsinis model (monodisperse with 
nucleation), and a 1st moment model reported by Friedlander which accounts for 

nucleation and coalescence. The shaded green area indicates the typical time scales 
expected in FCCVD reactors. The black line indicates the number density of gas 

phase iron atoms. [Plot courtesy of Arthur Sloan] 
 

Within the relevant timescales for FCCVD reactors, the Kruis, et al. model predictions 

deviate by up to an order of magnitude from the other two models which both account for 

particle nucleation. Neglecting particle nucleation will introduce significant errors and, 

 
 

320 Friedlander, “Dynamics of Aerosol Formation by Chemical Reaction*.” 
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therefore, the Panda and Pratsinis nucleation model may be better suited for modeling 

particle dynamics in FCCVD reactors. 

Regardless of the particle nucleation model adapted from the metal aerosol 

literature, it is important to keep in mind that FCCVD reactors are qualitatively distinct 

from evaporation-condensation systems. Perhaps the most consequential difference 

between FCCVD reactors and evaporation-condensation systems is that metal catalyst 

particles are nucleated along an increasing temperature profile. This means that, while in 

evaporation-condensation models particle evaporation could be neglected, evaporation 

may be a significant phenomenon in FCCVD reactors321. Only one group has included 

particle evaporation in their FCCVD modeling efforts322. (It’s important to note that the 

FCCVD system reported by Brown, et al. is unique from other FCCVD reactors. In their 

system, catalyst particles were generated outside the reactor and were introduced to the 

system as fully formed particles. This contrasts with most other FCCVD reactors where 

catalyst particles are formed inside the reactor after a catalyst precursor decomposes. 

Therefore, the conclusions from the particle nucleation modeling reported by Brown, et 

al. may not apply to the most common FCCVD systems.) Additionally, the evaporation-

condensation models typically do not include a source term for the metal atoms. In 

evaporation-condensation systems, particles are nucleated from a supersaturated vapor. In 

 
 

321 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
322 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity.” 
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contrast, metal atoms are supplied after the decomposition of a catalyst precursor in 

FCCVD systems and it is unlikely that a supersaturated metal vapor phase ever results. 

Several studies have been reported which add an additional source term to account for 

metal atoms produced after precursor decomposition323. Particle nucleation models for 

FCCVD systems must address both these points when adapting models from the metal 

aerosol literature. Beyond these shortcomings, particle nucleation models for FCCVD 

systems to date have not included sulfur. This may be a significant oversight, particularly 

because many FCCVD CNT growth studies include sulfur as a growth promoter. Even 

small amounts of sulfur can have significant effects on iron surface tension, which would 

directly impact particle nucleation324. In order to address these discrepancies, particle 

nucleation models based on the Panda and Pratsinis model with additional terms that 

include a metal atom source term, particle evaporation balance, and the sulfur effect are 

being developed at Rice University325.  

Precluding the full development of a sulfur-assisted catalyst particle nucleation 

model, some basic understanding of sulfur’s role on particle nucleation rates can be 

 
 

323 Conroy et al., “Carbon Nanotube Reactor”; Futko et al., “Simulation of the Kinetics of Growth of Iron 
Nanoparticles in the Process of Chemical Vapor Deposition of Hydrocarbons with Injection of Ferrocene 
for the Synthesis of Carbon Nanotube Arrays”; Kuwana and Saito, “Modeling Ferrocene Reactions and 
Iron Nanoparticle Formation”; Kuwana and Saito, “Modeling CVD Synthesis of Carbon Nanotubes: 
Nanoparticle Formation from Ferrocene.” 
324 Lee and Morita, “Effect of Carbon and Sulphur on the Surface Tension of Molten Iron.” 
325 Particle nucleation models in the presence of sulfur are being developed by Arthur Sloan. 
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generated. In their 1989 publication, Girshick and Chiu proposed an improved nucleation 

rate term, J, which is calculated as 

𝐽 = 휐 (𝑛 ) 𝑆
2휎

휋𝑚
𝑒 ( )   

where 

휃 =
휎𝑠
𝑘 𝑇

 

and 휐  is the molar volume of the condensing phase, 𝑛  is the equilibrium particle 

concentration for a saturated vapor, S is the saturation ratio, 휎 is the liquid surface 

tension, 𝑚  is the mass of the particle, and 휃 is a dimensionless surface energy term. 

Modifying the nucleation rate term originally proposed by Girshick and Chiu with an 

expression that accounts for sulfur’s effect on particle surface energy yields notable 

trends in particle nucleation rates326 (Figure 4.6). 

 As can be observed from Figure 4.6, the maximum nucleation rates depend on 

the system temperature, sulfur concentration, and iron concentration in the system. As 

would be predicted from particle nucleation models, increasing the saturation ratio of the 

 
 

326 Girshick and Chiu, “Homogeneous Nucleation of Particles from the Vapor Phase in Thermal Plasma 
Synthesis”; Lee and Morita, “Effect of Carbon and Sulphur on the Surface Tension of Molten Iron.” 
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gas-phase metal aerosol (increasing the iron in the system) enhances the nucleation rate, 

particularly for temperatures above 1000℃ where CNT growth is typically conducted.  

 

Figure 4.6. The effect of system iron concentration, sulfur content in iron particles, 
and temperature on particle nucleation rate. Maximum nucleation rates are 

indicated by red circles. [Image courtesy of Arthur Sloan] 
 

Increased nucleation rates can also be achieved by increasing the S:Fe ratios, 

thereby reducing the surface energy of the particles. More sulfur (lower particle surface 

energies) is required at higher system temperatures, though less sulfur overall is needed 

as the iron concentration increases. By increasing the iron concentration in the system 
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and tuning the sulfur concentration in the particles, the maximum particle nucleation rates 

at 1000℃ can be increased from negligible rates ([Fe] = 3 x 10-7 mol/m3, any sulfur 

concentration) to 12 x 1029 #/m3-s ([Fe] = 0.3 mol/m3, [S] = 5 x 10-3 wt.%). The results 

presented in Figure 4.6 point to a minimum system iron concentration and sulfur 

concentration to achieve appreciable particle nucleation rates at temperatures relevant for 

CNT growth (900-1300℃); only when particles are successfully nucleated can CNT 

growth occur. 

4.2. Conclusion 

It is widely accepted that using sulfur as a growth promoter in FCCVD CNT 

growth increases CNT yield and changes the morphology of the CNTs grown. It is 

unclear, however, whether the sulfur affect arises solely from its interaction with iron 

nanoparticles, with CNT growth, or both. To this end, a series of experiments were 

conducted to examine the effect of sulfur on CNT growth. These findings will be 

presented in Chapter 5 and Chapter 6.
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Chapter 5 

The Effect of S:Fe Ratio in CNT Growth 
under Highly Oxidizing Conditions327 

The role of sulfur in CNT growth has been discussed at length, both in Chapter 2 

and Chapter 4. Experimental findings from CNT literature point to sulfur influencing 

CNT nucleation and growth, and particle nucleation models suggest that sulfur may have 

a significant effect on particle nucleation. To study the effect of S:Fe ratio, two sets of 

experiments were conducted. The first set of experiments was done on the horizontal 

reactor system (See Chapter 3, Section 3.1.1) where CNT growth occurred under highly 

oxidizing conditions. These findings are reported in this chapter. The second set of 

 
 

327 Collaborators include Arthur Sloan (Chemical and Biomolecular Engineering; Rice University), Muxiao 
Li (Muxiao Li, Rice University), Xiyuan Cheng (Chemistry and Biochemistry, University of Maryland), 
Yuhuang Wang (Chemistry and Biochemistry, University of Maryland), Glen C. Irvin, Jr. (Chemical and 
Biomolecular Engineering, Rice University), Matteo Pasquali (Chemical and Biomolecular Engineering, 
Materials Science and Nanoengineering, Chemistry; Rice University) 
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experiments was done on the vertical reactor system (See Chapter 3, Section 3.1.2) 

where CNT growth occurred under lightly oxidizing conditions. These results will be 

presented in Chapter 6. 

5.1. Materials and Methods 

5.1.1. Materials 

Methanol, acetone, toluene, ferrocene, and thiophene were used to prepare the 

precursor solution. Methanol (certified ACS) was purchased from Fisher Chemical and 

was used without any further treatment. Acetone (Certified ACS) was purchased from 

Fisher Chemical and was used without any further treatment. Toluene (Certified ACS) 

was purchased from Fisher Chemical and was used without any further treatment. 

Thiophene (>98% purity) was purchased from TCI and used without any further 

treatment. Ferrocene (98% purity) was purchased from Aldrich and was purified by 

sublimation in a sublimation flask prior to experiments. Ultrahigh purity nitrogen gas was 

purchased from Airgas and was used as the carrier gas during CNT growth experiments.  

CNTs were purified using a peroxide/acid wash followed by a mild air oxidation 

step and a final acid wash. For the peroxide/acid wash, 30% concentrated hydrogen 

peroxide was purchased from Fischer Chemical and used without any further treatment. 

Additionally, a 1 N HCl solution purchased from Fischer Chemical and was used without 

further treatment. For the mild air oxidation step, ultrahigh purity air purchased from 

Airgas was used to lightly oxidize the CNTs in a low-temperature tube furnace. 
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Concentrated (37%) HCl purchased from Sigma-Aldrich was used to remove any 

remaining residual catalyst nanoparticles. 

Solutions of CNTs were made by dissolving purified CNT samples in 

chlorosulfonic acid (CSA). CSA (99%) was purchased from Sigma-Aldrich and used 

without any further treatment. 

5.1.2. CNT Growth Procedure 

Two series of experiments were conducted on the horizontal FCCVD system at Rice 

University that aimed to determine the effect of S:Fe atomic ratio on CNT growth. For 

both series, the same S:Fe atomic ratios were used. [Note: S:Fe atomic ratio refers to the 

sulfur and iron content fed to the reactor and not the S:Fe ratio in catalyst particles.] The 

“sulfur series” maintained the iron concentration in the precursor solution constant for all 

recipes and changed the S:Fe atomic ratio by changing the thiophene concentration. The 

“iron series” maintained the sulfur concentration in the precursor solution constant for all 

recipes and changed the S:Fe atomic ratio by changing the ferrocene concentration. The 

relationship for the experiments is visually depicted in Figure 5.1, below. As can be seen 

in Figure 5.1, the S:Fe ratio could be increased either by increasing the thiophene 

concentration or decreasing the ferrocene concentration in the precursor solution. Both 

series of experiments shared the recipe DOE-03 as a common denominator. The 

experimental parameters for the base case recipe, DOE-03, were adapted from a recipe 

developed by collaborators in Dr. Yuhuang Wang’s group at the University of Maryland. 

An experiment was conducted when no thiophene was included in the precursor solution, 
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but no significant material production was observed and therefore the results are not 

presented here. Table 5.1 lists the experimental parameters used for the iron series and 

sulfur series. The furnace set point temperature is the set point for all three zones in the 

horizontal FCCVD reactor. The CEM temperature is the temperature set point of the 

heater where the precursor solution was vaporized and mixed with the carrier gas, 

nitrogen. The heat trace temperature is the set point temperature of the inlet line leading 

from the Bronkhorst CEM system to the reactor inlet. The solution flow rate was set 

based on the precursor solution density measured from the Coriolis meter.   

Prior to all experiments, approximately 950 mL of precursor solution with the desired 

concentrations of each component was prepared. 

 

Figure 5.1 Relationship of experiments in “iron series” and “sulfur series”. 
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The proportions of methanol to acetone and methanol to toluene from the base case 

recipe were held constant in all experiments. To adjust the S:Fe atomic ratio, either the 

thiophene concentration or ferrocene concentration was changed while holding the other 

constant at the same concentration as the base recipe. After the precursor solution was 

prepared, it was transferred to a 1 L stainless steel bubbler and connected to the reactor 

system. The reactor was heated to 1250℃ while air flowed through the reactor tube. The 

air stream oxidized any residual carbon on the tube walls from the previous experiment. 

Once at temperature, a stream of nitrogen flowed through the reactor for approximately 1 

hour to purge the system of oxygen prior to running the experiment. After the oxygen 

was purged, the nitrogen flow rate was set to 3024 sccm. The precursor solution was 

introduced to the Bronkhorst CEM system by back pressure from a nitrogen gas stream 

pushing down on the surface of the solution in the bubbler. The precursor solution with a 

mass flow rate of 166 g/h was mixed with 3024 sccm nitrogen and heated to 200℃ in the 

CEM heater prior to being introduced into the reactor via the heated inlet line. The 

reactor was run until the precursor solution ran out, approximately 4.5 hours. At the end 

of the experiment, the reactor was turned off and the system was cooled under a stream of 

nitrogen for approximately two hours. The nitrogen stream was then shut off and the 

system allowed to cool overnight. The CNT sample was collected from the tube walls 

near the exit of the reactor and from the collection box for characterization and 

processing. 
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Table 5.1 Experimental parameters for experiments conducted in the “sulfur series” 
(yellow) and “iron series” (green). All recipes in the sulfur and iron series use DOE-
03 as a reference. The precursor solution for DOE-03 was composed of 96.075 mol% 

methanol, 0.1 mol% acetone, 0.005 mol% ferrocene, 0.0025 mol% thiophene, and 
0.285 mol% toluene. 

 

 

5.1.3. CNT Material Purification and Sample Composition Analysis 

As-produced CNT samples were collected after each run and purified using the 

same purification procedure. The steps for the purification procedure are as follows: 

1. Peroxide/acid wash 

2. Concentrated acid wash 

3. Warm water wash 

4. Freeze dry (weigh sample) 

5. Air oxidation (weigh sample) 

6. Concentrated acid wash 

7. Warm water wash 

Parameter DOE-03
DOE-15, 
DOE-17

DOE-14, 
DOE-18

DOE-12, 
DOE-19

DOE-13, 
DOE-20

Furnace 
Temperature (˚C)

1250 1250 1250 1250 1250

CEM Temperature 
(˚C)

200 200 200 200 200

Heat Trace 
Temperature (˚C)

150 150 150 150 150

Solution Flow Rate 
[Mixture of 

Methanol, Acetone, 
Toluene] (g/h)

166 166 166 166 166

Carrier Gas Flow 
Rate (sccm)

3024 N2 3024 N2 3024 N2 3024 N2 3024 N2

S:Fe 0.48 0.12 0.24 0.97 1.5
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8. Freeze dry (weigh sample) 

For each sample, approximately 20-50 mg of material was separated and treated with a 

warm peroxide/acid wash according to the procedure reported by Wang, et al.328. The 

CNT sample was added to a solution of 20 mL 1N HCl and 20 mL of 30% hydrogen 

peroxide in a 250 mL open Erlenmeyer flask containing a Teflon magnetic stir bar, on a  

hot stir plate. The solution was heated to 60℃ while the magnetic stir bar mixed the 

solution at 600 RPM. The reaction ran for a total of 5 hours. After one, two, and three 

hours, 20 mL of 1N HCl and 20 mL of 30% hydrogen peroxide were added. After four 

hours, no additional HCl or hydrogen peroxide was added but the solution was 

maintained at 60℃ and continuously stirred to allow any unreacted hydrogen peroxide to 

deactivate. In the early stages of the reaction, the color of the solution changed to a pale 

green/yellow color, indicative of dissolved iron ions. After 5 hours, the CNTs were 

vacuum filtered from solution using Millipore Sigma Omnipore membrane filter (OD 47 

mm, 0.2 µm pore size, PTFE). The CNTs were returned to the same Erlenmeyer flask and 

concentrated HCl (~150 mL) was added to remove additional exposed iron particles. The 

concentrated HCl turned a pale yellow/green color, indicating dissolved iron atoms. The 

CNTs were stirred at approximately 80 RPM overnight in concentrated HCl at room 

temperature. The next day, CNTs were vacuum filtered from the concentrated HCl using 

a Millipore Sigma Omnipore membrane filter (OD 47 mm, 0.2 µm pore size, PTFE) and 

 
 

328 Yuhuang Wang et al., “A Highly Selective, One-Pot Purification Method for Single-Walled Carbon 
Nanotubes,” J. Phys. Chem. B. 111, no. 6 (January 24, 2007): 4. 
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again returned to the same Erlenmeyer flask. Approximately 150 mL of distilled water 

was added to the flask and the CNTs were stirred in warm water (~80℃) at 80 RPM 

overnight to remove residual HCl in the CNT sample. The CNTs were then vacuum 

filtered from warm water using Millipore Sigma Omnipore membrane filter (OD 47 mm, 

0.2 µm pore size, PTFE) and freeze dried overnight. Contrary to what was reported by 

Wang, et al., the one-pot peroxide/acid wash step was insufficient to remove most (40-

70%) of the residual catalyst particles and amorphous carbon (Figure 5.2). Additional 

purification was required.  

 

Figure 5.2 SEM image of CNTs after the peroxide/acid wash. Residual catalyst 
particles are clearly observed throughout the sample, indicating the initial 

peroxide/acid wash was not sufficient to remove all metal impurities. 
 

After CNTs were freeze dried, they were weighed and transferred to a small 

alumina boat. The CNTs were placed in a single-zone tube furnace under a stream of 100 
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sccm dry air. The temperature of the furnace was increased to 150℃ and held at 150℃ 

for 3 hours before ramping to 420℃ at a rate of 10℃/min. The furnace stayed at 420℃ 

for eight hours before cooling to room temperature. After air oxidation, the CNTs were 

removed from the furnace, weighed, and added to a 250 mL Erlenmeyer flask containing 

150 mL concentrated HCl and a Teflon magnetic stir bar stirring at approximately 80 

RPM. The solution immediately changed color from clear to yellow/green, indicating 

dissolved iron species. The CNTs were left to stir in concentrated HCl overnight. After 

this, the CNTs were vacuum filtered using a Millipore Sigma Omnipore membrane filter 

(OD 47 mm, 0.2 µm pore size, PTFE) and returned to the same Erlenmeyer flask 

containing 150 mL of distilled water. The flask was heated to 80℃ and stirred at 

approximately 80 RPM overnight. Finally, the CNTs were vacuum filtered using 

Millipore Sigma Omnipore membrane filter (OD 47 mm, 0.2 µm pore size, PTFE) and 

freeze dried overnight. The final mass of the CNTs was recorded. 

The sample compositions were estimated based on the mass changes of the 

sample at each stage of the purification process compared with the starting material mass 

used for purification. The final mass of the sample at the end of purification was taken to 

be the CNT component. Residual catalyst in the samples was estimated by adding the 

mass lost from the initial peroxide/acid wash and the adjusted mass loss from the final 

concentrated HCl wash. The amorphous carbon content, therefore, was taken to be the 

remaining balance of the starting mass of the sample not accounted for by either the CNT 

content or the residual catalyst content. An example of a calculation illustrating how the 

composition of the sample was determined is described in Appendix A.5.1.  
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A few notes must be mentioned regarding using mass changes during purification 

as a means of estimating sample composition. First, the implicit assumption using 

purification to estimate residual catalyst content is that all residual catalyst particles in the 

sample are protected from air by several layers of carbon and therefore exist as metallic 

iron and not iron oxide. This assumption is reasonable because early purification 

iterations featured a concentrated HCl wash as the first step in the purification process. 

With this initial concentrated acid wash, no appreciable solution color change was 

observed, indicating that no significant amount of iron was dissolved and any iron in the 

sample was likely protected from the acid by a few layers of carbon. TEM images 

reported throughout literature and taken for samples produced at Rice or by collaborators 

from the University of Maryland using a scaled-down horizontal FCCVD reactor set up 

show residual catalyst particles coated in several layers of carbon (Figure 5.3). 

Additionally, XRD patterns of as-produced material show no iron oxide peaks (See 

Appendix A.6.2 for XRD patterns from as-produced CNT material). The initial mass 

change after the peroxide/acid and concentrated acid washes was assumed to be entirely 

due to metallic iron lost. Though it is likely that carbon reacted with peroxide in the 

initial peroxide/acid wash, it was assumed that the mass of carbon lost would be 

negligible compared to the mass of iron lost because iron is almost five times heavier 

than carbon. Additionally, while the total mass change after the peroxide/acid wash could 

reasonably be assumed to represent metallic iron lost, the mass change after the second 

concentrated acid wash had to be adjusted to reflect the mass of metallic iron lost, and not 

iron oxide. 
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Figure 5.3. TEM image showing residual catalyst particles encapsulated by a few 
layers of carbon. [Image courtesy of collaborators Xiyuan Cheng in Dr. Yuhuang 

Wang’s group at University of Maryland. Sample prepared on a scaled-down 
reactor system based on the horizontal FCCVD reactor available at Rice 

University.] 
 

During air oxidation, residual iron particles in the sample were exposed to hot air and 

were oxidized. To convert the mass of iron oxide lost during the second concentrated acid 

wash, it was assumed the iron oxide existed as either Fe2O3 or Fe3O4 (the results do not 

change significantly using either oxide and are within 3 wt% of each other) and the 

equivalent mass loss of metallic iron was calculated. Estimating the residual catalyst 

content with this procedure yielded comparable results to residual catalyst content 

calculated from TGA (See Appendix A.5.1). A second assumption is that any 
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recoverable material after purification can be attributed to the CNT content. While it is 

possible the remaining material may contain some amount of impurities, the level of 

impurities was assumed to be low, especially compared with the CNT content. TEM 

images from purified material support this conclusion (Figure 5.4). Figure 5.4, below, is 

a TEM image of purified CNTs relatively free from carbonaceous impurities and no 

visible residual catalyst particles. Additional proof of the low impurity content for 

purified CNT material is the ability to dissolve purified material in CSA. Previous reports 

have demonstrated that CNTs form true solutions in CSA via electronic π-cloud 

interactions with chlorosulfonic acid molecules329. Impurities that block CNT walls from 

interacting with CSA molecules impede the ability of CNTs to form true solutions in 

CSA; only when the carbonaceous impurity content is low can true solutions of CNTs in 

CSA form. Because solutions of CNTs in CSA could be formed, there exists reasonable 

confidence that the carbon impurity content is low and that the purified material is 

representative of the CNT content in as-produced material. Estimating sample 

composition from a standardized purification procedure produces useful insights into the 

quality of the material and selectivity of growth recipes towards CNTs. This procedure 

has not previously been reported and is a unique technique developed at Rice University. 

 
 

329 Virginia A. Davis et al., “True Solutions of Single-Walled Carbon Nanotubes for Assembly into 
Macroscopic Materials,” Nature Nanotechnology 4, no. 12 (December 2009): 830–34, 
https://doi.org/10.1038/nnano.2009.302; Virginia A. Davis et al., “Phase Behavior and Rheology of 
SWNTs in Superacids,” Macromolecules 37, no. 1 (January 2004): 154–60, 
https://doi.org/10.1021/ma0352328; Sivarajan Ramesh et al., “Dissolution of Pristine Single Walled 
Carbon Nanotubes in Superacids by Direct Protonation,” The Journal of Physical Chemistry B 108, no. 26 
(July 1, 2004): 8794–98, https://doi.org/10.1021/jp036971t. 
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Figure 5.4. TEM image of a purified sample of DOE-12 produced at Rice University 
on the horizontal FCCVD system. 

 

Compared to the protocol reported for estimating sample compositions from 

TGA, using a standardized purification procedure to estimate sample composition offers 

many benefits. First, as noted by NIST’s recommended practice guide, TGA results can 

vary dramatically according to heating rate, sample morphology, overall heterogeneity of 

the CNT samples, and issues with sample combustion when TGA is performed in air330. 

 
 

330 Stephen Freiman et al., “NIST Recommended Practice Guide: Measurement Issues in Single-Walled 
Carbon Nanotubes,” Special Publication, NIST Recommended Practice Guide (National Institute of 
Standards and Technology, March 2008). 
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TGA is an excellent technique for obtaining the residual catalyst particle content in a 

sample, so long as sufficiently slow heating rates that do not cause sample combustion 

with the subsequent ejection of particulates from the TGA pan are chosen. However, 

TGA measurements are not as well suited for estimating the CNT content from the mass 

loss curve. The rate of mass loss in TGA is affected by a variety of factors including 

heating rate, sample compaction (e.g. packed versus loose), and the overall heterogeneity 

of the bulk CNT sample. Furthermore, the mass loss rate is a confluence of both carbon 

oxidation and residual catalyst particle oxidation. The sample is simultaneously 

decreasing in mass due to carbon oxidation and gaining mass due to residual catalyst 

oxidation. Finally, amorphous carbon and CNTs with a range of diameters, numbers of 

walls, crystallinities, and lengths will oxidize at different rates. Estimating CNT content 

from a TGA measurement is not trivial and may lead to error in the analysis, particularly 

for CNT samples that are not standardized. Determining sample compositions from 

purification, however, avoids many of these issues. While TGA is limited to analyzing 

small, milligram quantities of material, purification can be done on grams of material, 

thereby removing the sample heterogeneity problem. Even more importantly, purification 

results in a CNT sample that can be characterized or processed into new materials for 

analysis. This is particularly useful when only experimental batches of CNT material are 

available for processing and characterizing. In contrast, TGA is a destructive technique 

and does not produce a material that can be used for further analysis. For these reasons, 

CNT sample compositions reported in this thesis were determined using the standardized 

purification procedure described in this section. 
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5.1.4. Sample Characterization 

The sample composition was determined from the standardized purification 

described in Section 5.1.3. 

The morphology of the as-produced material was imaged using a JEOL 6500 

SEM at an accelerating voltage of 5 kV. Powder XRD scans were done for as-produced 

material on a Rigaku D/Max Ultima II Powder XRD 1s with a Cu Kα source to gain 

insight on the crystallographic phases of residual catalyst particles. Scans were collected 

between 2θ = 30-75° at a very slow scan rate (0.1°/min) in order to maximize the peak 

resolution in the XRD patterns. 

The crystallinity of the unpurified (as-produced) and purified samples were 

characterized by Raman spectroscopy. Raman spectroscopy is a powerful technique for 

characterizing CNTs and is frequently used to gain insight regarding the relative defect 

density of a sample, the diameter distribution, and SWCNT chiralities for bulk samples. 

A small sampling of the material (~1 mg or less) was placed on a microscope glass slide 

and analyzed using a Renishaw InVia Confocal Raman microscope. Three laser 

excitation wavelengths (532 nm, 633 nm, and 785 nm) were used to characterize three 

distinct populations of CNTs that resonate at each laser excitation wavelength. For all 

Raman spectra, 1 accumulation was taken, and the exposure time was 10 s. The laser 

power was adjusted to achieve the maximum signal from CNTs in resonance with the 

laser (typically, 0.1-10% laser power; 45-50 W at max laser power). For each sample, a 

total of nine spectra at nine different spots was taken, three spectra for each laser. The 
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average G/D ratios were calculated based on the intensities of the G (~1590 cm-1) and D 

(~1340 cm-1) peaks with no baseline correction. The G peak is a tangential mode 

characteristic of graphitic systems and the D peak arises from scattering due to defects in 

the CNT lattice331. The G/D ratio is a standard metric used to quantify the relative 

crystallinity of CNT samples. With no baseline correction, the anticipated G/D values 

reported in this chapter are lower limits; with baseline correction, an improvement in the 

G/D reported values is expected. The average G/D ratios were calculated for both as-

produced and purified material.  

In addition to calculating average G/D ratios, the radial breathing modes (RBMs) 

observed below 400 cm-1 were used to estimate the average diameter in CNT samples. 

The diameters were calculated from the RBM peaks using the formula 

휔 =
𝐴
𝑑

+ 𝐵 

where 휔  (cm-1) is the position of the RBM peak, dt (nm) is the diameter of the CNT, 

and A and B are experimentally determined parameters. For typical SWCNT bundles 

comprised of SWCNTs with diameters in the range of dt = 1.5 ± 0.2 nm, A = 234 cm-1nm 

and B = 10 cm-1. The empirical value of B accounts for an upshift in the RBM peaks as a 

 
 

331 A. Jorio et al., “Characterizing Carbon Nanotube Samples with Resonance Raman Scattering.Pdf,” New 
Journal of Physics 5 (2003): 139.1-139.17. 
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result of tube-tube interactions332. As-produced samples are composed of CNTs with a 

range of diameters and chiralities. As a result, for all three laser excitation wavelengths, a 

range of SWCNTs or few-walled CNTs with different diameters and chiralities are in 

resonance simultaneously. Therefore, the observed RBM signals are a combination of 

several resonant CNT peaks. In order to track general trends in CNT diameters as a 

function of S:Fe ratio, the RBM signals for each spectra were fitted with the same 

number of Lorentzian peaks centered at the wavenumbers where resonant peaks for 

CNTs with a given diameter and chirality are expected, based on the Kataura plot and 

laser excitation energy (See Figure 5.12). For each sample at each laser wavelength, the 

normalized peak areas for every peak were calculated and averaged across the three 

spectra taken at the same wavelength. The ratios between the average normalized peak 

areas and the corresponding average normalized peak areas for the reference sample, 

DOE-03 (S:Fe = 0.48), were then calculated in order to observe relative shifts in CNT 

diameter prevalence as a function of S:Fe ratio. This procedure for analyzing RBM peaks 

was modified from a procedure reported by Pesce, et al. where, instead of comparing the 

RBM peak areas for two experimental samples, researchers compared experimental RBM 

 
 

332 M. Milnera et al., “Periodic Resonance Excitation and Intertube Interaction from Quasicontinuous 
Distributed Helicities in Single-Wall Carbon Nanotubes,” Physical Review Letters 84, no. 6 (February 7, 
2000): 1324–27, https://doi.org/10.1103/PhysRevLett.84.1324. 
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spectra with a simulated spectrum calculated for a hypothetical sample containing a 

constant diameter distribution333.  

Apparent CNT diameter shifts observed in the RBM peaks were further 

corroborated by the observed changes in the shape of the G-band in the Raman spectra. 

The first-order G band centered at 1580 cm-1 in the Raman spectra of CNTs exhibits a 

splitting into the G+ and G- bands. The G+ band frequency is associated with atomic 

vibrations along the CNT axis and is independent of CNT diameter. In contrast, the G- 

band is downshifted from the G+ band to slightly lower frequencies and is attributed to 

atomic vibrations along the CNT circumference. The G- band has been observed to shift 

due to changes in CNT diameters. Larger shifts correspond to smaller-diameter and/or 

metallic CNTs334. An additional spectral shape feature for the G- band is observed in 

metallic-enriched CNT samples. Due to the coupling of discrete phonons with the 

continuum excitation spectra of free electrons, the G- band exhibits a Breit-Wigner-Fano 

(BWF) lineshape instead of a Lorentzian peak typical for semiconducting CNTs335. 

 
 

333 P. B. C. Pesce et al., “Calibrating the Single-Wall Carbon Nanotube Resonance Raman Intensity by 
High Resolution Transmission Electron Microscopy for a Spectroscopy-Based Diameter Distribution 
Determination,” Applied Physics Letters 96, no. 5 (February 1, 2010): 051910, 
https://doi.org/10.1063/1.3297904. 
334 S. D. M. Brown et al., “Origin of the Breit-Wigner-Fano Lineshape of the Tangential G-Band Feature of 
Metallic Carbon Nanotubes,” Physical Review B 63, no. 15 (March 29, 2001): 155414, 
https://doi.org/10.1103/PhysRevB.63.155414; A. Jorio et al., “G-Band Raman Spectra of Isolated Single 
Wall Carbon Nanotubes: Diameter and Chirality Dependence,” in Materials Research Society Symposium, 
vol. 706, 2002, 187–92, https://cml.harvard.edu/assets/MaterResSocSympProc_2002_706_187-
192_Jorio.pdf; A. Kasuya et al., “Evidence for Size-Dependent Discrete Dispersions in Single-Wall 
Nanotubes,” Physical Review Letters 78, no. 23 (June 9, 1997): 4434–37, 
https://doi.org/10.1103/PhysRevLett.78.4434. 
335 Brown et al., “Origin of the Breit-Wigner-Fano Lineshape of the Tangential G-Band Feature of Metallic 
Carbon Nanotubes.” 
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Together with the RBM peak analysis, changes in the RBM peak intensities and G band 

shape were used to draw conclusions regarding changes in CNT diameters as a function 

of the S:Fe ratio. 

After purification, 5 mg of CNTs was measured on a microbalance and added to 

an empty 20 mL scintillation vial of known mass. Approximately 1 mL of CSA was 

added to the CNTs. The mass of the scintillation vial, CNTs, and CSA was measured and 

the mass concentration of CNTs in ppm was calculated. The solution was speed mixed at 

3500 RPM for three cycles lasting five minutes each. The liquid crystalline behavior of 

the CNTs in CSA was visualized by preparing a small, sealed capillary containing a few 

micrograms of solution and viewing the capillary under a polarized optical microscope 

(POM). Birefringence in the POM images indicated a liquid crystalline solution (See 

Appendix A.7.1 for POM images from CNT solutions in CSA).  

The CNT aspect ratio was measured using the same extensional rheology 

technique developed in the lab for CNT solutions that was reported by Tsentalovich, et 

al.336. The same CNT solution prepared for POM imaging was diluted with a known 

mass amount of CSA until no liquid crystalline regions were observed under the 0-90° 

polarizer. At this concentration, the CNT solution was dilute enough (100-1000 ppm by 

mass) to measure the extensional viscosity using a customized Trimaster capillary 

 
 

336 Dmitri E. Tsentalovich et al., “Relationship of Extensional Viscosity and Liquid Crystalline Transition 
to Length Distribution in Carbon Nanotube Solutions,” Macromolecules 49, no. 2 (January 26, 2016): 681–
89, https://doi.org/10.1021/acs.macromol.5b02054. 
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thinning rheometer. Briefly, a small capillary of the CNT solution was uniformly loaded 

between two pistons set at 0.6 mm apart. At the start of the test, the capillary was 

stretched at a rate of 25 mm/s (each piston moved at a rate of 12.5 mm/s). The stretching 

distance was 1.0 mm. As the pistons moved, a high-speed camera recorded the capillary 

deformation of the CNT solution until the capillary broke (Figure 5.5). Using Matlab 

code developed in the lab to analyze the high-speed camera videos, the midplane 

diameter of the thinning capillary was tracked as a function of time. Based on the decay 

rate of the midplane diameter with respect to time and the volume concentration of CNTs 

in CSA, the average CNT aspect ratio could be calculated. To calculate the aspect ratio of 

CNTs, the ppm volume concentration of CNTs in CSA must be known. In order to 

convert the mass concentration of CNTs in CSA to volume concentration, the average 

CNT diameter and number of walls was required. 

 

Figure 5.5 An example of the filament profiles captured by the high-speed camera in 
a typical extensional rheology test. Only the last row of frames was used by Matlab 

to calculate the extensional viscosity of the CNT solution. 
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For all samples, unless otherwise stated, the number of walls was assumed to be 1.5 

(corresponding to an even mixture of single-walled CNTs and double-walled CNTs) and 

the average diameter of CNTs was estimated based on the average wavenumber of the 

RBM peak clusters observed in the Raman spectra of the purified CNT material (See 

Appendix A.8.1 for RBM peak clusters in purified CNT material). It is not expected that 

the assumptions in the average number of walls or average diameter determined from 

Raman spectroscopy will significantly impact the conclusions regarding trends in CNT 

aspect ratios; changes of ±0.5 average number of walls or ±0.5 nm in the average CNT 

diameter will change the aspect ratio value by approximately 10%. 

Catalyst efficiencies were estimated based on a model developed in the lab. The 

catalyst efficiency model used for these studies is summarized in Appendix A.9. 

5.2. Experimental Findings 

Each recipe was run once on the horizontal FCCVD reactor. The samples were 

collected, characterized, and processed. The results are presented in the following 

discussion. 

Figure 5.6, below, summarizes the total mass production rate, the CNT mass 

production rate, and the percentage of the total as-produced material that can be attributed 

to CNTs. In Figure 5.6(a), the total mass production rate and CNT mass production rate 

increase then level off with increasing S:Fe ratio (increasing thiophene) in the sulfur 

series. 
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Figure 5.6 The total mass production rate, CNT production rate, and mass 
percentage of CNTs in as-produced material for the (a) sulfur series of experiments 

and (b) iron series of experiments. The triangle data point in (a) represents the 
CNT-only mass production rate and percentage of the total material calculated 

based on a more rigorous purification. 
 

The percentage of CNTs in the as-produced sample follow a similar trend, initially 

increasing and then leveling off above a S:Fe ratio of 1. The maximum mass production 

rate, CNT production rate, and percentage of CNTs in the as-produced material are 16 

mg/hr, 6 mg/hr, and 40 wt%, respectively. In Figure 5.6(a), the results corresponding to a 

S:Fe ratio of 1.48 show two data points for the CNT production rate and CNT percentage. 

The orange and blue triangle data points represent the CNT production rate and CNT 

content in the as-produced material calculated from a slightly different purification route. 

Instead of being oxidized in air at 420℃ for 8 hours, the sample was oxidized in air at 

420℃ for approximately 17.5 hours. However, the good agreement with the results 

obtained from the standardized purification recipe (within 13%) gives confidence in the 

robustness of estimating sample composition from purification. At S:Fe ratios lower than 

0.5, no appreciable CNT production was achieved. When the S:Fe ratio was 0, no mass 
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production was observed (results not shown). For the sulfur series, a S:Fe ratio above 1 is 

desired for maximum total mass production, CNT mass production, and CNT selectivity.  

Figure 5.6(b) summarizes the results obtained for the iron series. As the S:Fe 

ratio increased (ferrocene decreased), the total mass production rate declined 

significantly. This finding aligned with our expectations. At low S:Fe ratios (high 

ferrocene inputs), the sample collected was almost entirely iron (~96 wt%). Because iron 

is significantly heavier than carbon, the observed total mass production rate was greatly 

influenced by the degree of residual iron. Furthermore, at higher S:Fe ratios (lower iron 

concentrations) lower mass production rates would be expected because the catalyst 

content in the system was reduced; less catalyst was present in the system to catalyze 

CNT growth and/or carbon formation. The CNT production rates did not change 

significantly over the entire range of S:Fe ratios explored, but the mass percentage of 

CNTs in the as-produced sample increased as the S:Fe ratio increased. This finding is not 

surprising; the total mass production rate declined rapidly while the CNT production rate 

remained relatively constant. The findings in Figure 5.6(b) emphasize the importance of 

not only reporting the total mass production rate, but also the percentage of CNTs in the 

sample. 

SEM images of the as-produced CNT material were taken for each sample and are 

presented in Figure 5.7. As the results in Figure 5.7 demonstrate, there is a notable 

change in the sample morphology as the S:Fe ratio increased and a large difference in 

morphology between the sulfur series and iron series. The SEM images for the samples 

produced in the sulfur series (Figure 5.7(a)-(e)) show a gradual shift in the morphology 
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from very globular, thick structures featuring a substantial amount of non-tubular 

impurities to bundled structures decorated with small residual particles. While there is 

evidence of carbon impurities present in all samples, the samples produced at higher S:Fe 

ratios appear to have a thinner coating of amorphous carbon. Figure 5.7(g)-(i) and (c) 

depict the morphology changes in the as-produced material from the iron series. In 

general, the samples from the iron series appear to have less amorphous carbon coating 

than those from the sulfur series and the impurities have a distinct “fluffy” texture. As the 

S:Fe ratio increased (iron in the system decreased), the fluffy deposits on the CNT 

bundles also appear to decrease. The cleanest bundles are observed for the highest S:Fe 

ratio (lowest iron) which was in line with our expectations; reduced iron in the system 

resulted in lower residual catalyst content in the system and, assuming that iron also 

drives carbon formation in the system, a lower carbon impurity content. The morphology 

changes observed in the SEM images are consistent with the composition analysis done 

using the purification method. The samples with the lowest S:Fe ratios contained the 

highest impurity content in both series and show evidence of significant amorphous 

carbon and residual catalyst coating in SEM images. 

Raman spectroscopy was done for as-produced and purified samples in order to 

calculate the average Raman G/D ratios and determine relative sample crystallinity. The 

results are presented in Figure 5.8 and 
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Figure 5.9. Highly crystalline CNTs are characterized by large G/D ratios. As can be 

seen in Figure 5.8, there is a general trend of increasing CNT crystallinity in as-produced 

materials as the S:Fe ratio increased.  
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Figure 5.7. SEM images of as-produced material from the (a)-(e) sulfur series and 
(f)-(i) iron series. The SEM images are arranged in order of increasing S:Fe ratio 

[i.e. (a), (f) S:Fe = 0.12; (b), (g) S:Fe = 0.24; (c) S:Fe = 0.48 from DOE-03 base case; 
(d)-(h) S:Fe = 0.97; (e), (i) S:Fe = 1.5] where samples from the sulfur series and iron 

series with the same S:Fe ratio are presented side-by-side for better comparison. 
 

The large standard deviation in the G/D ratios indicates the considerable degree of 

variability in the samples; this might be expected for as-produced material which also 

contains poorly graphitized amorphous carbon. 



 
221 

 

 

Figure 5.8. The average G/D ratios calculated from the intensities of the G and D 
peaks in Raman spectra for as-produced material in the (a) sulfur series and (b) 
iron series at three laser excitation wavelengths, 532 nm, 633 nm, and 785 nm. 

 

Figure 5.9 shows the average G/D ratios for samples from the iron series and sulfur 

series after purification. The G/D ratios of the purified material are higher than the as-

produced material, indicating that purification successfully removed amorphous carbon 

impurities and defective CNTs. For the sample prepared in the sulfur series experiment 

with a S:Fe of 0.12, insufficient material was recovered after purification for 

characterization. G/D ratios in the purified samples follow the same trend as the as-
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produced material. Namely, G/D ratios increase as the S:Fe ratio increases, though some 

heterogeneity is still observed in the G/D ratios. Combining the results presented in 

Figure 5.6-Figure 5.8, particularly for the sulfur series, it is found that both the quality 

(as indicated by the Raman G/D ratios) and quantity of CNTs improved as the S:Fe ratio 

increased. This finding is unique from other studies reporting FCCVD CNT growth 

which is often plagued by a trade-off between quantity or quality.  

Figure 5.9. The average G/D ratios calculated from Raman spectra for purified 
material from the (a) sulfur series and (b) iron series at three laser excitation 
wavelengths, 532 nm, 633 nm, and 785 nm. An average G/D ratio could not be 

determined for the purified sample in the sulfur series corresponding to the S:Fe ratio 
of 0.12 

Previous studies have shown that increasing sulfur in the system results in 

increased CNT yields, a wider CNT diameter distribution, and an increase in the number 

of CNT walls337. Our results are congruent with the general findings that increased CNT 

 
 

337 Cheng et al., “Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes by the 
Catalytic Pyrolysis of Hydrocarbons”; Ci et al., “Double Wall Carbon Nanotubes Promoted by Sulfur in a 
Floating Iron Catalyst CVD System”; Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres 
Using the Floating Catalyst High Temperature Route”; Reguero et al., “Controlling Carbon Nanotube Type 
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yields are achieved with small additions of sulfur to the system. However, the observed 

trend in G/D ratios reported here contrast with many studies that have reported the effect 

of sulfur on G/D ratios in as-produced materials338. Previous findings indicated that 

increasing sulfur in the system resulted in lower G/D ratios. In reported studies, however, 

the conditions in the reactor were either not highly oxidizing (the carbon feedstock did 

not feature any oxygen-containing functional groups) or the trends in G/D ratios when 

highly oxidizing conditions were present in the reactor were not reported. To the best of 

our knowledge, this is the first report which suggests that oxidizing conditions are an 

important component to consider for sulfur-assisted CNT growth. Our hypothesis is that 

when oxygen is present, defective CNTs or carbon impurities are preferentially oxidized, 

leaving only highly crystalline CNTs which are more resistant to oxidation339. Under 

highly oxidizing conditions, more sulfur may be required to achieve appreciable CNT 

growth to offset CNT and amorphous carbon oxidation. In this way, an increase in CNT 

yield with a preference for highly crystalline material could be expected. However, there 

 
 

in Macroscopic Fibers Synthesized by the Direct Spinning Process”; Ren et al., “The Effect of Sulfur on the 
Structure of Carbon Nanotubes Produced by a Floating Catalyst Method”; Wei et al., “The Effect of Sulfur 
on the Number of Layers in a Carbon Nanotube.” 
338 John S. Bulmer et al., “Forecasting Continuous Carbon Nanotube Production in the Floating Catalyst 
Environment,” Chemical Engineering Journal 390 (June 15, 2020): 124497, 
https://doi.org/10.1016/j.cej.2020.124497; Kaniyoor et al., “High Throughput Production of Single-Wall 
Carbon Nanotube Fibres Independent of Sulfur-Source”; Gspann, Smail, and Windle, “Spinning of Carbon 
Nanotube Fibres Using the Floating Catalyst High Temperature Route”; Paukner and Koziol, “Ultra-Pure 
Single Wall Carbon Nanotube Fibres Continuously Spun without Promoter,” February 4, 2014; Ren et al., 
“The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst Method”; 
Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 
339 Li et al., “Synthesis of High Purity Single-Walled Carbon Nanotubes from Ethanol by Catalytic Gas 
Flow CVD Reactions.” 
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may be another mechanism by which increasing sulfur improves CNT crystallinity 

related to how sulfur influences catalyst particle nucleation; this mechanism will be 

discussed more at length in Chapter 6 The relationship between S:Fe ratio and CNT 

crystallinity under highly oxidizing conditions merits further investigation as it represents 

a departure from the current thinking. 

Additional insights regarding changes in CNT morphology as a function of the 

S:Fe ratio in the iron and sulfur series can be gathered by examining the Raman spectra in 

more detail and conducting rheological studies on solutions of CNTs in superacids. 

Comparisons of the Raman spectra obtained for all five samples and all three lasers for 

the sulfur and iron series are presented in Figure 5.10 and Figure 5.11, below. In 

addition to the G/D ratios, several conclusions can be drawn both from the presence of 

peaks that occur below 400 cm-1, known collectively as radial breathing modes (RBM 

peaks), and the asymmetry of the G band centered around 1580-1590 cm-1. RBM peaks in 

Raman spectra correspond to the atomic vibrations of carbon atoms in the radial direction 

and are inversely related to the CNT diameter and influenced by the CNT chiralities340. 

Modifying an RBM analysis technique reported by Pesce, et al., the RBM region for all 

Raman spectra were fitted with the same number of Lorentzian peaks whose position was 

estimated based on the intersection of the laser excitation wavelength and the CNT 

 
 

340 Jorio et al., “Characterizing Carbon Nanotube Samples with Resonance Raman Scattering.Pdf”; R. Saito 
et al., “Raman Spectroscopy of Graphene and Carbon Nanotubes,” Advances in Physics 60, no. 3 (June 1, 
2011): 413–550, https://doi.org/10.1080/00018732.2011.582251. 
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optical transition energy curves found in the Kataura plot (See Figure 5.12)341. For each 

sample, three Raman spectra were recorded for each laser excitation wavelength. Once 

the RBM regions were fitted with a series of Lorentzian peaks for all three spectra 

obtained at one laser excitation wavelength, the peak areas of each Lorentzian peak were 

averaged across all three spectra and divided by the average peak area for the 

corresponding peak obtained from the reference sample, DOE-03 (S:Fe ratio = 0.47).  

 
 

341 Pesce et al., “Calibrating the Single-Wall Carbon Nanotube Resonance Raman Intensity by High 
Resolution Transmission Electron Microscopy for a Spectroscopy-Based Diameter Distribution 
Determination.” 
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Figure 5.10. Raman spectra overlay for the five as-produced samples from the 
sulfur series using three different lasers. S:Fe at. Ratio scale is in log2. 

  
The results from this analysis are summarized in Figure 5.13 and Figure 5.14. 

It is obvious from Figure 5.10 that there is a drastic change in the Raman spectra 

when the S:Fe ratio increased from 0.12 to 0.24 in the sulfur series. In particular, the 

spectra for the sample produced using a S:Fe ratio of 0.12 is noticeably noisier, features 

strong, sharp RBM peaks, and reveals a highly asymmetric G-band. The noisiness of the 

spectra for the S:Fe = 0.12 sample is consistent with the findings presented in Figure 5.6-

Figure 5.8 which suggest that at very low S:Fe ratios, the CNTs are a minor component 

of the as-produced material and are more defective. Above a S:Fe ratio of 0.12, the G-

band lineshape does not change significantly but the RBM peak intensities become more 
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prominent when the S:Fe ratio is near or above 1. Figure 5.13, below, summarizes the 

results for the RBM peak analysis for the sulfur series samples. For all three laser 

excitation wavelengths, the samples produced with S:Fe ratios below 0.47 show a higher 

prevalence of CNT diameters below 1.35 nm when compared to the base recipe. For the 

S:Fe ratio 0.97, the sample revealed a similar RBM profile (IExp/IRef ~1) to the base recipe 

at each laser excitation wavelength with the exception of one very intense peak in the 532 

nm spectra corresponding to a CNT with a diameter of 1.5 nm. At the highest S:Fe ratio, 

there appears to be a higher prevalence of CNTs with diameters larger than 1.35 nm. 

 

Figure 5.11. Raman spectra overlay for the five as-produced samples from the iron 
series using three different lasers. S:Fe at. Ratio scale is in log2. 
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Figure 5.12. Kataura plot constructed and adapted using data downloaded from 
https://flex.phys.tohoku.ac.jp/eii/#cite (Accessed August 27, 2020). Additional 

information on the construction of the Kataura plot can be found in Nugraha, et al. and 
Saito, et al.342. Wavenumbers were calculated from the diameters provided in the data 

using the equation ωRBM [cm-1] = (234 [cm-1 nm]/dt [cm-1]) + 10 [cm-1] 

 

Figure 5.13. Ratio between average peak area of RBM peak in sample and RBM 
peak area of reference sample, DOE-03 (S:Fe = 0.47), IExp/IRef, and corresponding 
CNT diameter for spectra taken at (a) 532 nm, (b) 633 nm, and (c) 785 nm laser 

excitation wavelengths for sulfur series. Lines are drawn between points to guide the 
eye. 

 

 
 

342 A. R. T. Nugraha et al., “Dielectric Constant Model for Environmental Effects on the Exciton Energies 
of Single Wall Carbon Nanotubes,” Applied Physics Letters 97, no. 9 (August 30, 2010): 091905, 
https://doi.org/10.1063/1.3485293; K. Sato et al., “Discontinuity in the Family Pattern of Single-Wall 
Carbon Nanotubes,” Physical Review B 76, no. 19 (November 29, 2007): 195446, 
https://doi.org/10.1103/PhysRevB.76.195446. 
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Figure 5.14. Ratio between average peak area of RBM peak in sample and RBM 
peak area of reference sample, DOE-03 (S:Fe = 0.47), IExp/IRef, and corresponding 
CNT diameter for spectra taken at (a) 532 nm, (b) 633 nm, and (c) 785 nm laser 

excitation wavelengths for iron series. Lines are drawn between points to guide the 
eye. 

 

The results presented in Figure 5.13 suggest that as sulfur (and the S:Fe ratio) increased, 

CNTs with larger diameters were grown. These findings are consistent with a general 

pattern throughout the literature which have shown that increasing sulfur leads to larger-

diameter CNTs with more walls343.  

 
 

343 Cheng et al., “Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes by the 
Catalytic Pyrolysis of Hydrocarbons”; Ci et al., “Double Wall Carbon Nanotubes Promoted by Sulfur in a 
Floating Iron Catalyst CVD System”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon 
Nanotube Fibres Independent of Sulfur-Source”; Kiang et al., “Vapor-Phase Self-Assembly of Carbon 
Nanomaterials”; Kiang et al., “Catalytic Synthesis of Single-Layer Carbon Nanotubes with a Wide Range 
of Diameters”; Reguero et al., “Controlling Carbon Nanotube Type in Macroscopic Fibers Synthesized by 
the Direct Spinning Process”; Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes 
Produced by a Floating Catalyst Method”; Wei et al., “The Effect of Sulfur on the Number of Layers in a 
Carbon Nanotube.” 
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In addition to changes in the position of the RBM peaks observed, significant 

shifts in the average CNT diameter would lead to changes in the relative asymmetry of 

the G peak. 

 

Figure 5.15. Wavenumber separation of the G+ and the first G- peak positions as a 
function of the S:Fe ratio for (a) the sulfur series and (b) the iron series. 
 

The most obvious trend would be a shift of the G- band towards lower wavenumbers as 

the CNT diameter distribution moves towards smaller diameters344. Due to the shift in the 

G- band towards lower wavenumbers, the wavenumber separation between the G+ and 

G- bands will increase (the G+ band does not have a diameter dependence); a larger 

separation would be indicative of smaller-diameter CNTs. For all spectra, the G band was 

deconvoluted into a minimum of two peaks but no more than three, representing the G+ 

 
 

344 Brown et al., “Origin of the Breit-Wigner-Fano Lineshape of the Tangential G-Band Feature of Metallic 
Carbon Nanotubes”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube 
Fibres Independent of Sulfur-Source”; Kasuya et al., “Evidence for Size-Dependent Discrete Dispersions in 
Single-Wall Nanotubes.” 
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and G- modes. When the G band was fitted with three peaks, the two lowest wavenumber 

peaks were attributed to G- modes associated with two distinct populations of CNTs, 

similar to the procedure reported by Kaniyoor, et al.345. For most spectra, an acceptable 

fit with an r2 value over 97% was achieved using two Lorentzian peaks. For the S:Fe = 

0.12 spectra in the sulfur series, however, the best peak deconvolution was achieved with 

a Lorentzian G+ band and a BWF-shaped peak for the G- mode or two G- Lorentzian 

peaks, indicating a high degree of asymmetry in the G-band. Figure 5.15(a) shows the 

largest wavenumber separation occurred with a S:Fe ratio of 0.12, as would be expected 

for smaller-diameter CNTs. These results are consistent with the RBM analysis results 

presented in Figure 5.13 which revealed a higher peak area contribution from smaller-

diameter CNTs. Furthermore, the BWF lineshape in the G- peak indicates the sample 

may be enriched with metallic SWCNTs. The RBM peak areas show strong contributions 

in the 532 nm and 633 nm spectra from peaks corresponding to CNT diameters of 1.07 

nm (532 nm), 1.29 nm (633 nm), and 1.51 nm (633 nm) which correspond to metallic 

(12,3), (11,8), and (14,8) CNTs.  The results in Figure 5.13 and Figure 5.15(a) suggest 

that a S:Fe ratio of 0.12 resulted in small-diameter, metallic-enriched CNT sample. The 

sample corresponding to the S:Fe ratio of 0.24 appears to have similarly strong peak area 

contributions from small-diameter CNTs as the S:Fe 0.12 sample (Figure 5.13) but the G 

band is less asymmetric (Figure 5.15(a)). This observation is attributed to S:Fe = 0.24 

 
 

345 Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of 
Sulfur-Source.” 
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sample no longer being enriched in metallic CNTs. The RBM peaks corresponding to 

metallic CNTs observed in the S:Fe = 0.12 spectra are reduced in the S:Fe = 0.24 spectra 

with a corresponding change in the G- band lineshape from a BWF-shape to a Lorentzian 

lineshape that is more characteristic of semiconducting CNTs. For S:Fe ratios above 0.24, 

there does not appear to be a significant change in the asymmetry of the G band and the 

RBM peak area contributions for samples with S:Fe ratios above 0.24 show increasingly 

stronger contributions from a wider range of CNTs with diameters above 1.35 nm. Taken 

together, the results presented in Figure 5.13 and Figure 5.15(a) suggest that the lowest 

S:Fe ratio produces small-diameter, metallic-enriched CNT samples. Above this S:Fe 

ratio, the samples are no longer metallic-enriched, and the CNT diameters are larger and 

more polydisperse. The observation of larger, more polydisperse CNT diameters is 

consistent with previous studies reported throughout the literature346. To the best of our 

knowledge, no studies have found that very low S:Fe ratios result in metallic-enriched 

CNTs though metallic enrichment has been reported using a different sulfur source or 

under conditions where the hydrogen flow rate is high347.  

 
 

346 Cheng et al., “Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes by the 
Catalytic Pyrolysis of Hydrocarbons”; Ci et al., “Double Wall Carbon Nanotubes Promoted by Sulfur in a 
Floating Iron Catalyst CVD System”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon 
Nanotube Fibres Independent of Sulfur-Source”; Kiang et al., “Vapor-Phase Self-Assembly of Carbon 
Nanomaterials”; Kiang et al., “Catalytic Synthesis of Single-Layer Carbon Nanotubes with a Wide Range 
of Diameters”; Reguero et al., “Controlling Carbon Nanotube Type in Macroscopic Fibers Synthesized by 
the Direct Spinning Process”; Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes 
Produced by a Floating Catalyst Method”; Wei et al., “The Effect of Sulfur on the Number of Layers in a 
Carbon Nanotube.” 
347 Sundaram, Koziol, and Windle, “Continuous Direct Spinning of Fibers of Single-Walled Carbon 
Nanotubes with Metallic Chirality”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon 
Nanotube Fibres Independent of Sulfur-Source.” 



 
233 

 

Figure 5.11 presents an overlay of the Raman spectra for all five samples 

produced in the iron series. Similar to the findings from the sulfur series (Figure 5.10), 

there appears to be a dramatic change in the Raman spectra when the S:Fe ratio is 

increased from 0.12 to 0.24. The Raman spectra for the sample corresponding to a S:Fe 

ratio of 0.12 is noticeably noisier, features a highly asymmetric G peak, and exhibits 

sharp, intense RBM peaks. The noisiness of the spectra for the S:Fe = 0.12 sample might 

be expected because this sample contained the lowest CNT content and the CNTs were 

the most defective. Above the S:Fe ratio of 0.12, the G band asymmetry does not change 

significantly with increasing S:Fe ratio and the RBM peak intensities are similar. Figure 

5.14 summarizes the RBM peak analysis results for the iron series. Unlike the RBM peak 

results presented in Figure 5.13, there does not appear to be an obvious trend between 

average CNT diameter and S:Fe ratio. However, there may be evidence of more 

polydispersity in CNT diameters at the lowest S:Fe ratio, as shown by several regions of 

relatively higher RBM peak areas corresponding to CNT diameters of 0.85-1.90 nm. This 

observation is in stark contrast with the results from the sulfur series experiments which 

showed a preference for smaller-diameter CNTs. The polydispersity of the sample may 

be a direct result of increased iron in the system. In the iron series, the ferrocene 

concentration in the precursor solution was increased to achieve lower S:Fe ratios; for the 

lowest S:Fe ratio, the highest ferrocene concentration was used. Increasing the iron 

concentration in the reactor would change the catalyst particle nucleation and collision 
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dynamics, resulting in a broader distribution of nanoparticle sizes348. The results in 

Figure 5.14, therefore, implicate a direct correlation between catalyst particle dynamics 

and the resulting CNT diameter distribution. Though the CNT diameter distribution is 

different for the S:Fe = 0.12 case in the sulfur and iron series, the RBM peaks do allude 

to a similar metallic enrichment in both series. In the S:Fe = 0.12 iron series sample, 

several of the RBM peaks with the largest peak areas are related to metallic CNTs. The 

peaks corresponding to CNT diameters of 1.08 nm (532 nm), 1.43 nm (633 nm), and 1.86 

nm (785 nm) are assigned to the metallic (12,3), (12,9), and (15,12)/(18,9) CNTs, 

respectively. These same peaks are not evident at higher S:Fe ratios. At the highest S:Fe 

ratio 1.5, the RBM peak areas appear to be less disperse and confined within a narrower 

range of CNT diameters between 1.35-1.85 nm. For intermediate S:Fe ratios, the S:Fe = 

0.24 has a similar CNT diameter composition as the reference sample (S:Fe = 0.48) and 

the S:Fe ratio = 0.97 has significant RBM peak area contributions for two distinct CNT 

diameter regions, suggesting a bimodal CNT diameter distribution relative to the 

reference sample. The results show that there are changes in the CNT diameter 

polydispersity as a function of increasing iron content (decreasing S:Fe ratio) in the 

reactor. 

 
 

348 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity”; A. Simchi et al., “Kinetics and 
Mechanisms of Nanoparticle Formation and Growth in Vapor Phase Condensation Process,” Materials & 
Design 28, no. 3 (January 1, 2007): 850–56, https://doi.org/10.1016/j.matdes.2005.10.017. 
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In addition to analyzing the RBM peak areas, changes in the G band lineshape 

were tracked and the results are presented in Figure 5.15(b). Similar to the sulfur series, 

the G band is most asymmetric for the sample corresponding to S:Fe = 0.12 in the iron 

series. The wavenumber separation suggests a higher degree of small-diameter CNTs 

and/or metallic enrichment. Although the sample at the lowest S:Fe ratio may be more 

polydisperse (Figure 5.14), the average diameter is likely smaller based on the lineshape 

of the G peak (Figure 5.15(b)). Above S:Fe = 0.12, there are no significant changes in 

the wavenumber separation, similar to the sulfur series. Changes in the G band shape, 

combined with the RBM peak area analysis, suggests that lower iron concentrations 

(higher S:Fe ratios) result in less polydisperse samples but larger average CNT diameters. 

While increasing sulfur in CNT growth systems have been extensively studied, the effect 

of maintaining constant sulfur in the system while reducing the iron concentration has not 

been studied and merits further investigation. The iron series of experiments, however, 

may indicate that CNT diameter distribution is closely tied to catalyst nanoparticle 

dynamics. 

The results presented in Figure 5.10-Figure 5.15 reveal some similarities and 

some differences between the sulfur and iron series experiments. In both series, there 

appeared to be a sharp transition when the S:Fe ratio increased from 0.12 to 0.24. Above 

a S:Fe ratio of 0.12, the G band no longer exhibited significant changes in asymmetry and 

the spectra was generally less noisy. Additionally, at the lowest S:Fe ratio in both series, 

there was evidence of metallic enrichment in the CNT population. There were also some 

divergent trends in the RBM peaks between the sulfur and iron series. In the sulfur series, 
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lower S:Fe ratios corresponded to smaller diameter, less polydisperse CNTs. For the iron 

series, higher polydispersity was observed for low S:Fe ratios. These results indicate that 

control over catalyst particle nucleation dynamics, both with iron and sulfur 

concentration, is paramount to diameter-selective CNT growth. 

In addition to changes in CNT diameter, changes in the CNT aspect ratio were 

measured using the extensional rheology technique developed in the lab and reported by 

Tsentalovich, et al.349. The estimated aspect ratio of CNT samples from the sulfur and 

iron series are reported in Figure 5.16, below. 

 

Figure 5.16. Estimated CNT aspect ratio as a function of S:Fe ratio for iron and 
sulfur series. The data point at S:Fe = 0.47 is the reference sample and is a common 

data point for both iron and sulfur series.  
 

 
 

349 Tsentalovich et al., “Relationship of Extensional Viscosity and Liquid Crystalline Transition to Length 
Distribution in Carbon Nanotube Solutions.” 
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Figure 5.16 shows CNT aspect ratios as a function of S:Fe ratios between 0.47-

1.5. Aspect ratio measurements could not be completed for S:Fe ratios below 0.47 

because the sample masses after purification were not sufficient to make concentrated 

CNT solutions for analysis. It is likely at very low S:Fe ratios, the CNTs were too short 

or too defective to survive purification. For the sulfur series, the results presented in 

Figure 5.16 show a maximum for a S:Fe ratio of 1; beyond a S:Fe ratio of 1, the aspect 

ratio decreased. In contrast, the aspect ratio levels off for higher S:Fe ratios in the iron 

series.  In the case of the sulfur series, too much sulfur has previously been reported to 

poison CNT catalyst particles and lead to premature catalyst deactivation which may 

explain why smaller CNT aspect ratios are observed at the highest S:Fe ratios350. In 

contrast, higher aspect ratios were achieved with higher S:Fe ratios (smaller iron 

concentrations). Under very low iron conditions, higher S:Fe ratios may be required to 

effectively nucleate catalyst particles. If the catalyst particle nucleation is enhanced, CNT 

growth may subsequently be promoted. The results presented in Figure 5.16 indicate that 

CNT aspect ratio can be tuned by both the iron and sulfur content in the system.  

Knowledge of the CNT aspect ratio means that the catalyst efficiency of the 

process can be estimated (see Appendix A.9 for catalyst efficiency model). Based on the 

estimated aspect ratios reported in Figure 5.16, the catalyst efficiencies, here defined as 

 
 

350 R. A. Dalla Betta, A. G. Piken, and M. Shelef, “Heterogeneous Methanation: Steady-State Rate of CO 
Hydrogenation on Supported Ruthenium, Nickel and Rhenium,” Journal of Catalysis 40, no. 2 (November 
1, 1975): 173–83, https://doi.org/10.1016/0021-9517(75)90244-4; J. Oudar, “Sulfur Adsorption and 
Poisoning of Metallic Catalysts,” Catalysis Reviews—Science and Engmeering, December 6, 2006, 
https://doi.org/10.1080/03602458008066533. 
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the mass percentage of iron that successfully nucleates CNTs compared with the 

theoretical maximum, were calculated and are summarized in Figure 5.17. As can be 

seen in Figure 5.17, the highest catalyst efficiencies are achieved for the highest S:Fe 

ratio in the sulfur series. The results from Figure 5.16 and Figure 5.17 indicate that, 

although CNT aspect ratios are low for the highest S:Fe ratio in the sulfur series, nearly 

twice as many catalyst particles successfully nucleated a CNT. The catalyst efficiency 

results presented in Figure 5.17 indicate that the presence of sulfur is critical for 

enhancing catalyst efficiency under highly oxidizing conditions. 

 

Figure 5.17. Catalyst efficiency (percentage of catalyst particles that successfully 
nucleate a CNT) as a function of S:Fe ratio for iron and sulfur series. The data point 
at S:Fe = 0.47 is the reference sample and is a common data point for both iron and 

sulfur series. The triangle data point in the sulfur series was calculated from the 
longer air oxidation purified sample. 
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This is likely due to sulfur’s role in enhancing catalyst particle nucleation351. Sulfur 

reduces the surface energy of catalyst particles as they nucleate and helps stabilize small-

diameter catalyst particles under high temperature conditions. As more stable particles 

are nucleated, the probability of a catalyst particle being available for CNT growth 

increases. For the iron series, the catalyst efficiency slightly increases as a function of 

iron concentration (higher S:Fe ratios indicate lower iron concentrations in the system), 

though not as much as in the sulfur series. These results further implicate sulfur’s role as 

a driver for enhancing catalyst efficiency in the FCCVD growth of CNTs. However, the 

sulfur concentration in the system must be carefully balanced to not result in premature 

catalyst poisoning, thereby resulting in CNT growth termination or particle deactivation. 

 

Figure 5.18. The percentage of cohenite phase and average cohenite crystallite size 
as a function of S:Fe ratio for (a) sulfur series, and (b) iron series. Orange data 

points and linear fit correspond to the % Cohenite phase. 
 

 
 

351 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
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The results presented in Figure 5.17 indicate that higher S:Fe ratios may have a 

positive effect on the overall catalyst efficiency in FCCVD CNT growth under highly 

oxidizing conditions, but the nominal catalyst efficiency remains far below what would 

be reasonable for a scaled-up CNT growth process. XRD scans were done on as-

produced material to gain additional insight on how the state of the catalyst particles may 

impact overall catalyst efficiency. Typical XRD patterns for the as-produced samples 

show peaks corresponding to three iron phases including a face-centered cubic pure iron 

phase, a body-centered cubic pure iron phase, and an Fe3C cohenite orthorhombic iron 

phase (See Appendix A.6.1). Figure 5.18 summarizes the trends observed in the XRD 

spectra for the Fe3C cohenite iron phase which revealed more observable trends than the 

pure iron phases. (Due to their higher degree of symmetry and lower number of XRD 

peaks, the pure iron phases were more difficult to analyze with any degree of 

confidence.)  For the sulfur series, the catalyst efficiency increased with increasing sulfur 

(Figure 5.17) and a similar increase in the percentage of the cohenite phase is observed 

in the XRD data (Figure 5.18(a)). The XRD results suggest that catalyst efficiency might 

increase by simply increasing the number of available catalyst particles. Adding sulfur in 

CNT growth enhances particle nucleation and increases the likelihood of a particle being 

available to nucleate and grow a CNT. For the iron series, the results in Figure 5.17 and 

Figure 5.18(b) suggest that tuning catalyst particle sizes may also help increase the 

catalyst efficiency. Unlike the sulfur series, the catalyst efficiency slightly increased in 

the iron series even though the percentage of the cohenite phase remained relatively 

constant with respect to the S:Fe ratio. However, the size of the cohenite particles 
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decreased at higher S:Fe ratios which may indicate that smaller-diameter catalyst 

particles are more active for CNT growth.  

The results presented in Figure 5.17 and Figure 5.18 may indicate that the 

particles most likely active for CNT growth were at one point highly saturated in carbon. 

The catalyst efficiency was increased in these experiments by tuning the sulfur and iron 

concentrations in the system which resulted in an increase in the number of available 

particles or a decrease in the average size of the particles. However, making more, small 

particles available may not be enough to boost catalyst efficiency. Maintaining the 

balance between supplying enough carbon to sustain CNT growth without supplying too 

much to the point where the catalyst particles deactivate is tenuous. The presence of 

small quantities of sulfur, in addition to enhancing catalyst particle nucleation, may help 

mitigate particle deactivation to an extent by reducing carbon’s solubility in iron at the 

surface of the catalyst particle352. Additionally, the XRD data indicate the average 

crystallite sizes of the particles are much larger than the CNT diameters observed in the 

Raman spectra which may also explain the very low catalyst efficiencies. For a catalyst 

particle to be active for CNT growth, the condition of a sufficient supply of carbon to 

particles with diameters between 1-5 nm must be met. Larger particles may be more 

likely to become passivated by a layer of carbon and rendered unavailable for continued 

 
 

352 Motta et al., “The Role of Sulphur in the Synthesis of Carbon Nanotubes by Chemical Vapour 
Deposition at High Temperatures.” 
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CNT growth353. It may not be enough to have more particles if the particles are too large 

to nucleate CNTs. Therefore, small additions of sulfur can promote catalyst particle 

nucleation and potentially enhance CNT growth, but catalyst particle nucleation must be 

carefully controlled to preferentially nucleate particles within the desired diameter range. 

5.3. Conclusion 

A series of experiments were conducted to test the effect of S:Fe ratio on CNT 

growth by changing either the sulfur concentration (sulfur series) or iron concentration 

(iron series) under highly oxidizing conditions. The sulfur series showed that as the S:Fe 

ratio increased to 1, the total mass production rate, CNT mass production rate, and 

percentage of CNTs in the sample increased. Above a S:Fe ratio of 1, the total mass 

production rate, CNT mass production rate, and percentage of CNTs in the sample did 

not change. The iron series showed that as the S:Fe ratio increased (iron concentration 

system decreased), the total mass production rate decreased, the CNT mass production 

rate remained constant, and the percentage of CNTs in the as-produced material 

increased. These findings indicate that, for a constant S:Fe ratio, increasing sulfur or 

reducing iron in the system helped enhance the selectivity of the process towards CNT 

growth.  

 
 

353 Nikolaev et al., “Gas-Phase Catalytic Growth of Single-Walled Carbon Nanotubes from Carbon 
Monoxide.” 
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From Raman studies, higher S:Fe ratios were attributed with a higher degree of 

CNT crystallinity in both the sulfur and iron series of experiments. For both series, there 

appeared to be a sharp transition point between a S:Fe ratio of 0.12 to 0.24 where the 

Raman spectra became less noisy and the G band was less asymmetrical; this suggests 

that the S:Fe ratio of 0.12 represents an absolute minimum for achieving CNT growth. 

This observation is consistent with previously reported findings354. Changes in RBM 

peak areas indicate that for the sulfur series, the smallest S:Fe ratio showed stronger 

RBM signals corresponding to smaller-diameter and metallic CNTs. These findings were 

corroborated by observing changes in the G band asymmetry in the Raman spectra. As 

the S:Fe ratio increased, the samples were no longer enriched with metallic CNTs and 

RBM signals grew relatively more intense for larger-diameter CNTs. For the iron series, 

the smallest S:Fe ratio had relatively higher peak area contributions from RBM peaks 

spanning a large range of CNT diameters between 0.85-1.90 nm. Like the sulfur series, 

the smallest S:Fe ratio in the iron series appeared to have a metallic CNT enrichment, as 

evidenced by several strong RBM peak contributions corresponding to metallic CNTs. As 

the S:Fe ratio increased (iron concentration decreased), the RBM peak area contributions 

suggested that CNT samples became less polydisperse with diameters predominantly 

between 1.35-1.85 nm. 

CNT aspect ratios were determined by measuring the extensional viscosity of 

CNT solutions in superacid. For the iron series, the CNT aspect ratio was maximum for a 

 
 

354 Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 
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S:Fe ratio of 1. When the S:Fe ratio was further increased, the aspect ratio decreased 

significantly; this observation was ascribed to excess sulfur acting as a catalyst poison. In 

contrast, for the iron series, the aspect ratio increased and leveled off above a S:Fe ratio 

of 1. This observation was attributed to low iron conditions requiring higher S:Fe ratios 

to achieve appreciable catalyst particle nucleation and subsequent CNT growth. 

Therefore, even at high S:Fe ratios, CNT growth was sustainable under low iron 

conditions. With known aspect ratios, the catalyst efficiencies could be calculated. For 

both iron and sulfur series, the catalyst efficiencies improved at higher S:Fe ratios, 

though the highest catalyst efficiency was achieved for the sulfur series. For the sulfur 

series, the increased catalyst efficiency was attributed to an increased presence of active 

iron particles, as evidenced by a larger presence of cohenite iron phase in the as-produced 

sample. For the iron series, smaller cohenite iron particles likely contributed to higher 

catalyst efficiencies.  

Sulfur has been previously shown to play a critical role in catalyst particle 

nucleation and is reported to have a direct effect on FCCVD CNT growth355. The results 

described in this chapter add to this growing body of literature. In this study, the sulfur 

and iron concentrations were independently changed while maintaining the same range of 

 
 

355 Ci et al., “Double Wall Carbon Nanotubes Promoted by Sulfur in a Floating Iron Catalyst CVD 
System”; Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst 
Nucleation Processes and a Critical Catalyst Particle Mass Concentration”; Kaniyoor et al., “High 
Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of Sulfur-Source”; Lee et al., 
“Synthesis of High-Quality Carbon Nanotube Fibers by Controlling the Effects of Sulfur on the Catalyst 
Agglomeration during the Direct Spinning Process”; Ren et al., “The Effect of Sulfur on the Structure of 
Carbon Nanotubes Produced by a Floating Catalyst Method”; Wei et al., “The Effect of Sulfur on the 
Number of Layers in a Carbon Nanotube.” 
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S:Fe ratios in order to detect small nuances in CNT growth as a function of not only S:Fe 

ratio but also the iron and sulfur concentrations. The sulfur series sought to observe how 

CNT growth changed as a function of increased sulfur in the system; the iron series 

looked at how CNT growth was impacted as the iron concentration was reduced. To the 

best of our knowledge, no previous studies have sought to isolate the effects of iron and 

sulfur concentrations on CNT growth for a constant range of S:Fe ratios. By changing the 

S:Fe ratio, control over CNT selectivity, crystallinity, and aspect ratio was demonstrated. 

Additionally, a simultaneous enhancement in CNT quality and quantity was achieved at 

high S:Fe ratios which, to the best of our knowledge, has not been reported. It is unclear 

from these results, however, if CNT growth is impacted directly by sulfur or if it is an 

indirect effect arising from changes in the catalyst particle nucleation and coagulation 

dynamics. Most of the CNT literature presents sulfur as having a direct impact on CNT 

growth while failing to mention changes in catalyst particle dynamics. Future studies 

should aim to determine if sulfur’s impact on CNT growth is mainly limited to increasing 

catalyst particle nucleation. If sulfur’s effect is primarily related to catalyst particle 

nucleation, then more studies should be devoted to exacting more control over the 

nucleation of small-diameter active catalyst particles. This work will help increase the 

catalytic efficiency and overall scalability of the process.
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Chapter 6 

The Effect of S:Fe Ratio on CNT Growth 
Under Lightly Oxidizing Conditions356 

Sulfur has a large role in FCCVD CNT growth; several groups have reported 

sulfur’s effects on CNT morphology, CNT crystallinity, and CNT production rates. The 

proposed sulfur-assisted CNT growth mechanisms in the literature postulate that changes 

in CNT morphology are directly linked to the amount of sulfur in the catalyst particles; 

higher amounts of sulfur in the catalyst particles result in larger-diameter, multi-walled 

CNTs. Only a few publications report that sulfur has a direct impact on catalyst particle 

 
 

356 To be submitted. Co-authors include Arthur Sloan (Chemical and Biomolecular Engineering; Rice 
University), Muxiao Li (Muxiao Li, Rice University), Asia Matatyaho-Yaakobi (Chemical Engineering, 
Technion- Israel Institute of Technology), Ishi Talmon (Chemical Engineering, Technion-Israel Institute of 
Technology), Glen C. Irvin, Jr. (Chemical and Biomolecular Engineering, Rice University), Matteo 
Pasquali (Chemical and Biomolecular Engineering, Materials Science and Nanoengineering, Chemistry; 
Rice University) 
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nucleation. Chapter 2 provided a review of the literature related to sulfur-assisted CNT 

growth and Chapter 4 talked about the role of sulfur in the context of catalyst particle 

nucleation. Chapter 5 summarized the findings of the effect of the S:Fe ratio in CNT 

growth under highly oxidizing conditions. The findings in Chapter 5 found that S:Fe 

ratios resulted in changes in the CNT aspect ratios and that larger S:Fe ratios produced 

more crystalline CNTs in addition to higher production rates and/or increased CNT 

content in the as-produced material. In this chapter, the role of S:Fe ratio on CNT growth 

under lightly oxidizing conditions is discussed. These experiments were done on the 

vertical reactor system described in Chapter 3, Section 3.1.2. The results of these 

experiments are divided into three parts. The first part discusses the effect of S:Fe ratio 

on CNT growth and the second part details the effect of S:Fe ratio on catalyst particles. 

The first two parts focus on two subsets of experiments referred to as the “sulfur series” 

and “iron series”. The third part of the discussion will speak more generally about 

changing the sulfur concentration in the system at different iron concentrations. This 

chapter will then end by proposing a sulfur-assisted CNT growth mechanism under 

lightly oxidizing conditions. 

6.1. Materials and Methods 

6.1.1. Materials 

Toluene, thiophene, and ferrocene were used to prepare the catalyst solution. 

Toluene (ACS Certified) was purchased from Fisher Chemical and was used without 
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further treatment. Thiophene (>98%) was purchased from TCI and used without further 

treatment. Ferrocene (98%) was purchased from Aldrich and was purified by sublimation 

in a sublimation flask prior to experiments. Ultrahigh purity methane, hydrogen, and 

argon were purchased from Airgas and were used as the primary carbon source and 

carrier gases. 

CNTs were purified by a mild air oxidation step followed by a concentrated HCl 

acid wash. For the mild air oxidation step, ultrahigh purity air was purchased from Airgas 

and was used to lightly oxidize the CNTs in a low-temperature tube furnace. 

Concentrated (37%) HCl was purchased from Sigma-Aldrich and used to remove the 

residual catalyst particles. 

Solutions of CNTs were made by dissolving purified CNTs in chlorosulfonic acid 

(CSA). CSA (99%) was purchased from Sigma-Aldrich and used without further 

treatment. 

6.1.2. CNT Growth Procedure 

To determine the effect of S:Fe ratio, a set of 25 experiments was conducted. The 

ferrocene and thiophene concentrations in the catalyst solution were changed 

independently to achieve one of five predetermined S:Fe (atomic) ratios. The experiments 

and their relationship to each other are visually depicted in Table 6.1, below. Besides the 

S:Fe ratio, all other parameters (reactor temperature, gas flow rates, catalyst solution flow 

rate, etc…) were held constant for all experiments. Similar to the experiments reported in 

Chapter 5, a “sulfur series” and “iron series” set of experiments were conducted in order 
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to independently determine the effects of sulfur concentration and iron concentration on 

CNT growth. The “sulfur series” (highlighted in yellow in Table 6.1) increased the S:Fe 

ratio by increasing the thiophene concentration in the catalyst solution while holding the 

ferrocene concentration constant. The “iron series” (highlighted in green in Table 6.1) 

increased the S:Fe ratio by decreasing the ferrocene concentration in the catalyst solution 

while holding the thiophene concentration constant. The recipe referred to as SS1 in 

Table 6.1 is common to both series and represents the reference case. 

Table 6.1 Table of experiments conducted on vertical FCCVD reactor for the S:Fe 
ratio studies. The yellow and green boxes are the experiments grouped in the sulfur 
and iron series, respectively. Experiment SS1 is the reference case for both series. 
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The conditions of these experiments were adapted from a study reported by Kobayashi, et 

al.357. All gas flow rates were adjusted from the flow rates reported by Kobayashi, et al. 

to maintain a similar residence time of the reactants.  

Prior to all experiments, the catalyst precursor solution was prepared containing 

the desired ferrocene and thiophene concentrations in toluene. The solution was added to 

a stainless-steel syringe and connected to the reactor system. Additionally, a stainless-

steel tube sock filter was affixed to the outlet of the reactor tube and served to filter and 

collect material produced in the reactor (See Chapter 3, Section 3.1.2). The sock filter 

was a critical component to the system for mitigating pressure build up from material 

accumulating inside the collection box and in the exhaust line. The set point temperatures 

for all three zones in the furnace were set to 1100℃ and the Starflow heater temperature 

was set to 200℃. While the system heated, industrial grade air flowed through the reactor 

tube. The air oxidized any residual carbon on the tube walls from previous experimental 

runs. Once the system was at temperature, the air flow was shut off and 1000 sccm of 

ultrahigh purity argon flowed through the reactor for approximately 1 hour to purge the 

system of oxygen prior to running the experiment. Once the oxygen was purged, the 

argon flow rate was increased to 7087 sccm and 3000 sccm of ultrahigh purity hydrogen 

was introduced. The methane flow rate was subsequently set to 337 sccm and the system 

 
 

357 Keita Kobayashi et al., “Wall-Number Selectivity in Single/Double-Wall Carbon Nanotube Production 
by Enhanced Direct Injection Pyrolytic Synthesis,” Japanese Journal of Applied Physics 52, no. 10R 
(October 4, 2013): 105102, https://doi.org/10.7567/JJAP.52.105102. 
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was allowed to equilibrate for several minutes while the dead volume in the tube leading 

from the catalyst solution syringe to the reactor inlet was filled with catalyst solution. The 

catalyst solution flow rate was then set to 0.0251 mL/min at which point the run was 

started. All runs lasted a minimum of 2 hours and maximum of 4 hours. For all 

experiments, mass spec sampling of the exhaust gases was conducted to observe the 

relative concentration of hydrogen, methane, and aromatic species as a function of the 

S:Fe ratio. At the end of the run, the catalyst solution flow was shut off. After waiting 

several minutes, the methane flow was set to zero. Once the hydrocarbons were purged 

from the system, the hydrogen flow was set to zero and the argon flow rate was reduced 

to 1000 sccm. The furnace and Starflow heater were shut off and the reactor was left to 

cool under an inert atmosphere for approximately 2 hours. After 2 hours, the argon flow 

was also set to zero and the reactor left to cool to room temperature overnight. The as-

produced material containing CNTs, residual catalyst particles, and amorphous carbon 

was collected from the reactor tube walls at the outlet of the reactor and from the 

stainless-steel tube sock filter. Unless otherwise specified, all experiments were run once. 

6.1.3. CNT Material Purification and Sample Composition Analysis 

Similar to the procedure reported in Chapter 5, material purification was used to 

estimate the sample composition in the as-produced material. However, a slightly 

different purification strategy was employed. The steps for the purification procedure 

were: 

1. Air oxidation (weigh sample) 
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2. Concentrated acid wash 

3. Warm water wash 

4. Freeze dry (weigh sample) 

For each sample, approximately 5 mg of material was weighed and transferred to a small 

alumina boat. The CNTs were placed in a single-zone tube furnace under a stream of 100 

sccm of dry air. The temperature of the furnace was increased to 150℃ and held at 150℃ 

for 2 hours before ramping to 470℃ at a rate of 10℃/min. The furnace was held at 

470℃ for 30 min before cooling to room temperature. After air oxidation, the CNTs were 

weighed and transferred to an Erlenmeyer flask containing ~100-150 mL of concentrated 

HCl and a Teflon magnetic stir bar stirring at approximately 80 RPM. The solution 

immediately changed color from clear to a yellow/green color, indicating dissolved iron 

species. The CNTs were left to stir in the concentrated acid overnight. The following day, 

the CNTs were vacuum filtered from the concentrated HCl solution using a Millipore 

Sigma Omnipore membrane filter (OD 47 mm, 0.2 µm pore size, PTFE) and returned to 

the same Erlenmeyer flask containing 150 mL of distilled water. The flask was heated to 

80℃ and stirred at approximately 80 RPM overnight. The CNTs were then vacuum 

filtered from the distilled water using a Millipore Sigma Omnipore membrane filter (OD 

47 mm, 0.2 µm pore size, PTFE) and freeze dried overnight. The final mass of the CNTs 

was recorded. 

The composition of the as-produced material was estimated based on the mass 

changes of the sample at each stage of the purification process. The final mass of the 

sample after purification was taken to be the CNT component. The residual catalyst 
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content was correlated to the mass loss from the concentrated HCl wash after the mass 

loss was converted to reflect the mass loss of metallic iron rather than iron oxide. The 

implicit assumption used when estimating sample composition from mass loss changes 

during purification is that iron in the as-produced material exists as metallic iron 

protected by several layers of carbon. This assumption is reasonable based on the absence 

of oxygen in the system during CNT growth and on XRD patterns of as-produced 

material which do not show peaks that could be attributed to iron oxide (See Appendix 

A.6.2 for the XRD patterns of as-produced CNTs). During the air oxidation step, the 

carbon layers protecting the iron particles are cracked and the iron is oxidized. Therefore, 

the mass loss from the concentrated HCl wash reflects the mass loss of iron oxide and not 

metallic iron. To adjust this mass loss and reflect the residual metallic iron content in the 

as-produced material, it was assumed that iron oxide existed as either Fe2O3 or Fe3O4 (the 

results do not change significantly using either oxide and are within 3 wt% of each other) 

and the equivalent mass loss of metallic iron was calculated. The amorphous carbon 

content was therefore the balance between the initial sample mass prior to purification 

and the CNT and metallic iron mass. Appendix A.5.2 provides a sample calculation for 

determining the composition of as-produced material from the mass loss changes during 

purification. More detailed discussion on using purification to estimate the composition 

of as-produced material can be found in Chapter 5, Section 5.1.3. 

6.1.4. Sample Characterization 

The sample composition was determined from the standardized purification 

procedure described in Section 6.1.3. 
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The morphology of the as-produced samples in the sulfur and iron series was 

imaged using a JEOL 6500 SEM. CNT morphology, catalyst particle shape, and catalyst 

particle elemental composition were characterized using TEM images obtained from a 

Thermo Fisher (FEI) Talos 200 C high-resolution TEM. STEM-EDS analysis on 

individual particles was conducted on a Thermo Fisher (FEI) Titan Cubed Themis G2 60-

300. Powder XRD scans were done for as-produced material on a Rigaku D/Max Ultima 

II Powder XRD 1s with a Cu Kα source to gain insight on the crystallographic phases of 

the residual catalyst particles. Scans were collected between 2θ = 30-75° at a scan rate of 

0.1°/min to maximize the peak resolution in the XRD patterns.  

The relative crystallinity and CNT diameters present in the unpurified (as-

produced) and purified samples was characterized using Raman spectroscopy. Briefly, ~1 

mg of material was placed on a glass microscope slide and analyzed with a Renishaw 

InVia Confocal Raman microscope. Three laser excitation wavelengths (532 nm, 633 nm, 

and 785 nm) were used to characterize three distinct CNT populations that resonate at 

each of the laser excitation wavelengths. For all Raman spectra, 1 accumulation was 

taken, and the exposure time was 10 s. The laser power was adjusted to achieve the 

maximum signal from the CNT sample (typically, 0.1-10% laser power, 45-50 W at 

maximum power). For each laser excitation wavelength, three spectra at three different 

spots for a total of nine spectra per sample were collected. The average G/D ratios were 

calculated based on the intensities of the G (~1580 cm-1) and D (~1340 cm-1) peaks with 

no baseline correction. The G peak is a tangential mode characteristic of graphitic 
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systems and the D peak results from scattering due to defects in the CNT lattice358. The 

G/D ratio is a standard metric used as a measure of the relative crystallinity of CNT 

samples. Average G/D ratios for all samples and at each laser excitation wavelength were 

calculated for as-produced and purified material.  

In addition to the G/D ratio, some information can be gained from observing 

changes in the radial breathing modes (RBMs) observed below 400 cm-1 in the Raman 

spectra. CNT diameters can be related to the RBM peaks using the formula:  

휔 =
𝐴
𝑑

+ 𝐵 

where 휔  (cm-1) is the position of the RBM peak, dt (nm) is the diameter of the CNT, 

and A and B are experimentally determined parameters. For typical SWCNT bundles 

comprised of SWCNTs with diameters in the range of dt = 1.5 ± 0.2 nm, A = 234 cm-1nm 

and B = 10 cm-1. The empirical value of B accounts for an upshift in the RBM peaks as a 

result of tube-tube interactions359. The same RBM peak analysis described in Chapter 5 

was used to quantify general trends in the CNT diameter distribution for CNTs with 

diameters below 2.6 nm as a function of the S:Fe ratio. Changes in the RBM peaks were 

also compared with observed changes in the G-band lineshape. The G-band in the Raman 

spectra features a characteristic splitting into G+ and G- bands arising from two distinct 

 
 

358 Jorio et al., “Characterizing Carbon Nanotube Samples with Resonance Raman Scattering.Pdf.” 
359 Milnera et al., “Periodic Resonance Excitation and Intertube Interaction from Quasicontinuous 
Distributed Helicities in Single-Wall Carbon Nanotubes.” 
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tangential modes in CNTs. The position of the G+ band, associated with tangential modes 

parallel to the axis of the CNT, is relatively insensitive to changes in the CNT diameter 

distribution. However, the G- band arising from tangential mode perpendicular to the 

CNT axis and along its circumference has been observed to downshift, particularly for 

small-diameter CNTs360. Therefore, the wavenumber separation between the G+ and G- 

bands can be used as an indicator for shifts towards smaller-diameter CNTs. The G- band 

may also change shape from a Lorentzian lineshape to a Breit-Wigner-Fano (BWF) 

lineshape if the sample is enriched in metallic CNTs. Observing changes in the RBM 

peak intensities and the G band lineshape can therefore be used to draw conclusions on 

relative changes in the CNT diameter distribution as a function of the S:Fe ratio. 

After purification, 5 mg of CNTs was measured on a microbalance and added to 

an empty, 20 mL scintillation vial of known mass. Approximately 1 mL of CSA was 

added to the CNTs. The mass of the CNTs, CSA, and scintillation vial was measured and 

the mass concentration of CNTs in CSA in ppm was calculated. The solution was speed 

mixed at 3500 RPM for three cycles lasting five minutes each. The liquid crystalline 

behavior of CNTs in CSA was observed by preparing a small, sealed capillary containing 

a few micrograms of solution and viewing under a polarized optical microscope (POM). 

 
 

360 Brown et al., “Origin of the Breit-Wigner-Fano Lineshape of the Tangential G-Band Feature of Metallic 
Carbon Nanotubes”; Jorio et al., “G-Band Raman Spectra of Isolated Single Wall Carbon Nanotubes: 
Diameter and Chirality Dependence”; Kasuya et al., “Evidence for Size-Dependent Discrete Dispersions in 
Single-Wall Nanotubes.” 
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Birefringence in the POM images indicated a liquid crystalline solution (See Appendix 

A.7.2 for POM images of CNT solutions in CSA).  

The CNT aspect ratios were determined using the extensional rheology technique 

for CNT solutions reported by Tsentalovich, et al. and described in Chapter 6361. Based 

on the extensional viscosity of the CNT solution, the average CNT aspect ratio could be 

calculated. However, the volume concentration of CNTs in solution must be known. In 

order to convert the mass ppm concentration of CNTs to volume ppm concentration, the 

average CNT diameter and average number of CNT walls must be known. For all 

samples, the average number of walls was assumed to be 1.5 (corresponding to an even 

mixture of SWCNTs and DWCNTs) and the average diameter of CNTs was estimated 

based on the central wavenumber of the RBM peak cluster observed in the Raman spectra 

of purified CNTs (See Appendix A.8.2 for RMB peak clusters for purified CNT 

material). It is not expected that the assumption made for the average number of walls 

and average CNT diameter from Raman spectroscopy will significantly impact the 

conclusions regarding trends in CNT aspect ratios. A deviation of ±0.5 number of walls 

and ±0.5 nm in average CNT diameter will change the aspect ratio by only 10%.  

The catalyst efficiencies reported in this chapter are based on a model developed 

in the lab. Details of this model can be found in Appendix A.9. 

 
 

361 Tsentalovich et al., “Relationship of Extensional Viscosity and Liquid Crystalline Transition to Length 
Distribution in Carbon Nanotube Solutions.” 
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6.2. Experimental Findings  

The results from these studies will be presented in three parts. The first part will 

focus on sulfur’s effect on CNT growth from the experiments in the “sulfur series” and 

the “iron series” highlighted in yellow and green in Table 6.1. The second part will 

discuss sulfur’s effect on the catalyst particle. The third part will present the findings 

from the remaining experiments and will highlight the effect of S:Fe ratio at different iron 

concentrations in the system. 

6.2.1. Sulfur and Iron Series- S:Fe Effect on CNT Growth 

The results presented in Chapter 5 for FCCVD CNT growth under highly 

oxidizing conditions found that increasing the S:Fe ratio resulted in higher selectivity 

towards CNT growth. In the sulfur series, total mass production rate and CNT mass 

production rate increased as the S:Fe ratio increased. In the iron series, while total mass 

production decreased due to the lower iron content in as-produced material, the CNT 

selectivity increased from 0% (S:Fe = 0.1) to almost 45% (S:Fe = 1.5). Under highly 

oxidizing conditions, therefore, S:Fe ratios around 1 promoted CNT growth. However, 

the opposite was found to be true for FCCVD CNT growth under lightly oxidizing 

conditions (Figure 6.1). Figure 6.1(a) presents the results for the total mass production 

rate and component mass production rates from the sulfur series. As the S:Fe ratio 

increases, the total mass production rate increased slightly up to a S:Fe ratio of 1. 
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Figure 6.1 The total mass production rate and the mass production rate of CNTs, 
iron, and amorphous carbon (A.C.) for the (a) sulfur series and (b) iron series of 

experiments. Error bars represent the standard deviation in total mass production 
for experiments that were run more than once. 

 

However, above the S:Fe ratio of 1, the total mass production rate declined slightly. This 

is similar to the trend observed in the total mass production rate for the sulfur series 

conducted under highly oxidizing conditions (Chapter 5). Even as the total mass 

production rate increased at higher S:Fe ratios, the CNT mass production rate declined 

while the amorphous carbon production rate increased. These findings imply that the 

selectivity towards CNT production under lightly oxidizing conditions is negatively 

impacted by increasing (increasing) the S:Fe ratio (sulfur concentration). In the iron 

series, the total mass production rate (Figure 6.1(b)) decreased as the S:Fe ratio (iron 

concentration) increased (decreased). A decline in total production rate would be 

expected as the overall iron content in the reactor decreased. Iron serves as the catalyst 

for CNT growth; less iron in the system would mean less is available to catalyze carbon 

formation reactions. It is also approximately five times heavier than carbon and has a 
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larger overall impact on the total mass production rate. The mass production rate of both 

amorphous carbon and CNTs also declined as the S:Fe ratio (iron concentration) 

increased (decreased) and for all S:Fe ratios, the CNT production rate remained higher 

than the amorphous carbon production rate. Comparing the results from the sample 

composition analysis revealed that the sulfur series and iron series exhibit very different 

trends in CNT selectivity (Figure 6.2).  

 

Figure 6.2. The percentage of CNTs in as-produced material for samples in the (a) 
sulfur series and (b) iron series. The error bars represent the standard deviation for 

the total mass production rate and CNT content for experiments that were run 
multiple times. The orange triangle data point in (b) is the CNT content calculated 

for a second purification of the same sample. 
 

As can be seen in Figure 6.2, the CNT selectivity decreased as the S:Fe ratio 

increased in the sulfur series but remained constant or, at the highest S:Fe ratio (lowest 

iron condition), slightly increased in the iron series. The results presented in Figure 6.2 
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suggest that under lightly oxidizing conditions, the amount of sulfur in the system has a 

large effect on CNT selectivity.  
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Figure 6.3. SEM images of as-produced material for (a) S:Fe = 0.134, (b) S:Fe = 0.3, 
(c) S:Fe = 0.6, (d) S:Fe = 1.1, (e) S:Fe = 0.24. Images (a)-(e) are samples from the 

sulfur series; (a) and (f)-(i) are from the iron series. 
 

As the sulfur concentration increased, CNT selectivity decreased (Figure 6.2(a)) but if 

sulfur is held constant, the CNT content in as-produced material does not change, even as 

iron decreased (Figure 6.2(b)). The results presented in Figure 6.1 and Figure 6.2 echo 

the morphology changes observed in SEM images for the as-produced samples (Figure 

6.3). There is a clear trend in the morphology of the samples produced in the sulfur series 

(Figure 6.3(a)-(e)); as the S:Fe ratio increased, a thicker coating and large, non-tubular 
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carbon impurities become more prevalent in the samples. This observed shift in sample 

morphology corroborates the findings from the sample composition analysis; as the S:Fe 

ratio increased in the sulfur series, the carbon impurity content also increased. In contrast, 

the morphology of the samples produced in the iron series (Figure 6.3(a), (f)-(i)) do not 

appear to change drastically as the S:Fe ratio (iron concentration) increased (decreased). 

Apart from a few large, non-tubular deposits, the CNT bundles appear relatively clean 

and free of a thick layer of amorphous carbon. The SEM images support the conclusions 

drawn based on the sample composition analysis. 

Though sulfur appears to influence the selectivity towards CNT growth, it does 

not appear to have an effect on the rate of carbon formation, as indicated by the 

percentage of carbon loss (Figure 6.4). Carbon loss defined here refers to the percentage 

of carbon fed to the reactor not accounted for in the as-produced material. As can be seen 

in Figure 6.4, the percentage of carbon loss in the sulfur series does not appear to change 

significantly with the S:Fe ratio. However, in the iron series, the percentage of carbon 

loss appeared to increase as the S:Fe ratio (iron concentration) increased (decreased). 

These results suggest that catalyst concentration, and not the presence of sulfur, is a key 

determinant for the formation of carbon in the FCCVD reactor. They may also indicate 

that carbon formed from heterogeneous reactions at the catalyst surface and not 

homogenous gas-phase reactions is the predominant mechanism for carbon formation 

under these conditions.  
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Figure 6.4. Percentage of carbon loss as a function of S:Fe ratio in the reactor. 
Carbon loss was calculated by comparing the mass of carbon in the as-produced 

material with the total mass of carbon fed into the reactor. Error bars correspond to 
the standard deviations when multiple experiments were run. 

 

It is important to note that the change in the percentage of carbon loss as the iron 

concentration increased is minor; an increase in iron concentration by an order of 

magnitude decreases the carbon loss by only 0.15%. Furthermore, no significant shifts in 

the concentration of methane or benzene (produced from the decomposition of toluene) in 

the exhaust gases were observed (Figure 6.5). Under dilute iron conditions (2.5 x 10-7 - 

4.3 x 10-6 mol/m3), it is unlikely that changes in iron concentration, even by an order of 

magnitude, will significantly change the gas phase chemistry because dilute iron 

conditions will not significantly enhance catalyst particle formation. In order to achieve 

higher carbon conversions, the iron concentration must be increased. 
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Figure 6.5. Average partial pressure readings recorded by mass spec for (a) m/z 15 
(methane) and (b) m/z 78 (benzene) when FCCVD system was at steady state. Error 
bars are the standard deviations of the partial pressure readings. In the case where 

experiments were done multiple times, the standard deviations are the standard 
deviations of the partial pressure readings from all runs.  

 

Employing higher iron concentrations may achieve several objectives. First, as 

was discussed in Chapter 4, increasing the vapor concentration of iron will enhance 

catalyst particle nucleation rates, even at higher temperatures. Second, by enhancing 

particle nucleation rates, lower iron loss to the reactor walls may result. As the catalyst 

particles nucleate and grow, their diffusion to the reactor walls diminishes since particles 

with larger mass have lower diffusivities (diffusivity scales as ~1/(mass)2/3). Third, higher 

iron concentrations mean that less sulfur is required to successfully nucleate particles 

(Chapter 4). Fourth, with less sulfur in the system, there may be an indirect, positive 

impact on the CNT selectivity of the process (Figure 6.2). Finally, more iron in the 

system may help reduce carbon losses and increase heterogenous carbon formation 

(Figure 6.4). It is unclear at present what optimal iron concentration will be required to 
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promote catalyst particle nucleation without excessive carbon formation; the iron 

concentration will likely depend on several process parameters. With the current reactor 

set-up using toluene as a catalyst carrier, higher concentrations of iron in the system 

could not be explored because higher iron concentrations in the system could only be 

achieved by increasing the toluene flow rate. Toluene is known to be a powerful sooting 

agent and increasing its concentration in the reactor would likely have a negative impact 

on CNT selectivity362. Alternative catalyst delivery designs are currently underway 

which will allow more flexibility to explore a wider range of iron concentrations in the 

system. 

Raman spectroscopy was done for the as-produced and purified samples in order 

to track changes in the CNT crystallinity and CNT diameter distributions below 2.6 nm. 

The average G/D ratios for as-produced material are presented in Figure 6.6, below. As 

can be seen in Figure 6.6(a), the average G/D ratios of the as-produced material from the 

sulfur series decreased at higher S:Fe ratios, indicating more defective CNTs. This trend 

is contrary to the results reported in Chapter 5 but is consistent with several reports 

throughout the literature which have observed lower G/D ratios at higher sulfur inputs363.  

 
 

362 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route.” 
363 Gspann, Smail, and Windle; Catharina Paukner and Krzysztof K. K. Koziol, “Ultra-Pure Single Wall 
Carbon Nanotube Fibres Continuously Spun without Promoter,” Scientific Reports 4, no. 1 (May 2015), 
https://doi.org/10.1038/srep03903; Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes 
Produced by a Floating Catalyst Method”; Ren, Li, and Cheng, “Evidence for, and an Understanding of, the 
Initial Nucleation of Carbon Nanotubes Produced by a Floating Catalyst Method”; Reguero et al., 
“Controlling Carbon Nanotube Type in Macroscopic Fibers Synthesized by the Direct Spinning Process”; 
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Figure 6.6. Average G/D ratios calculated from the intensities of the G and D peaks 
in Raman spectra for as-produced material in the (a) sulfur series and (b) iron series 

at three laser excitation wavelengths, 532 nm, 633 nm, and 785 nm. Error bars 
represent the standard deviation for all spectra taken at each laser excitation 
wavelength. For experiments conducted more than once, error bars are the 
standard deviation for all samples and all spectra at each laser excitation 

wavelength. 
 

Interestingly, the iron series samples do not appear to show any obvious trends in average 

G/D ratios as a function of S:Fe ratio but rather appear to be independent of the S:Fe ratio 

(iron content) in the system (Figure 6.6Figure 6.6(b)). This observation is also in 

contrast to what was observed in the highly oxidizing conditions (Chapter 5) where, 

even in the iron series, average G/D ratios increased with increasing S:Fe ratio. These 

findings further implicate the presence of strong oxidants as a major factor to consider in 

the sulfur-assisted CNT growth mechanism.  

 
 

Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of 
Sulfur-Source.” 



 
268 

 

Lower G/D ratios at higher S:Fe ratios in the sulfur series could potentially be 

attributed to the increased amount of poorly graphitized impurities and amorphous carbon 

in the sample, as was found from the sample composition analysis. However, the general 

trends in G/D ratio for the as-produced material were consistent in the purified material 

(Figure 6.7). There is even a slight improvement in the average G/D ratios in the purified 

material, consistent with purification removing poorly graphitized carbonaceous 

impurities.  

 

Figure 6.7. Average G/D ratios calculated from the intensities of the G and D peaks 
in Raman spectra for purified material in the (a) sulfur series and (b) iron series at 

three laser excitation wavelengths, 532 nm, 633 nm, and 785 nm. Error bars 
represent the standard deviation for all spectra taken at each laser excitation 
wavelength. For experiments conducted more than once, error bars are the 
standard deviation for all samples and all spectra at each laser excitation 

wavelength. 
 

Based on the Raman results in Figure 6.6 and Figure 6.7, reasonable confidence can be 

ascribed to the relationship between the relative crystallinity of CNTs and the nominal 

S:Fe ratio fed into the reactor. 
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In addition to observing changes in the CNT crystallinity, Raman spectra can be 

used to analyze trends in the relative intensities of RBM peaks below 400 cm-1 as well as 

the asymmetry of the G band centered around 1580-1590 cm-1. An overlay of the Raman 

spectra collected at three different laser excitation wavelengths for the as-produced 

samples in the sulfur and iron series are presented in Figure 6.8 and Figure 6.9. As can 

be seen in Figure 6.8, the spectra grow noisier and the D band becomes more prominent 

as the S:Fe ratio in the sulfur series increases; this is consistent with CNTs becoming 

more defective and echoes the trend in the G/D ratios described in Figure 6.6(a) and 

Figure 6.7(a). There does not appear to be significant changes in the asymmetry of the G 

band as the S:Fe ratio increases with the exception of the spectra collected using the 1.96 

eV (633 nm) laser excitation wavelength, though the RBM peaks between 150-200 cm-1 

do appear to grow more intense.  

 

Figure 6.8. Raman spectra overlay for the five as-produced samples from the sulfur 
series using three different laser excitation wavelengths. S:Fe ratio scale is in log2. 
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The spectra collected from the as-produced samples in the iron series do not show any 

noticeable changes in the noise level of the spectra or the prominence of the D band with 

increasing S:Fe ratio, corroborating the earlier conclusions regarding the relative 

crystallinity of CNTs based on the changes in the G/D ratio (Figure 6.6(b) and Figure 

6.7(b)). However, the RBM peaks become more prominent, particularly at the highest 

(lowest) S:Fe ratios (iron concentrations). Using the same RBM peak analysis described 

in Chapter 5, a more qualitative indication of changes in the CNT diameter distribution 

can be obtained. These results are presented in Figure 6.10 and Figure 6.11. 

 

Figure 6.9. Raman spectra overlay for the five as-produced samples from the iron 
series using three different laser excitation wavelengths. S:Fe ratio scale is in log2. 
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Figure 6.10. Ratio between average peak area of RBM peak in sample and RBM 

peak area of reference sample, SS1 (S:Fe = 0.134), IExp/IRef, and corresponding CNT 
diameter taken at (a) 532 nm [2.33 eV], (b) 633 nm [1.96 nm], and (c) 785 nm [1.58 

eV] laser excitation wavelengths for sulfur series. Lines are drawn between points to 
guide the eye. 

 

As can be seen in Figure 6.10, the RBM peak areas in the sulfur series relative to 

the reference sample S:Fe = 0.134 are larger for RBM peaks corresponding to CNTs with 

diameters between 0.7-1.7 nm and slightly lower for peaks corresponding to CNTs with 

diameters between 2.0-2.6 nm as the S:Fe ratio increases. These observations suggest that 

the CNT diameter distribution may have shifted to smaller diameters as the S:Fe ratio 

increased but this finding would be contrary to several reports throughout the literature 

which have found increasing sulfur concentrations lead to a more polydisperse CNT 

diameter distribution, larger-diameter CNTs, and CNTs with a greater number of 

walls364. If the average CNT diameter is decreasing, changes in the asymmetry of the G 

 
 

364 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method”; Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial Nucleation of Carbon 
Nanotubes Produced by a Floating Catalyst Method”; Reguero et al., “Controlling Carbon Nanotube Type 
in Macroscopic Fibers Synthesized by the Direct Spinning Process”; Cheng et al., “Large-Scale and Low-
Cost Synthesis of Single-Walled Carbon Nanotubes by the Catalytic Pyrolysis of Hydrocarbons”; Ci et al., 
“Double Wall Carbon Nanotubes Promoted by Sulfur in a Floating Iron Catalyst CVD System”; Kaniyoor 
et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of Sulfur-
Source”; Kiang et al., “Vapor-Phase Self-Assembly of Carbon Nanomaterials”; Kiang et al., “Catalytic 
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band should be observed365. Specifically, there should be a greater wavenumber 

separation between the G+ and G- bands which would be indicative of smaller-diameter 

CNTs. However, this trend in the G band asymmetry for the sulfur series is not observed 

(Figure 6.12(a)). In fact, the wavenumber separation between the G+ and G- peak 

positions in the 785 nm spectra remains constant while the wavenumber separation 

between the G+ and G- peaks, with the exception of a few outliers, grows smaller in the 

532 nm. The G band lineshape for the 785 nm and 532 nm spectra, therefore, is becoming 

less asymmetrical at higher S:Fe ratios. 

 

Figure 6.11. Ratio between average peak area of RBM peak in sample and RBM 
peak area of reference sample, SS1 (S:Fe = 0.134), IExp/IRef, and corresponding CNT 
diameter for spectra taken at (a) 532 nm [2.33 eV], (b) 633 nm [1.96 eV], and (c) 785 
nm [1.56 eV] laser excitation wavelengths for iron series. Lines are drawn between 

points to guide the eye. 
 

 
 

Synthesis of Single-Layer Carbon Nanotubes with a Wide Range of Diameters”; Wei et al., “The Effect of 
Sulfur on the Number of Layers in a Carbon Nanotube.” 
365 Brown et al., “Origin of the Breit-Wigner-Fano Lineshape of the Tangential G-Band Feature of Metallic 
Carbon Nanotubes”; Kasuya et al., “Evidence for Size-Dependent Discrete Dispersions in Single-Wall 
Nanotubes”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres 
Independent of Sulfur-Source.” 
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Figure 6.12. Wavenumber separation of the G+ and the first G- bands as a function 
of the S:Fe ratio for (a) the sulfur series and (b) the iron series. 

 

The G band asymmetry behavior in the spectra collected with the 633 nm laser excitation 

wavelength featured a more complex behavior. The Raman overlay in Figure 6.8 

suggests that the G band becomes more asymmetrical as the S:Fe ratio is increased. In 

fact, for almost all spectra at this wavelength, three peaks were required to achieve a 

suitable fit for the G band. The G- band at ~1540-1550 cm-1 was attributed to metallic 

CNTs while the G- band ~1560-1575 cm-1 was attributed to the semiconducting CNTs366. 

With the exception of a couple outliers, the separation between the semiconducting G- 

band and the G+ band at higher S:Fe ratios became smaller (Figure 6.12(a)), but the 

 
 

366 Jorio et al., “G-Band Raman Spectra of Isolated Single Wall Carbon Nanotubes: Diameter and Chirality 
Dependence”; Kasuya et al., “Evidence for Size-Dependent Discrete Dispersions in Single-Wall 
Nanotubes”; Kaniyoor et al., “High Throughput Production of Single-Wall Carbon Nanotube Fibres 
Independent of Sulfur-Source.” 
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metallic G- band was observed to downshift to lower wavenumbers at higher S:Fe ratios 

(Figure 6.13(a)). The changes in the G band asymmetry summarized in Figure 6.12(a) 

and Figure 6.13(a) do not suggest the average diameter is decreasing. Considering the 

results in Figure 6.12(a) and Figure 6.13(a), it is likely that the RBM peaks 

corresponding to smaller-diameter CNTs at higher S:Fe ratios are originating from either 

few-walled CNTs containing small-diameter CNTs at the center or are a result of the 

CNT samples becoming more polydisperse overall, both of which are consistent with 

previous findings reported in the literature. Unfortunately, due to the limitations of the 

Raman instrument, smaller wavenumbers corresponding to even larger diameter CNTs 

could not be probed and therefore, the RBM signal information for CNTs with diameters 

larger than 2.6 nm cannot be observed. TEM images of the as-produced samples from the 

sulfur series revealed a higher prevalence of few-walled CNTs and more polydispersity in 

CNT diameters at S:Fe ratios greater than 1 (Figure 6.14). Below S:Fe = 1, only 

SWCNTs and DWCNTs were observed in the TEM images with average diameters at the 

edge of what can be observed in the RBM peak region. The findings from the TEM 

images support the conclusion that the RBM peaks observed in the Raman spectra may 

be originating from the internal small-diameter CNTs or a more polydisperse CNT 

population. The Raman and TEM analyses revealed that as the sulfur concentration (S:Fe 

ratio) increased (increased) in the sulfur series, the samples became more polydisperse 
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and CNTs with three or more walls were observed. These findings are consistent with 

similar observations published previously367. 

 The RBM peak analysis for the iron series samples presented in Figure 6.11 

reveals a much more erratic behavior in the RBM peak areas relative to the reference 

sample. At all three laser excitation wavelengths, the RBM peak area corresponding to 

large-diameter CNTs appears to decrease while CNTs with diameters between 1.2-1.7 nm 

become more prominent, particularly for S:Fe ratios larger than 0.5. 

 

Figure 6.13. Wavenumber separation of the G+ and the second G- bands as a 
function of the S:Fe ratio for the (a) sulfur series and (b) iron series. 

 

 
 

367 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a 
Floating Catalyst Method”; Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial 
Nucleation of Carbon Nanotubes Produced by a Floating Catalyst Method”; Ci et al., “Double Wall Carbon 
Nanotubes Promoted by Sulfur in a Floating Iron Catalyst CVD System”; Kaniyoor et al., “High 
Throughput Production of Single-Wall Carbon Nanotube Fibres Independent of Sulfur-Source”; Wei et al., 
“The Effect of Sulfur on the Number of Layers in a Carbon Nanotube”; Weller et al., “Mapping the 
Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 



 
276 

 

 

 

Figure 6.14. TEM images of CNTs produced with (a) S:Fe = 0.134, (b) S:Fe = 0.541, and (c) 
S:Fe = 2.30 as well as CNT diameter distribution measured from CNTs observed in TEM 

for (d) S:Fe = 0.134, (e) S:Fe = 0.541, and (f) S:Fe = 2.30. TEM images courtesy of Asia 
Matatyaho-Yaakobi from Technion- Israel Institute of Technology. 

 

The RBM peak areas for CNT diameters smaller than 1.0 nm are relatively more 

significant for samples produced with S:Fe ratios greater than one. Based on the results 

presented in Figure 6.11, there may be some evidence of smaller-diameter CNTs 

preferentially produced at higher (lower) S:Fe ratios (iron concentrations), particularly 

for S:Fe ratios greater than 1. Looking at the wavenumber separation between the G+ and 

the G- semiconducting band as a function of S:Fe ratio, there does not appear to be a 

significant change. However, the wavenumber separation between the G+ band and the 

G- metallic band as a function of S:Fe ratio does show a slight increase as a function of 
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S:Fe ratio. This increase would be attributed to a higher prevalence of smaller-diameter 

metallic CNTs which is reasonable, given that the RBM peaks with the largest peak areas 

correspond to metallic CNTs368. Smaller-diameter CNTs and a higher prevalence of 

SWCNTs at lower (higher) iron concentrations (S:Fe ratios) might also be expected, 

based on the findings published by Fan, et al. and Weller, et al.369. The results presented 

for the iron series in Figure 6.9, Figure 6.11, Figure 6.12(b), and Figure 6.13(b), 

suggest that the diameter distribution may have shifted to smaller diameters, particularly 

small-diameter metallic CNTs, at higher (lower) S:Fe ratios (iron concentrations). TEM 

images for samples from the iron series support the conclusions drawn from the Raman 

spectral analysis (Figure 6.15). Though the mean CNT diameters for the S:Fe = 0.134 

and S:Fe = 0.569 were not statistically different, at the highest (lowest) S:Fe ratio (iron 

concentration), the mean CNT diameter dropped to around 2.0 nm. Furthermore, in all 

samples from the iron series, SWCNTs were primarily observed with a few DWCNTs 

and no MWCNTs. The results from the iron series TEM analysis corroborate the 

conclusions from the Raman analysis: at higher (lower) S:Fe ratios (iron concentrations), 

the average CNT diameter decreased. The results from the sulfur and iron series indicate 

 
 

368 Nugraha et al., “Dielectric Constant Model for Environmental Effects on the Exciton Energies of Single 
Wall Carbon Nanotubes”; Sato et al., “Discontinuity in the Family Pattern of Single-Wall Carbon 
Nanotubes.” 
369 Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels”; Fan et al., 
“Single- and Multi-Wall Carbon Nanotubes Produced Using the Floating Catalyst Method.” 
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that the CNT diameter distribution and number of walls are influenced by both the sulfur 

concentration and iron concentration in the system.  

Raman spectroscopy and TEM imaging gave information regarding CNT 

crystallinity and the diameters of CNTs present in the material. To determine the CNT 

aspect ratios as a function of S:Fe ratio, solutions of CNTs in CSA were made and their 

extensional viscosities measured using an extensional rheology technique reported by 

Tsentalovich, et al. and described in Chapter 5370. Figure 6.16 presents the calculated 

CNT aspect ratios and CNT lengths determined from the extensional viscosity of CNT 

solutions in CSA. It is evident that under lightly oxidizing conditions, sulfur has a larger 

effect on CNT aspect ratios than the iron concentration and that lower sulfur 

concentrations lead to higher CNT aspect ratios and longer CNTs. It is worth noting that 

CNT aspect ratios from the sulfur series in both lightly oxidizing and highly oxidizing 

conditions were maximum for a S:Fe between 0.5-1 (Chapter 5), suggesting that this 

range of S:Fe ratios may have special implications for CNT growth. According to their 

meta-analysis for direct CNT fiber spinning processes (where CNTs are grown and 

collected as a fiber in the same reactor), Weller, et al. found that S:Fe ratios from 0.1-1.0 

produce primarily SWCNT and DWCNTs371. TEM images from the sulfur series 

reported here also show primarily SWCNTs and DWCNTs at low S:Fe ratios. Together, 

 
 

370 Tsentalovich et al., “Relationship of Extensional Viscosity and Liquid Crystalline Transition to Length 
Distribution in Carbon Nanotube Solutions.” 
371 Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 
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these results may imply faster CNT growth rates for single- or double-walled CNTs with 

small diameters compared to large-diameter MWCNTs.  

 

Figure 6.15. TEM images of CNTs produced with (a) S:Fe = 0.134, (b) S:Fe = 0.569, 
and (c) S:Fe = 2.48 as well as CNT diameter distribution measured from CNTs 

observed in TEM for (d) S:Fe = 0.134, (e) S:Fe = 0.569, and (f) S:Fe = 2.48. TEM 
images courtesy of Asia Matatyaho-Yaakobi from Technion- Israel Institute of 

Technology. 
 

In the iron series, the CNT aspect ratios and lengths appear to be independent of 

iron concentration at the same S:Fe ratios used in the sulfur studies, with the exception of 

a small dip in aspect ratios for intermediate S:Fe ratios. The results for CNT aspect ratios 
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from the iron series may further support the conclusion that smaller-diameter CNTs 

exhibit faster growth rates. 

 

Figure 6.16. Estimated CNT aspect ratio and CNT length as a function of S:Fe ratio 
for (a) sulfur series, and (b) iron series. 

 

At very low iron concentrations (high S:Fe ratios) in the iron series, appreciable particle 

nucleation and CNT growth is likely occurring only near the outlet of the reactor since 

undersaturated iron conditions and small particle sizes would exacerbate particle 

evaporation near the hottest point of the reactor372. Furthermore, as the iron 

concentrations (S:Fe ratios) in the system are decreased (increased), catalyst particle 

nucleation may be increasingly delayed and the CNT “growth window” reduced. With a 

smaller window where the conditions in the reactor are conducive for CNT growth, 

 
 

372 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis”; Hoecker et al., “The Dependence of CNT 
Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation Processes and a Critical Catalyst Particle Mass 
Concentration.” 
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lower-aspect ratios (shorter CNTs) might well be expected. However, the Raman and 

TEM analysis provided some evidence that lower iron conditions (higher S:Fe ratios) 

may have resulted in smaller-diameter CNTs and the CNT aspect ratios determined from 

extensional rheology appear to be relatively independent with respect to S:Fe ratio. These 

results suggest, therefore, that smaller-diameter CNTs may grow at a faster rate, thereby 

compensating for the delayed particle nucleation and resulting in CNTs with aspect ratios 

independent of the S:Fe ratio in the iron series. 

With information about the CNT aspect ratio as a function of S:Fe ratio, the 

catalytic efficiency of the process can be estimated using the equation described in 

Appendix A.9. These results are presented in Figure 6.17, below. In Chapter 5 a small 

increase in catalytic efficiency was observed in both the iron series and sulfur series 

under highly oxidizing conditions. The increased catalytic efficiency under the highly 

oxidizing conditions was attributed to sulfur’s role in enhancing catalyst particle 

nucleation373. Under lightly oxidizing conditions, the results from the sulfur series 

presented in Figure 6.17 indicate increasing sulfur concentrations negatively impacted 

catalytic efficiency. These results help explain the lower CNT content and would also be 

expected for shorter CNTs with larger diameters and more walls but contrast with the 

findings from the sulfur series reported in Chapter 5. While adding sulfur would lower 

the nucleation barrier for the catalyst particles in both reactors, comparing the sulfur 

 
 

373 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
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series experiments under highly and lightly oxidizing conditions indicate oxygen may 

influence CNT growth. It is unclear at present if there is a fundamental difference for the 

sulfur-assisted CNT growth mechanism in the presence of oxygen but this point merits 

further investigation. For the iron series, higher (lower) S:Fe ratios (iron concentrations) 

resulted in higher catalytic efficiencies. This finding is surprising, given that carbon loss 

increased slightly at lower iron concentrations. However, the CNT percentage in the as-

produced material slightly increased, the CNT diameters decreased, and the aspect ratios 

remained constant. These general trends would all help boost catalytic efficiency at 

higher (lower) S:Fe ratios (iron concentrations) according to the catalyst efficiency 

model.  

 

Figure 6.17. Catalyst efficiency (percentage of catalyst particles that successfully 
nucleate a CNT) as a function of S:Fe ratio for iron and sulfur series. The data point 

at S:Fe = 0.134 is the reference sample and is a common data point for both iron 
and sulfur series. 
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6.2.2. Sulfur and Iron Series- S:Fe Effect on Catalyst Nanoparticles 

The discussion in Section 6.2.1 focused on the effect of S:Fe ratio on CNT 

growth and CNT morphology in two sets of experiments which explored increasing the 

S:Fe ratio by either increasing the sulfur concentration (“sulfur series”) or decreasing the 

iron concentration (“iron series”). In this section, the effects of S:Fe ratio on the catalyst 

particles from the sulfur and iron series will be discussed.  

In nearly all the proposed sulfur-assisted CNT growth models, an implicit 

assumption was made that the sulfur concentration fed into the system would be 

correlated with the amount of sulfur in the particles. For example, Ren, et al. proposed a 

localized liquid zone (LLZs) mechanism where CNTs preferentially nucleated at small, 

sulfur-rich LLZs on the catalyst surface374. By increasing the sulfur in the system, the 

LLZs also grew in size resulting in CNTs with larger diameters and more walls. In their 

review of the direct spinning CNT growth literature, Weller, et al. used the Fe-C-S 

ternary phase diagram at 1400℃ to illustrate changes in the relative percentages of two 

immiscible liquids- one rich in carbon and the other rich in sulfur- coexisting in the 

catalyst particles as a function of the sulfur and iron concentrations375. In their 

discussion, Weller, et al. suggested that as the sulfur concentration in the system 

increased, so, too, did the relative thickness of the sulfur-rich liquid layer on the surface 

 
 

374 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method.” 
375 Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 
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of the catalyst with a concomitant increase in the number of CNT walls. With too much 

sulfur (S:Fe ratio greater than 10), Weller, et al. suggested that the particles would be 

poisoned and no longer active for CNT growth. None of these proposed sulfur-assisted 

growth models discuss at length the catalyst particle size or how sulfur may be impacting 

the catalyst particle size distribution. In only a couple studies is the size of the catalyst 

particle even mentioned, but this discussion is limited to the size of the particles when 

sulfur is made available for CNT growth376. Only very recently have studies dedicated to 

studying sulfur’s effect on particle nucleation been reported377. Until now, it has been 

assumed that the presence of sulfur directly effects the CNT morphology. However, it 

may be possible that sulfur indirectly effects CNT growth through its influence on 

catalyst particle nucleation. This section will provide evidence from the sulfur series and 

iron series experiments that may elucidate the effect of S:Fe ratio on the catalyst 

particles.  

TEM studies of the particles in as-produced material were conducted to quantify 

the particle size distribution, to observe changes in the catalyst particle morphology, to 

determine where sulfur aggregated in the particles, and to measure the relative S:Fe 

content at the individual particle level. In the particle size distribution studies, a large and 

 
 

376 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Paukner and Koziol, “Ultra-Pure Single Wall Carbon Nanotube Fibres Continuously 
Spun without Promoter,” February 4, 2014. 
377 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
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small diameter were measured for a population of 500-600 particles. An equivalent 

diameter for the particle was then estimated according to the following equation: 

𝑑 =
1.55𝐴 .

𝑃 .  

Where de is the equivalent diameter, A Is the cross-sectional area of the particle and P is 

the perimeter of the particle assuming it as approximately oval. A and P were calculated 

as 

𝐴 =
휋𝑎𝑏

4
 

and 

𝑃 = 2휋(0.5 ∗
𝑎
2

+
𝑏
2

))  

Where a is the large diameter and b is the small diameter. The particle size distributions 

for the sulfur series is presented in Figure 6.18. From the particle size distributions 

presented in Figure 6.18, there does not appear to be a significant change as a function of 

the S:Fe ratio. With the exception of the S:Fe = 1.11, the particle distributions all have 

similar averages ranging from 9.4-10 nm and all feature similar standard deviations. 

Performing an ANOVA statistical analysis followed by a Tukey-Kramer test on the 

equivalent particle diameters reveals that the mean diameter is statistically different only 

for S:Fe = 1.11, though the difference in mean diameter from the other samples is minor. 

While small additions of sulfur help reduce the nucleation barrier and promote particle 

nucleation, the increased presence of sulfur does not appear to change the particle size 
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distribution. These findings echo similar conclusions reported by Hoecker, et al. who also 

did not observe a change in the geometric mean particle diameter with increases in sulfur 

concentrations378.  

 

Figure 6.18 Particle size distributions for particles produced in the sulfur series for 
(a) S:Fe = 0.134, (b) S:Fe = 0.298, (c) S:Fe = 0.541, (d) S:Fe = 1.11, and (e) S:Fe = 
2.30. The insets also display the arithmetic mean diameter (dAvg), the standard 

deviation (σ), the geometric mean (dAvg,g), and the geometric standard deviation (σg). 
 

 
 

378 Hoecker et al. 
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Figure 6.19. Skewness in particle size distribution for sulfur series. 
 

The mean particle diameters may not change significantly but there is some evidence that 

the skewness of the distribution changes due to outliers in the size distributions for the 

lowest and highest S:Fe ratios (Figure 6.19). Using an equivalent diameter to construct 

the particle size distributions may help reveal changes in the particle size distribution but 

conceals information about changes in the particle morphology. To view changes in 

particle morphology, the anisotropic ratio, defined as the large particle diameter divided 

by the small particle diameter, is plotted versus the equivalent particle diameter. These 

results are presented in Figure 6.20. There is a clear transition in the spread of 

anisotropic ratios for S:Fe ratios greater than 1. Within these samples, there was evidence 

of several elongated particles with high anisotropic ratios. The TEM image in Figure 

6.20 from the S:Fe = 2.30 sample shows an example of one of several elongated particles 

found in the samples produced with S:Fe ratios greater than 1. These same samples also 

featured CNTs with a greater number of walls.  
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Figure 6.20. Anisotropic ratio of catalyst particles as a function of the equivalent 
diameter for (a) S:Fe = 0.134, (b) S:Fe = 0.298, (c) S:Fe = 0.541, (d) S:Fe = 1.11, and 

(e) S:Fe = 2.30. TEM image provides an example of a particularly anisotropic 
particle that was observed in the S:Fe = 2.30 sample. 

 

The changes in particle morphology at higher S:Fe ratios observed in Figure 6.20 may 

suggest a link between particle morphology and the number of CNT walls. 

The particle size distribution was similarly measured for three representative 

samples from the iron series. The results for these samples are presented in Figure 6.21, 

below. A single factor ANOVA statistical analysis followed by a Tukey-Kramer test 

confirms that the mean particle size is only significantly different for the highest (lowest) 
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S:Fe ratio (iron concentration) where the mean particle size is noticeably smaller and the 

particle size distribution positively skewed. The changes in particle size distribution 

follow a similar pattern to the observed differences in CNT diameter distribution reported 

in Figure 6.15; the smallest mean particle diameter and the smallest mean CNT diameter 

occurred for the sample grown at the highest (lowest) S:Fe ratio (iron concentration).  

 

Figure 6.21. Particle size distributions for particles produced in the iron series for 
(a) S:Fe = 0.134, (b) S:Fe = 0.569, and (e) S:Fe = 2.48. The insets display the 

arithmetic mean diameter (dAvg), the standard deviation (σ), the geometric mean 
(dAvg,g), and the geometric standard deviation (σg). 
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The anisotropic ratio for the particles were measured and the results are presented in 

Figure 6.22. Though the mean particle size appeared to decrease at the highest (lowest) 

S:Fe ratio (iron concentration), there did not appear to be any change in the particle 

shapes. The results presented in Figure 6.22 indicate the particle shapes did not change 

as the iron concentration was reduced.  

The particle analysis results from the sulfur series indicate that increasing sulfur 

in the system did not change the particle size distribution but did influence the particle 

shape. In contrast, decreasing the iron concentration did change the particle size 

distribution but not the particle shape. To probe the chemical composition of the particles 

further, the chemical composition of particles produced in the sulfur and iron series were 

measured using EDS in TEM. These results are presented in Figure 6.23. In a typical 

EDS spectrum, there were peaks indicating the presence of iron, sulfur, oxygen, silicon, 

copper, and carbon (Figure 6.23(a)). The carbon signal was attributed to the lacey carbon 

on the TEM grid and carbon in the sample; silicon and oxygen signals were attributed to 

contaminants in the sample from glass vials or from the quartz reactor tube. The copper 

signal originated from the copper grid. Iron and sulfur were associated with the residual 

catalyst particles. Elemental maps confirm that sulfur is primarily located on the surface 

of the catalyst particles, consistent with several previous findings and growth models379.  

 
 

379 Motta et al., “The Role of Sulphur in the Synthesis of Carbon Nanotubes by Chemical Vapour 
Deposition at High Temperatures”; Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon 
Nanotube Aerogels.” 
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Figure 6.22. Anisotropic ratio of catalyst particles in samples from the iron series as 
a function of the equivalent diameter for (a) S:Fe = 0.134, (b) S:Fe = 0.569, and (c) 

S:Fe = 2.48.  
 

The S:Fe ratios were measured at the individual particle level and plotted with respect to 

particle size (Figure 6.23(c)). The data for the S:Fe ratios in individual particles reveal an 

exponential trend between particle size and S:Fe ratio, consistent with what would be 

expected if sulfur is constrained to a small, thin layer at the surface of the particle. This is 

further supported by comparing the best fit curve data in Figure 6.23(c) with the curve 

related to the sulfur-to-volume ratio, 1/r, as a function of particle size. 
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Figure 6.23. (a) Typical EDS spectrum collected for sulfur series samples and (b) 
elemental mapping of catalyst particles from the S:Fe = 0.541 sample. (c) S:Fe ratio 
in individual particles from the sulfur series (SS) and iron series (IS) as a function of 

particle size. Dotted line corresponds to (r)-1 and solid line is best fit for all data 
points. TEM images courtesy of Asia Matatyaho-Yaakobi and Yaron Kauffmann 

from Technion- Israel Institute of Technology. 
 

The S:Fe ratio in the individual particles appears to scale approximately with 1/r, similar 

to how the surface-area-to-volume ratio scales. In contrast with what was previously 

proposed in sulfur-assisted growth models, the S:Fe ratios in individual particles do not 

appear to be correlated with the S:Fe ratio fed into the reactor. Even as the S:Fe ratio 
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introduced into the reactor increased by over an order of magnitude in both the iron series 

and sulfur series, there was no similar increase in S:Fe ratio at the individual particle 

level. In fact, the S:Fe ratios at the individual particle level collapsed onto the same 

exponential curve, regardless of the S:Fe ratio fed into the reactor. Furthermore, the 

largest particles which would be more likely to nucleate large-diameter or MWCNTs 

featured the smallest S:Fe ratios. The results presented in Figure 6.23 provide evidence 

that casts doubt on the underlying assumption for the most accepted sulfur-assisted 

growth mechanisms: namely, that the S:Fe ratio fed to the reactor and the S:Fe ratio in 

individual particles are correlated or that higher S:Fe ratios in particles lead to larger 

diameter CNTs with more walls380. The results presented in Figure 6.18-Figure 6.23 

suggest changes in particle nucleation dynamics in response to changes in the sulfur and 

iron concentrations and will be discussed more at length in Section 6.2.4 as they relate to 

a sulfur-assisted CNT growth model. 

One final comment will be made regarding iron loss in the system as a function of 

sulfur concentration. The iron loss estimated from the sulfur series (Figure 6.24) 

decreased as the S:Fe ratio increased. For the sulfur series, less iron loss was achieved at 

higher S:Fe ratios by promoting early particle nucleation at higher sulfur concentrations. 

As particles nucleate and grow, their diffusivity to the reactor walls decreases by a factor 

 
 

380 Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating Catalyst 
Method”; Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube Aerogels.” 
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of 1/(mass)2/3.381 The iron loss data presented in Figure 6.24 suggests that rapid particle 

nucleation is key to minimizing iron loss. Under dilute iron concentrations (~10-7-10-6 

mol/m3) in typical CNT growth reactors, the only way to increase particle nucleation is to 

lower the nucleation barrier. This has been achieved by adding sulfur to the system. 

However, larger iron concentrations (~10-2-10-1 mol/m3) can also enhance particle 

nucleation and help minimize particle loss. Therefore, larger iron concentrations will be 

required to achieve appreciable carbon production rates (~g/hour or more), reduce iron 

loss, and enhance the efficiency of the process. The effect of iron concentration on carbon 

conversion will be discussed more at length in the next section. 

 

Figure 6.24. Percent iron loss estimated based on iron fed to the system and the iron 
accounted for in the as-produced material for the sulfur series. 

 

 
 

381 Alan Windle, “Understanding the Direct Spinning of CNT Fibers in Terms of the Thermodynamic and 
Kinetic Landscape: A Personal View,” in Nanotube Superfiber Materials (Elsevier, 2019), 149–84, 
https://doi.org/10.1016/B978-0-12-812667-7.00007-0. 
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6.2.3. S:Fe Ratios and Reducing the Fe:C Ratio 

Sections 6.2.1 and 6.2.2 considered at length the effect of the S:Fe ratio on CNT 

morphology and catalyst particles through two series of experiments, the “sulfur series” 

and “iron series”. In this section, the effects of S:Fe ratio for additional “sulfur series” 

experiments conducted at reduced iron concentration will be discussed. This section will 

be limited to changes in CNT morphology. 

Figure 6.25 summarizes the mass production rate results for four additional sulfur 

series experiments conducted at four reduced iron concentrations. For reference, the 

original sulfur series experiment referenced in Sections 6.2.1 and 6.2.2 used a Fe:C = 

0.0006. The results presented in Figure 6.25 indicate that, with the exception of the 

lowest S:Fe ratio runs in Figure 6.25(c), the total production rates holding the S:Fe ratio 

constant decreased as the Fe:C decreased. Total carbon and iron mass production rates 

similarly decrease as the Fe:C ratio decreased (Figure 6.26 and Figure 6.27). The results 

presented in Figure 6.25 and Figure 6.26 may support the conclusion that the primary 

carbon formation mechanism under typical CNT growth conditions occurs at the surface 

of the catalyst. To a much greater degree, however, mass production rate will be 

influenced by the iron content in the as-produced material since iron is heavier than 

carbon. Figure 6.27 shows that as the Fe:C and iron concentration in the system 

increased, so, too, did the iron mass production rate. The change in iron mass production 

rate was acute for the highest S:Fe ratios, changing by an order of magnitude over the 

range of Fe:C ratios explored. 
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Figure 6.25 The total mass production rate and the mass production rate of CNTs, 
iron, and amorphous carbon (A.C.) for sulfur series experiments conducted for (a) 

Fe:C = 0.0003, (b) Fe:C = 0.0001, (c) Fe:C = 0.00007, and (d) Fe:C = 0.00003 of 
experiments. Error bars represent the standard deviation for experiments that were 

run more than once. 
 

 

Figure 6.26. Total carbon mass (CNTs and amorphous carbon) production rate as a 
function of Fe:C ratio at all S:Fe ratios explored. 
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Figure 6.27. Iron mass production rate as a function of Fe:C ratio at all S:Fe ratios 
explored. 

 

Changing the Fe:C ratio, therefore, has a direct impact on the iron and carbon production 

rates at all S:Fe ratios explored. Calculating CNT selectivity reveals a more complex 

behavior with respect to the Fe:C ratio (Figure 6.28). The highest Fe:C ratios (Figure 

6.2(a) and Figure 6.28(a)) show lower CNT selectivity with increasing S:Fe ratios. Then, 

there appears to be a transition point at Fe:C = 0.0001 where the CNT content in the 

samples appears to be independent of the S:Fe ratio (Figure 6.28(b)). Reducing the Fe:C 

ratio further reveals better CNT selectivity as the S:Fe ratio increases (Figure 6.28(c), 

(d)). Changes in CNT selectivity as a function of both Fe:C and S:Fe ratios are likely 

influenced by changes in the catalyst particle nucleation. As the iron and sulfur 

concentrations were changed, the axial position inside the reactor where appreciable 

catalyst particle nucleation (and therefore CNT nucleation) occurred was likely shifting, 
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as well. Section 6.2.4 will expound upon this point further within the context of 

proposing a new sulfur-assisted CNT growth model.  

Raman spectra of the as-produced and purified material from the additional sulfur 

series are presented in Figure 6.29 and Figure 6.30.  

 

Figure 6.28. The total mass production rate and the CNT selectivity for sulfur series 
experiments conducted for (a) Fe:C = 0.0003, (b) Fe:C = 0.0001, (c) Fe:C = 0.00007, 

and (d) Fe:C = 0.00003 of experiments. Error bars in total production rate represent 
the standard deviation for experiments that were run more than once. Error bars in 

CNT content are standard deviations calculated for repeated experiments and/or 
when purifications were done more than once. 
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Figure 6.29. Average G/D ratios for unpurified samples for sulfur series 
experiments conducted for (a) Fe:C = 0.0003, (b) Fe:C = 0.0001, (c) Fe:C = 0.00007, 
and (d) Fe:C = 0.00003 of experiments. Error bars represent the standard deviation 
for all spectra taken at each laser excitation wavelength. For experiments conducted 

more than once, error bars are the standard deviation for all samples and all 
spectra at each laser excitation wavelength. 

 

Unlike the findings from the sulfur series at the highest Fe:C ratio (Fe:C = 0.0006), there 

do not appear to be any obvious patterns in G/D ratio as a function of either Fe:C ratio or 

Fe:S ratio for lower Fe:C ratios. In general, the G/D ratios for as-produced and purified 

samples from the 532 nm spectra appear relatively insensitive to S:Fe ratios at constant 

Fe:C ratios. The standard deviation in the G/D ratios also reflect a large degree of 

variability and that does not appear to improve after purification. The results from Figure 
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6.29 and Figure 6.30 may indicate a critical iron concentration- around 4 x 10-6 mol/m3- 

below which changing the S:Fe ratio or Fe:C ratio does not impact CNT crystallinity.  

 

Figure 6.30. Average G/D ratios for purified samples for sulfur series experiments 
conducted at (a) Fe:C = 0.0003, (b) Fe:C = 0.0001, (c) Fe:C = 0.00007, and (d) Fe:C 

= 0.00003 of experiments. Error bars represent the standard deviation for all 
spectra taken at each laser excitation wavelength. For experiments conducted more 
than once, error bars are the standard deviation for all samples and all spectra at 

each laser excitation wavelength. 
 

These findings are contrary to previous findings reported in the literature but may be 

related to where in the reactor CNTs are being nucleated, particularly if they are 
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nucleated near the outlet of the reactor past the hottest region where the reactor 

conditions are not homogenous382. 

In addition to Raman spectroscopy, the CNT aspect ratios were measured for all 

samples and the results are summarized in Figure 6.31. From Figure 6.16(a) and Figure 

6.31, it can be seen that the CNT aspect ratios at different Fe:C ratios follow a similar 

pattern to the CNT selectivity (Figure 6.28). At the highest Fe:C ratios (0.0006 and 

0.0003), the CNT aspect ratios and CNT lengths decreased as the S:Fe ratio increased. 

There appeared to be a transition point when Fe:C = 0.0001 where CNT lengths did not 

change across all S:Fe ratios and CNT aspect ratios initially increased until the S:Fe = 1 

before decreasing again. At the second lowest Fe:C ratio (0.00007), CNT aspect ratios 

increased over the entire range of S:Fe ratios while CNT lengths still appeared to be 

independent of S:Fe ratio. At the lowest Fe:C ratio, CNT aspect ratio and length did not 

appear to be related to the S:Fe ratio. As the sulfur and iron concentrations are changed, 

the “growth window” where catalyst particles and CNTs are nucleated will shift. These 

shifts would reasonably be expected to impact the final CNT aspect ratio, particularly for 

very dilute iron concentrations, and could help explain the observed trends in CNT aspect 

ratios as a function of both sulfur and iron concentrations. 

 
 

382 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis”; Hoecker et al., “The Dependence of CNT 
Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation Processes and a Critical Catalyst Particle Mass 
Concentration.” 
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With information about the CNT aspect ratio, the catalyst efficiency of the 

process at different S:Fe and Fe:C ratios can be estimated. These results are presented in 

Figure 6.32. As can be seen in Figure 6.32, the catalyst efficiency generally decreased as 

the S:Fe ratio increased for all Fe:C ratios. Interestingly, however, higher catalyst 

efficiencies could be achieved at lower Fe:C ratios. 

 

Figure 6.31. Average aspect ratios for sulfur series experiments conducted at (a) 
Fe:C = 0.0003, (b) Fe:C = 0.0001, (c) Fe:C = 0.00007, and (d) Fe:C = 0.00003 of 
experiments. Error bars represent the standard deviation from the aspect ratio 

measurements in all samples. 
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The boost in catalyst efficiencies at lower Fe:C ratios occurs because the catalyst 

efficiency is a mass ratio of the CNTs produced in the reactor and the iron fed into the 

reactor; the CNT production rates decreased less rapidly than the iron mass flow rate fed 

to the reactor. In contrast, the decline in catalyst efficiency as the S:Fe ratio increased 

may be attributed to different reasons, depending on the Fe:C ratio. At high Fe:C ratios, 

the CNT selectivity, aspect ratios, and CNT mass production rates declined for larger 

S:Fe ratios. 

 

Figure 6.32. Catalyst efficiency (percentage of catalyst particles that successfully 
nucleate a CNT) as a function of S:Fe ratio for sulfur series conducted at different 

Fe:C ratios.  
 

Furthermore, at the largest Fe:C ratio, larger-diameter CNTs with more walls were 

observed. All these factors would negatively impact catalyst utilization at high S:Fe 

ratios. For the smallest Fe:C ratios, CNT lengths did not change over the range of S:Fe 
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ratios explored but CNT mass production rate generally declined. Lower CNT mass 

production rates would again negatively impact catalyst utilization.  

The results presented in Figure 6.25-Figure 6.32 described the effects of the S:Fe 

ratio for additional sulfur series experiments at reduced Fe:C ratios. Total mass 

production rate, as well as the carbon and iron mass production rates, decreased at lower 

Fe:C ratios. Additionally, a similar pattern was observed for the CNT selectivity and 

CNT aspect ratios; at high Fe:C ratios, they were negatively impacted by higher S:Fe 

ratios and at low Fe:C ratios, they were positively impacted by high S:Fe ratios. For both 

CNT selectivity and CNT aspect ratio, there appeared to be a transition point at Fe:C = 

0.0001. The Raman G/D ratios for as-produced and purified material did not exhibit any 

trends with respect to Fe:C and Fe:S ratios for Fe:C ratios between 0.00003-0.0003. 

Finally, the catalyst utilization declined as S:Fe increased for all Fe:C ratios but were 

highest when Fe:C ratios were low. The findings described in Sections 6.2.1-6.2.3 will be 

used to inform a new sulfur-assisted CNT growth model which will be described in the 

next section. 

6.2.4. Proposed Sulfur-Assisted CNT Growth Model 

The results presented here and throughout the literature indicate that the S:Fe ratio 

effects CNT morphology, CNT production rates, and particle nucleation. Previous sulfur-

assisted growth models attributed changes in CNT morphology to changes in the S:Fe 
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ratio in the catalyst particles which implied a direct effect of sulfur on CNT growth383. 

However, the S:Fe ratios measured in individual particles (Figure 6.23(c)) and the 

particle size distributions measured for 500-600 particles for samples in the sulfur series 

(Figure 6.18) and iron series (Figure 6.21) appear to contrast with the current 

understanding. Namely, the S:Fe ratios in individual particles followed a similar 

exponential trend with respect to catalyst particle size, even as the S:Fe ratio in the 

system increased by an order of magnitude. The exponential trend in S:Fe ratio as a 

function of particle size implies that the S:Fe ratio in particles is more a function of the 

surface-to-volume ratio; EDS elemental mapping confirmed that sulfur is found primarily 

on the surface of catalyst particles. Furthermore, the largest catalyst particles which 

would be expected to grow larger-diameter and MWCNTs exhibited the smallest S:Fe 

ratios; previous sulfur-assisted growth models suggested larger S:Fe ratios in particles 

resulted in larger diameter CNTs with more walls. The results presented in this chapter 

do not conform to the current understanding of sulfur-assisted CNT growth. Instead, we 

propose that sulfur may have an indirect effect on CNT growth via its role in catalyst 

particle nucleation. 

 
 

383 Gspann, Smail, and Windle, “Spinning of Carbon Nanotube Fibres Using the Floating Catalyst High 
Temperature Route”; Weller et al., “Mapping the Parameter Space for Direct-Spun Carbon Nanotube 
Aerogels”; Ren et al., “The Effect of Sulfur on the Structure of Carbon Nanotubes Produced by a Floating 
Catalyst Method”; Reguero et al., “Controlling Carbon Nanotube Type in Macroscopic Fibers Synthesized 
by the Direct Spinning Process.” 
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Only very recently has sulfur been shown to have a dramatic effect on catalyst 

particle nucleation384. Sulfur’s role was attributed to reducing the nucleation barrier of 

the catalyst particles, thereby increasing the particle number concentration. In-situ 

particle sampling conducted by Hoecker, et al. found that even small additions of sulfur 

resulted in significant particle number concentrations being observed over a larger axial 

region near the inlet and outlet of the reactor. Even more critically, sulfur promoted 

catalyst particle nucleation at higher temperatures where CNT growth was more likely to 

occur. The results presented here under constant iron conditions (“sulfur series”) showed 

that adding additional sulfur did not significantly change the particle size distribution. 

These results would be expected, particularly if most of the particle nucleation occurred 

at the exit of the reactor. For short time scales (10 s or less), the major particle growth 

mechanisms are restricted to either nucleation or condensation (Chapter 4). Significant 

shifts in the particle size distribution or mean particle size should not be observed, even 

with larger sulfur concentrations. However, increasing the sulfur concentration may 

promote catalyst particle and CNT nucleation in hotter regions of the reactor, as 

evidenced by the changes in particle morphology and CNT morphology. The elongated 

particles observed in samples corresponding to higher S:Fe ratios (larger sulfur 

concentrations) indicate that these particles were at one point very liquid-like; this would 

 
 

384 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis”; Hoecker et al., “The Dependence of CNT 
Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation Processes and a Critical Catalyst Particle Mass 
Concentration.” 
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be expected if the particles experienced relatively hotter thermal conductions. And if 

changing the sulfur concentration shifted particle nucleation into hotter regions of the 

furnace, CNT nucleation might have also occurred under hotter conditions and would 

help explain the CNT polydispersity and lower CNT selectivity. As was discussed in 

Chapter 2, Section 2.2.1, successful CNT growth requires a careful balance of carbon 

supply385. If CNTs are nucleated under hotter thermal conditions, an oversupply of 

carbon may either cause premature catalyst particle deactivation, therefore explaining the 

lower CNT selectivity, or may lead to CNTs with larger diameters, wider diameter 

distributions, more walls, and lower aspect ratios386. Furthermore, sulfur promotes 

particle nucleation over a wider axial region near the inlet and outlet of the reactors and 

may imply that CNTs are also being nucleated over a wider range of poorly controlled 

reactor conditions. The greater degree of CNT polydispersity would be expected, then, 

for CNT nucleation under a range of reactor conditions, particularly near the inlet and 

outlet where a sharp thermal profile exists. In this way, increasing or decreasing sulfur 

concentration will have an indirect effect on CNT growth via changes in catalyst particle 

availability in the reactor. 

 
 

385 Andrews et al., “Multiwall Carbon Nanotubes”; Ci et al., “Carbon Nanofibers and Single-Walled 
Carbon Nanotubes Prepared by the Floating Catalyst Method.” 
386 Ren, Li, and Cheng, “Evidence for, and an Understanding of, the Initial Nucleation of Carbon 
Nanotubes Produced by a Floating Catalyst Method”; Hafner et al., “Catalytic Growth of Single-Wall 
Carbon Nanotubes from Metal Particles”; Baker et al., “Formation of Filamentous Carbon from Iron, 
Cobalt, and Chromium Catalyzed Decomposition of Acetylene”; Tian et al., “Growth of Single-Walled 
Carbon Nanotubes with Controlled Diameters and Lengths by an Aerosol Method”; Anisimov et al., 
“Mechanistic Investigations of Single-Walled Carbon Nanotube Synthesis by Ferrocene Vapor 
Decomposition in Carbon Monoxide.” 
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Though it has not been previously reported, changing iron concentration in the 

system similarly effects particle nucleation and particle number concentration along the 

axial length of the reactor. Lower iron concentrations would inhibit particle nucleation, 

particularly at high temperatures, and the particle number concentration would likely 

appear more similar to the no-sulfur case reported by Hoecker, et al.387. Reducing the 

iron concentration would delay CNT nucleation, pushing it towards the lower-

temperature region near the outlet of the reactor388. In the cooler regions of the reactor, 

carbon supply would be more restricted and CNTs would be expected to feature a smaller 

number of walls. Smaller iron concentrations would also lead to smaller-diameter 

particles, and therefore smaller-diameter CNTs. The findings reported for the iron series 

follow this exact trend; SWCNTs with smaller diameters were observed, even at high 

S:Fe ratios. Furthermore, a transition Fe:C concentration was observed in the sulfur series 

sets of experiments conducted at lower iron concentrations where, at very low Fe:C 

ratios, higher S:Fe ratios enhanced CNT growth. Under dilute iron concentrations, higher 

sulfur inputs were required to promote catalyst particle nucleation in regions where CNT 

nucleation and growth was possible.  

 
 

387 Hoecker et al., “The Dependence of CNT Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation 
Processes and a Critical Catalyst Particle Mass Concentration.” 
388 Hoecker et al., “Catalyst Nanoparticle Growth Dynamics and Their Influence on Product Morphology in 
a CVD Process for Continuous Carbon Nanotube Synthesis”; Hoecker et al., “The Dependence of CNT 
Aerogel Synthesis on Sulfur-Driven Catalyst Nucleation Processes and a Critical Catalyst Particle Mass 
Concentration.” 
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The results presented here indicate that as the iron or sulfur concentration changed 

and the particle nucleation dynamics were altered, CNTs were nucleated at different axial 

locations and under different thermal conditions. In effect, changes in particle nucleation 

dynamics grew or shrank the CNT “growth window” and changed the conditions under 

which CNTs were nucleated, leading to notable differences in CNT morphology. Sulfur 

and the S:Fe effect on CNT growth may therefore be an indirect effect. This proposed 

model does not consider the effects of oxidizing species in the reactor which showed 

starkly different trends with respect to the S:Fe ratio using similar iron concentrations 

(~10-6-10-7 mol/m3). We propose that oxygen has a significant impact on CNT nucleation 

and growth, but its exact role or interaction requires additional testing, particularly at 

different iron concentrations. 

6.3. Conclusions 

Sulfur has been used extensively throughout the CNT growth literature due to its 

apparent growth-enhancing effect. However, the exact mechanism by which sulfur 

impacts CNT growth is still under investigation. Several growth models have been 

proposed, at the core of which are the assumptions that sulfur has a direct impact on CNT 

growth and that larger-diameter CNTs with a greater number of walls result in response 

to increasing S:Fe ratios in the catalyst particles. In this chapter, the results of a series of 

experiments where the sulfur and iron concentrations were changed independently were 

conducted. The as-produced material was characterized by tracking its composition via 

purification, changes in CNT crystallinity and CNT diameter via Raman spectroscopy, 
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CNT diameter and number of walls via TEM imaging, and CNT aspect ratio using an 

extensional rheology technique. The catalyst particles were studied in detail using TEM 

imaging. The findings reported in this chapter do not conform to the current 

understanding of sulfur’s effect on CNT modeling. Instead, a modified sulfur-assisted 

growth model is proposed whereby sulfur’s role on CNT growth is mediated through an 

indirect effect and can be better understood through particle nucleation dynamics in the 

reactor. The sulfur-assisted growth mechanism presented here does not consider effects 

of oxidizing species. Based on the results presented in Chapter 5, we believe the sulfur-

assisted growth mechanism will change due to reactions with oxidizing species and that 

this effect should be investigated further.
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Chapter 7 

The Effect of Iron Content on Composition 
Analysis in Purification Studies389 

In Chapter 5 and Chapter 6, a new method that relied of estimating the sample 

composition in as-produced material was introduced. This method involved purifying as-

produced material with a combination of a mild oxidation step and a concentrated HCl 

wash. From the mass changes in the sample at each step, the sample composition was 

estimated and used to draw a connection between the iron or sulfur concentration during 

CNT growth and the selectivity of the process towards CNTs. This procedure was found 

to accurately return the residual iron content (Appendix A.5) but there was some 

uncertainty regarding iron’s effect on the oxidation of carbon impurities. Namely, for 

 
 

389 With significant contributions from Muxiao Li 
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samples with relatively large concentrations of iron, would the iron exacerbate carbon 

oxidation during the air treatment step and result in a higher apparent amorphous carbon 

content. This hypothesis was explicitly tested, and the results are reported in this chapter. 

The results presented in the chapter find that doubling the residual iron content does not 

have a significant effect on the relative proportion of CNTs to amorphous carbon and 

lends confidence in the reliability of the composition analyses conducted for the studies 

represented in Chapter 5 and Chapter 6.  

7.1. Materials and Methods 

7.1.1. Materials 

For the purification studies, Meijo 401 CNTs (Lot # 5R79H02D) and iron 

nanoparticles (99.5%, 25 nm) coated in carbon purchased from US Nano were used 

without any pretreatment. Samples were oxidized in air in a box furnace and washed in 

concentrated (37%) HCl purchased from Sigma-Aldrich and used without any further 

treatment.  

To characterize the CNT aspect ratios, solutions of CNTs in chlorosulfonic acid 

(CSA) were prepared. CSA (99%) was purchased from Sigma-Aldrich and used without 

further treatment. 
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7.1.2. CNT Material Purification Procedure and Sample Composition Analysis 

For the purification studies, all samples were purified according to the following 

purification procedure: 

1. Air oxidation (weigh sample) 

2. Concentrated acid wash 

3. Warm water wash 

4. Freeze dry (weigh sample) 

Briefly, approximately 10 mg of Meijo 401 CNTs were massed and combined 

with a known mass of iron nanoparticles coated in carbon. The CNTs and iron 

nanoparticles were ground together in an agate mortar and pestle to thoroughly distribute 

the particles throughout the CNT sample. [Note: The action of grinding the sample was 

not found to change the CNT aspect ratios or CNT crystallinity. A comparison of the as-

received purified material and as-received material that was ground prior to purification 

is provided in Appendix A.10. The results presented here are for the as-received material 

that was ground prior to purification.] The CNTs and iron particles were then transferred 

to an alumina boat and placed into a box furnace set at 500℃ for three hours. At the end 

of three hours, the CNTs were removed from the box furnace and weighed before then 

being transferred to an Erlenmeyer flask containing 100-200 mL of concentrated HCl and 

a Teflon stir bar; the solution changed color from clear to yellow-green indicating 

dissolved Fe2+ species. The samples were left to stir at approximately 100 RPM in 

concentrated HCl overnight. The following day, the samples were vacuum filtered from 
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the concentrated HCl using a Millipore Sigma Omnipore membrane filter (OD 47 mm, 

0.2 µm pore size, PTFE) and returned to the same Erlenmeyer flask now containing 

~100-200 mL of distilled water and a Teflon stir bar. The CNTs were left to stir at 

approximately 80 RPM in warm water (80℃) overnight. Finally, the CNTs were vacuum 

filtered from the water using a Millipore Sigma Omnipore membrane filter (OD 47 mm, 

0.2 µm pore size, PTFE) and freeze dried. The final mass of the dry sample was recorded. 

Four iron concentrations in addition to the as-received material with two separate 10 mg 

samples of Meijo CNTs were purified. 

The composition of the samples in the as-produced material was estimated based 

on the mass changes of the sample at each stage of the purification process. For all 

samples, the final mass after purification was taken to be the CNT component. The 

residual catalyst content was correlated to the mass lost during the concentrated HCl and 

warm water wash converted to reflect the mass loss of metallic iron rather than iron 

oxide. This must be done because the iron particles added to the CNT samples are known 

to be metallic iron but, in the process of air oxidation, are converted to iron oxide. In 

order to convert the mass of metallic iron lost in the concentrated HCl wash, it was 

assumed that the iron oxide was Fe2O3. The equivalent mass loss of metallic iron was 

then calculated. The amorphous carbon (A.C.) content was therefore attributed to the 

balance between the initial sample mass prior to purification, subtracting the CNT and 

metallic iron masses. Appendix A.5.2 provides a sample calculation for determining the 

composition of as-produced material from the mass loss changes during purification. 
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7.1.3. Sample Characterization 

The sample composition was determined from the standardized purification 

procedure described in Section 7.1.2.  

Thermogravimetric analysis (TGA) was conducted only on the as-received 

material to determine the starting residual iron content. Briefly, approximately 10 mg of 

sample was oxidized under a 100 sccm air stream. The temperature in the TGA was 

increased from room temperature to 1000℃ at 10℃/min before cooling down. 

The relative crystallinity of the CNTs in the unpurified and purified material was 

characterized using Raman spectroscopy. Briefly, ~1 mg of material was placed on a 

glass microscope slide and analyzed with a Renishaw InVia Confocal Raman 

microscope.  The laser power was adjusted to achieve the maximum signal from the CNT 

samples (typically, 0.1-10% laser power, 45-50 W at maximum laser power). For each 

laser excitation wavelength, three spectra at three different spots for a total of nine 

spectra per sample were collected. The average G/D ratios were calculated based on the 

intensities of the G (~1580 cm-1) and D (~1340 cm-1) peaks with no baseline correction. 

The G peak is a tangential mode characteristic of graphitic systems and the D peak results 

from scattering due to defects in the CNT lattice390. The G/D ratio is a standard metric 

 
 

390 Jorio et al., “Characterizing Carbon Nanotube Samples with Resonance Raman Scattering.Pdf.” 
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used to indicate relative crystallinity of the CNT samples. Average G/D ratios at each 

laser excitation wavelength were determined for as-produced and purified material.  

After purification, a solution of CNTs in CSA was prepared. Briefly, 1.0 mg of 

CNTs was measured on a microbalance and added to an empty, 20 mL scintillation vial 

of known mass. A known mass of CSA was added to the CNTs. The mass of the CNTs, 

CSA, and scintillation vial was recorded and the mass concentration of CNTs in CSA in 

ppm was calculated. The solution was speed mixed at 3500 PM for three cycles lasting 

five minutes each. The liquid crystalline behavior of CNTs in CSA was observed by 

preparing a small, sealed capillary containing a few micrograms of solution and viewing 

under a polarized optical microscope (POM). Birefringence in the POM images indicated 

a liquid crystalline solution. 

The CNT aspect ratios were determined using the extensional rheology technique 

for CNT solutions reported by Tsentalovich, et al. and described in Chapter 5391. Based 

on the extensional viscosity of the CNT solution, the average CNT aspect ratio can be 

calculated. However, the volume concentration of CNTs in solution must be known. In 

order to convert the mass ppm concentration of CNTs to volume ppm concentration, the 

average CNT diameter and average number of CNTs walls are needed. For all samples, 

the average number of walls was assumed to be 2 which is typical for Meijo CNTs and 

 
 

391 Tsentalovich et al., “Relationship of Extensional Viscosity and Liquid Crystalline Transition to Length 
Distribution in Carbon Nanotube Solutions.” 
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the average diameter of CNTs was estimated based on the central wavenumber of the 

RBM peak cluster observed in the Raman spectra of purified CNTs. It is not expected 

that the assumption made for the average number of walls and average CNT diameter 

from Raman spectroscopy will significantly impact the conclusions regarding trends in 

CNT aspect ratios. A deviation of ±0.5 number of walls and ±0.5 nm in average CNT 

diameter will change the aspect ratio by only 10%. 

7.2. Experimental Findings 

The as-received material and samples with four known iron concentrations were 

purified. The approximate nominal iron concentrations were: 17 wt%, 24 wt%, 30 wt%, 

and 34 wt%. However, due to potential iron losses in the grinding step or when 

transferring samples to the alumina boat, as well as the fact that the added particle mass 

included the mass of the carbon shells protecting the particles, the experimentally 

determined iron mass contents were consistently smaller than the nominal values. The 

iron mass contents that are used for the x-axes in the following graphs, therefore, will 

refer to the nominal iron mass contents and not the experimentally determined iron mass 

mass contents. 

TGA on the as-received material was conducted to determine the starting residual 

mass prior to adding additional iron particles. These results are presented in Figure 7.1, 

below. The TGA results indicate that the as-received Meijo 401 CNTs are essentially free 

of residual catalyst material. It is for this reason Meijo 401 material was selected as a 

model for testing the effect of iron on the sample composition analyses via purification. 
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Raman results for the as-received unpurified material, as-received purified 

material, and samples with increasing iron content presented in Figure 7.2 show that 

CNT crystallinity (as measured by G/D ratio) does not appear to be significantly 

impacted by purification and does not appear to correlate with iron content in the sample. 

 

Figure 7.1 Mass loss curve from TGA analysis for as-received Meijo 401 CNT material. 
TGA curve courtesy of Muxiao Li from Rice University. 

 

 

Figure 7.2. Average G/D ratios for as-received unpurified (UP) material, as-received 
purified (P) material, and samples with increasing iron content determined from 

Raman spectra collected using three laser excitation wavelengths. Error bars 
correspond to the standard deviation for all spectra taken at each laser excitation 

wavelength. 
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These results are encouraging and indicate that the CNT crystallinity is not impacted by 

the presence of iron particles, even as the iron particle content is doubled. 

The sample compositions calculated from the purification procedure reveal a 

remarkable level of consistency between duplicate purifications for samples containing 

the same nominal iron content (Figure 7.3(a)). The composition results give some 

confidence in the reliability of the compositional analysis for samples with the same 

nominal iron content. It is worth noting that the mass content of iron calculated from 

purification is different than the nominal mass content. The reason for this discrepancy is 

attributed to potential iron particle loss when the samples were ground or when the 

samples were transferred to the alumina boat for oxidation. A third reason for the 

discrepancy between the nominal iron content and the experimentally determined iron 

content could be due to equating the total mass of the particles added to the mass of iron. 

However, the iron particles are fully encapsulated by carbon shells and therefore, the 

mass of the particles added includes the mass of iron and the mass of the carbon shells. 

As a result, the mass of iron added to the Mejio samples is less than what the mass of 

particles would suggest. Regardless, the nominal iron content and the iron content found 

experimentally are positively correlated (as would be expected) and the sample 

compositions for each nominal iron content are reproducible. 
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Figure 7.3. (a) Sample compositions in wt.% calculated from mass losses in 
purification as a function of the nominal iron wt.%. (b) Ratio between the CNT and 
A.C. content calculated from the composition analysis as a function of the nominal 

iron wt.%. 
 

The main motivation for this study was to demonstrate that using purification to 

estimate sample composition, as reported in Chapter 5 and Chapter 6, is a viable 

alternative to using TGA to distinguish between CNT content and amorphous carbon 

content. Figure 7.3(b) graphs the CNT:AC mass ratio as a function of the nominal iron 

mass content. In purification, the amorphous carbon content is ascribed to the mass loss 

in the air oxidation step after accounting for mass gained due to iron oxidation. There is a 

possibility, though, that larger residual iron contents may exacerbate carbon oxidation 

because iron oxidation is a highly exothermic process; as iron particles are oxidized, the 

thermal energy generated might induce additional carbon oxidation. If this occurs, the 

apparent amorphous carbon content would be larger and the CNT:AC mass ratio would 

decrease. There is some evidence of this occurring, as seen in Figure 7.3(b); the 

CNT:AC mass ratio declines as the nominal iron content increases. But this behavior is 

not surprising, given that the CNT content decline was nearly equivalent to the iron 
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content increase while the amorphous carbon content remained relatively constant 

(Figure 7.3(a)). Of course, the amorphous carbon content may be artificially higher due 

to the contribution of additional carbon from the carbon shells encapsulating the iron 

particles. As more iron particles are added to the Meijo sample, more carbon from the 

shells around the iron particles will be present and will be counted as amorphous carbon. 

Assuming the iron content in the as-received Meijo material was negligible and 

recalculating a new amorphous carbon content with respect to the starting mass of the 

Meijo material used in the purification (excluding the additional mass from the iron 

particles), there does appear to be a slight increase in the apparent amorphous carbon 

content but for at least three out of the four samples, the average values are within error 

(Figure 7.4). The average value of amorphous carbon across all samples was 20 ± 6 wt%. 

Some variability in amorphous carbon may be expected due to heterogeneity in the 

sample but the sample composition analysis indicates there may be a weak effect of 

residual iron catalyst on the estimated amorphous carbon content. 

A second indicator that may implicate residual iron causing excessive carbon 

oxidation is CNT aspect ratio. If residual iron is leading to more carbon oxidation, shorter 

CNT aspect ratios might be expected. The results presented in Figure 7.5 suggest that 

this is not the case. CNT aspect ratios did not appear to change as the nominal iron 

content increased. The CNT aspect ratios, therefore, suggest that the residual iron content 

in the samples does not shorten CNTs. 
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Figure 7.4. Corrected amorphous carbon (A.C.) weight percent with respect to the 
original Meijo sample and excluding the additional carbon from encapsulated iron 

particles. 
 

 

Figure 7.5. CNT aspect ratio as a function of the nominal iron wt.%. 
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The results presented in Figure 7.2-Figure 7.5 suggest that increasing residual 

iron content does not significantly change CNT crystallinity or CNT aspect ratios. 

However, there is weak evidence to suggest the apparent amorphous carbon content may 

slightly increase but the increase is not large and would not be expected to drastically 

change conclusions made regarding the sample composition. 

7.3. Conclusions 

The results presented in this chapter give some confidence that purification is a 

viable method for estimating the sample composition. As the residual iron content 

increased, there were no obvious changes in CNT crystallinity or aspect ratio. Though 

there exists some weak evidence which suggests that the residual iron content may 

increase the apparent amorphous carbon content, a similar effect would also be expected 

to show up for samples analyzed by TGA. This effect can be better quantified using the 

mass loss changes in a standard purification procedure because the CNT material is 

recovered after purification and can be further characterized. In contrast, TGA is a 

destructive technique and so the CNT material cannot be further analyzed accordingly. 

A final word must be said regarding the purification procedure. In Chapters 5 

and 6, as well as this chapter, slightly different purification procedures were used. It is 

expected that slightly different purification procedures will be required, depending on the 

sample. The key to using purification to estimate sample compositions, however, is to 

have separate steps which can be easily deconvoluted to reflect residual catalyst loss and 

amorphous carbon loss. For these studies, this was done by using separate air oxidation 
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and acid wash steps. As long as an appropriate purification procedure is identified, the 

results presented in this chapter give confidence that purification can be used to estimate 

the composition of as-produced CNT material. 
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Appendix A 

A.1- FCCVD Referenced Papers 

Figure 2.2, plots a number of publications related to FCCVD-grown CNTs over 

time and classifies them as “review”, “application”, “characterization”, and “synthesis”. 

For the purposes of the graph, the following criteria were used to classify the papers: 

x Review: Review papers related to pure CNT materials, including FCCVD CNT 

aerogels 

x Application: Focus is on post-processing of FCCVD CNT aerogel materials, 

characterizing CNT assemblies on their performance, and /or testing the materials 

for a specific application 

x Characterization: Includes unique technique developments (both computational 

and experimental) for characterizing FCCVD process or CNTs produced (outside 

of Raman, TGA, TEM, SEM, etc…) 

x Synthesis: Synthesis of FCCVD CNT aerogels and raw CNTs; by their nature 

these publications also include characterization of the CNTs produced but the 

emphasis of the paper is on synthesis conditions 

Table A.1 presents a complete list of the papers represented in Figure 2.2 and 

Table 2.1. For Table 2.1, only the papers categorized under “synthesis” were 

considered. 
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Table A.1. Table of papers represented in Figure 2.2 and Table 2.1. 
 
Title Authors Year Journal Volume Pages  

Metal-filled and hollow 
carbon nanotubes obtained 

by the decomposition of 
metal-containing free 
precursor molecules 

Rahul Sen, A. 
Govindaraj, and C. N. 

R. Rao 
1997 Chemistry of 

Materials 9 2078-
2081 S 

Carbon nanotubes by the 
metallocene route 

Rahul Sen, A. 
Govindaraj, C. N. R. 

Rao 
1997 Chemical Physics 

Letters 267 276-280 S 

 

Single-Walled Nanotubes by 
the Pyrolysis of Acetylene-
Organometallic Mixtures 

Satishkumar, B. C.; 
Govindaraj, A.; Sen, R.; 

Rao, C. N. R. 
1998 Chemical Physical 

Letters 293 47-52 S 

Large-Scale and Low-Cost 
Synthesis of Single-Walled 
Carbon Nanotubes by the 

Catalystic Pyrolysis of 
Hydrocarbons 

Cheng, H. M.; Li, F.; 
Su, G.; Pan, H. Y.; He, 

L. L.; Sun, X.; 
Dresselhaus, M. S. 

1998 Applied Physics 
Letters 293 47-52 S 

Large Aligned-Nanotube 
Bundles from Ferrocene 

Pyrolysis 

Rao, C. N. R.; Sen, R.; 
Satishkumar, B. C.; 

Govindaraj, A. 
1998 Chem. Commun. 15 1525 S 

 

Gas-Phase Catalytic Growth 
of Single-Walled Carbon 
Nanotubes from Carbon 

Monoxide 

Nikolaev, P.; 
Bronikowski, M.; 

Bradley, K.; Rohmund, 
F.; Colbert, D.; Smith, 

K. A.; Smalley, R. 

1999 Chemical Physical 
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A.2- Ferrocene mass flow rates calculated from offline sublimation 
calibration 

A.2.1 Materials and Equipment 

Ferrocene (98% purity) was purchased from Aldrich and used without further 

treatment. N-decane was purchased from Sigma Aldrich and used without further 

treatment; n-decane was the solvent to dissolve ferrocene. Ultrahigh purity nitrogen was 

purchased from Airgas and used as the ferrocene carrier gas. 

The delivery lines were all quarter-inch stainless steel piping. A 150 mL stainless 

steel sublimation vessel purchased from MTI contained the ferrocene and featured an 

external band heater. Four sets of J-type thermocouples were used to set and monitor the 

temperatures in the sublimation vessel and the delivery lines. One set of thermocouples 

was placed on each of the delivery lines after the splitting; one thermocouple set was 

placed on the delivery line prior to the delivery line splitting. A three-way valve was 

purchased from Swagelock and used to divert the ferrocene flow between one of two 

delivery lines. The dual delivery line set-up facilitated continuous sample collection and 

sampling at mid-run times. Mid-run samplings were necessary to check the long-term 

stability of the ferrocene mass delivery flow rate. At the end of the delivery lines were 

two 100-mL Erlenmeyer flasks containing decane heated to approximately 100℃. The 

final thermocouple was located inside the sublimation vessel. The nitrogen flow rate was 

set by an Alicat flow controller.  

A.2.2 Experimental Set-Up and procedure 
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Early iterations of the CNT reactor design delivered ferrocene via sublimation. 

Because of this, offline sublimation calibration experiments were needed to determine 

ferrocene mass delivery rate as a function of ferrocene sublimation temperature and 

ferrocene carrier gas flow rate. The experimental set up is depicted below in Figure A.6. 

The set-up consisted of three main components: the sublimation vessel with an external 

heating jacket containing a known mass of ferrocene, dual delivery lines, and two decane 

traps where ferrocene was dissolved. 

Prior to the calibration run, the thermocouples were affixed to the delivery lines. 

The delivery lines were then wrapped with silicon heating tapes and high temperature 

insulation strips. Two Erlenmeyer flasks containing n-decane were connected to the 

delivery lines and placed onto two hot plates.  

Two grams of ferrocene were loaded into the sublimation vessel which was then 

connected to the set-up. An external band heater was attached to the sublimation vessel 

and the vessel was wrapped with high temperature insulation strips. Once the set up was 

complete, the decane traps were heated to approximately 100℃ and the delivery lines 

were heated to 185℃. At the start of the run, the sublimation vessel was heated to a 

temperature of 90℃, 100℃, or 125℃ while nitrogen with a mass flow rate of either 100 

or 200 sccm flowed through the vessel. As the sublimation vessel was heated, nitrogen 

flowed through the vessel and into one of the delivery lines. This was done to prevent 

pressure build up in the system as the sublimation vessel was heated. Once the internal 

temperature of the sublimation vessel reached the desired set point temperature, the three-
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way valve was turned to redirect the ferrocene flow into the second delivery line with a 

fresh decane trap while the first decane trap solution containing ferrocene was discarded. 

 

Figure A.6. Ferrocene mass flow offline calibration set up from the (a) side and (b) 
above.  
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At this point, the run time was started. While ferrocene flowed through one delivery line, 

the decane trap containing ferrocene was set aside and was replaced with another 

Erlenmeyer flask containing fresh decane with no ferrocene. At 5, 10, 20, 40, and 60 min, 

the three-way valve was switched to redirect the ferrocene flow into a decane trap 

containing fresh decane. At 5, 10, 20, 40, and 60 min, a solution of ferrocene in decane 

was produced. For each solution of ferrocene and decane, 10 mL of the solution with an 

unknown concentration of ferrocene and decane was collected and labeled with the time 

stamp. At the end of 1 hour, the nitrogen flow was shut off and the system cooled to room 

temperature. 

To calculate the ferrocene flow rates, the concentration of ferrocene in decane 

was determined from the absorbance of the solution at 440 nm. The absorbance value was 

compared to an absorbance calibration curve previously developed in the lab from known 

concentrations of ferrocene in decane (Figure A.7).  

A.2.3. Results 

Cumulative ferrocene mass delivered over time for two nitrogen flow rates and 

three ferrocene sublimation temperatures are presented in Figure A.8. Immediately 

obvious from Figure A.8 are the long transient times of around 20 min; ferrocene mass 

flow rates are initially higher. There also appears to be a large degree of overlap in 

ferrocene mass delivered, regardless of sublimation temperature or carrier gas flow rate. 

What this indicates is that, even for double the carrier gas flow rate or a difference in the 

ferrocene sublimation temperature of up to 35℃, the ferrocene mass flow rate does not 
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exhibit any obvious trends. Furthermore, there can be a large difference in total ferrocene 

delivered, even between two runs with the same carrier gas flow rate and ferrocene 

sublimation temperature. The results from the offline ferrocene calibration work 

indicated that ferrocene sublimation as a means of catalyst delivery did not offer precise, 

reproducible mass flow rates. Furthermore, the long transient times at the beginning of 

the run and the large degree of variability compounded with little to know knowledge of 

instantaneous ferrocene mass flow rates were not desirable, particularly when catalyst 

delivery was critical for conducting studies on the effects of S:Fe ratio on CNT growth. 

Finally, these flow rates considered only ferrocene mass flow rate; adding sulfur 

sublimation was expected to complicate the process even further and add more 

uncertainty. 

 

Figure A.7. UV-Vis calibration curve for ferrocene concentration in decane. 
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Figure A.8. Cumulative mass of ferrocene delivered over time for nitrogen flowrates 
of 200 sccm or 100 sccm and for ferrocene sublimation temperatures of 90℃, 100℃, 

or 125℃. 
 

The results from the offline ferrocene sublimation calibration revealed that 

ferrocene sublimation was not a reliable method for catalyst delivery. For this reason, a 

solution-based delivery method was chosen using toluene as the catalyst carrier.  

A.3- CO2 tracer experiments 

A.3.1 Materials and Equipment 

Ultrahigh purity argon, methane, and carbon dioxide was purchased from Airgas 

and used for the CO2 tracer experiments without any additional treatment. All gases were 
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flowed through the vertical FCCVD growth reactor described in Chapter 3. Two 

Edinburgh IR gas sensors monitored changes in the vol% CO2 and vol% CH4 in the 

exhaust stream.  

A.3.2 Experimental Set-Up and procedure 

Under room temperature conditions, known flow rates of argon and methane were 

introduced to the reactor. In the exhaust line, a known flow rate of CO2 was mixed with 

the exhaust gases and served as a nonreactive tracer. The IR sensor detected CO2 and 

reported a reading in vol% CO2. The volumetric flow of all gases was then calculated 

based on the vol% CO2 reading according to the following equation: 

𝑣𝑜𝑙% 𝐶𝑂 =
𝑣

𝑣
 

where vol% CO2 was the reading from the Edinburgh IR sensor, νCO2 was the known 

flow rate of CO2 fed directly into the exhaust gases, and νTotal is the total volumetric flow 

rate of all gases, including argon, methane, and CO2. The calculated νTotal was compared 

with the known volumetric flow of all gases to create a calibration curve. In the runs 

where methane was introduced to the reactor, the vol% CH4 reading from the methane 

Edinburgh IR sensor was recorded. 

Tables with the series of experiments conducted are presented in Table A.2-

Table A.4, below. In one series (Table A.2), the argon flow rate was varied while the 

CO2 stream was held constant. 
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Table A.2. Experimental runs holding flow rate of CO2 tracer stream constant but 
increasing argon flow rate 

 

Table A.3. Experimental runs holding argon flow rate constant but changing flow 
rate of CO2 tracer stream 

 

Table A.4. Experimental runs holding argon flow rate and CO2 tracer stream flow 
rate constant while changing CH4 flow rate 

 

In a second series (Table A.3), the argon flow rate was maintained constant while 

the CO2 flow rate was changed. In the final series (Table A.4), the argon and CO2 flow 
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rates were held constant while the methane flow rate was changed. The experiments 

presented in Table A.2-Table A.4 were ran in series. In all experiments, a hysteresis 

effect was checked by reducing one of the flows to its smallest value. When the gas flow 

rates were changed, the system was left to equilibrate for 10-20 min before the vol% CO2 

and vol% CH4 reading was recorded. 

A.3.3 Results 

The expected vol% CO2 readings based on the known flow rates introduced into 

the reactor and experimentally observed vol% CO2 readings as a function of argon flow 

rate from the runs listed in Table A.2 are presented in Figure A.9, below. The 

experimentally observed vol% CO2 is observed to be slightly larger than the expected 

vol% CO2 value based on the known flow rates. 

 

Figure A.9. Expected (theoretical) vol% CO2 and experimentally observed 
(detected) CO2 flow as a function of argon flow rate. 
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The relationship between the expected (theoretical) vol% CO2 and the experimentally 

observed (detected) CO2 flow rates from the experiments represented in Table A.2 is 

depicted in Figure A.10, below. The observed vol% CO2 reading is 1.24 times larger 

than the expected value when argon flow rates change. 

 

Figure A.10. Expected (theoretical) vol% CO2 versus the experimentally observed 
(detected) vol% CO2 under conditions where argon flow rate is changed. 

 

Under conditions where the argon flow rate was constant but the CO2 flow rate 

was increased or decreased (Table A.3), there is better agreement between the expected 

(theoretical) vol% CO2 and the experimentally observed (detected) vol% CO2 (Figure 

A.11).The relationship between the expected (theoretical) vol% CO2 flow and the 

experimentally observed (detected) CO2 flow when the argon flow rate was held 

constant, but the CO2 flow rate was changed is represented in Figure A.12.  
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Figure A.11. Expected (theoretical) vol% CO2 and experimentally observed 
(detected) vol% CO2 under constant argon flow conditions but changing the CO2 

flow rate. 
 

Under constant argon flow, the expected (theoretical) and experimentally observed 

(detected) vol% CO2 are nearly identical. 

For the series of experiments where methane flow was adjusted while maintaining 

constant argon and CO2 flows constant (Table A.4), the expected (theoretical) and 

experimentally observed (detected) vol% CH4 flow rates were recorded and compared 

(Figure A.13). The steady-state detected vol% CH4 was observed to be slightly smaller 

than the expected (theoretical) vol% CH4 flow. The calibration curve in Figure A.13 can 

be used to determine the real vol% CH4. Under reaction conditions, the volume flow rate 

of methane in the exhaust gases must be known to determine methane conversion.  
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Figure A.12. Expected (theoretical) vol% CO2 versus the experimentally observed 
(detected) vol% CO2 under constant argon flow as the CO2 flow rate increased. 

 

 

Figure A.13. Expected (theoretical) vol% CH4 and experimentally observed 
(detected) vol% CH4 under constant argon and CO2 flow conditions. 
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However, as methane is converted into carbon, the volume flow rate of the gases will 

change. This is because two moles of hydrogen are produced from one mole of methane. 

In order to determine the volume flow rate of methane in the exhaust gases, the total 

volume flow of the exhaust gases and the corrected vol% CH4 must be known. The total 

volume flow of gases in the exhaust can be determined using CO2 as a tracer by 

converting the detected vol% CO2 to the theoretical vol% CO2 using calibration curves 

like those presented in Figure A.10 or Figure A.12, depending on the conditions of the 

reactor. From the corrected vol% CO2, the total volume flow rate of the gases in the 

exhaust can be estimated. The corrected “real” vol% CH4 value can be determined by 

using a methane calibration curve like the one presented in Figure A.13 to convert the 

detected vol% CH4 to the actual vol% CH4. Then, multiplying the actual vol% CH4 by 

the total volume flow rate ascertained from the CO2 tracer will give the volume flow rate 

of methane in the exhaust gases. Therefore, a CO2 tracer in the exhaust can be used to 

calculate the volume flow rate of gases in the exhaust. 

A.4- CNT Growth Progress Timelines 

The progress timelines for the horizontal and vertical FCCVD reactors are 

presented here and summarize the major milestones accomplished since the reactors were 

initially set up. 

A.4.1 Horizontal Floating Catalyst Chemical Vapor Deposition 
Reactor 
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The progress timeline for the horizontal FCCVD reactor is presented in Figure 

A.14-Figure A.16. In 2019, the horizontal reactor was shut down due to equipment 

malfunctioning. 

 

Figure A.14. Progress made on horizontal FCCVD reactor in 2017. 
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Figure A.105. Progress made on horizontal FCCVD reactor in 2018. 
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Figure A.16. Progress made on horizontal FCCVD reactor in 2019. 
 

A.3.2 Vertical Floating Catalyst Chemical Vapor Deposition Reactor 

The progress timeline for the horizontal FCCVD reactor is presented in Figure 

A.107-Figure A.110. 
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Figure A.107. Progress made on vertical FCCVD reactor in 2017. 
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Figure A.108. Progress made on vertical FCCVD reactor in 2018. 
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Figure A.109. Progress made on vertical FCCVD reactor in 2019. 
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Figure A.110. Progress made on vertical FCCVD reactor in 2020. 

A.5 Sample Calculation for Estimating Sample Composition from 
Purification Procedure 

A.5.1 Sample Composition Analysis for purification procedure with 
peroxide/HCl wash, air oxidation, and HCl wash (Chapter 5) 

The purification procedure used in Chapter 5 featured the following steps: 

1. Peroxide/acid wash 

2. Concentrated acid wash 

3. Warm water wash 

4. Freeze dry (weigh sample) 

5. Air oxidation (weigh sample) 
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6. Concentrated acid wash 

7. Warm water wash 

8. Freeze dry (weigh sample) 

This purification procedure was described in detail in Chapter 5. The sample 

compositions were estimated from the mass losses. Here, a sample calculation is 

presented to demonstrate how the sample composition was estimated. 

In one purification experiment, 49.5 mg of CNTs were added to a 200 mL 

Erlenmeyer flask containing a solution of 20 mL 1 N HCl and 20 mL 30% hydrogen 

peroxide and a Teflon magnetic stir bar. The solution was mixed at 600 RPM and the 

temperature held constant at 60℃. At 1 hour, 2 hours, and 3 hours, an additional 20 mL of 

1 N HCl and 20 mL 30% hydrogen peroxide were added. After 5 hours, the CNTs were 

filtered from the solution and returned to the same Erlenmeyer flask containing ~100 mL 

of concentrated HCl. The CNTs were left to stir at 80 RPM in the concentrated HCl at 

room temperature overnight. The following day, the CNTs were filtered from the 

concentrated HCl and returned to the same Erlenmeyer flask now containing ~100 mL of 

distilled water. The CNTs were left to stir at 80 RPM in the water overnight while the water 

and flask were warmed by a hot plate set to 80℃. The following day, the CNTs were 

filtered from the warm water and freeze dried overnight. The mass of the sample after the 

first hydrogen peroxide/HCl and concentrated HCl wash was 45.1 mg. 

The CNTs were oxidized under a stream of 100 sccm air. Briefly, the tube furnace 

was heated to 150℃ and held at 150℃ for two hours. The furnace temperature was then 
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ramped to 420℃ at 10 ℃/min and held at 420℃ for eight hours before being left to cool 

to room temperature. The mass of the CNTs after the air oxidation was 23.6 mg. The CNTs 

were added to an Erlenmeyer flask and stirred at 80 RPM in ~100 mL concentrated HCl 

overnight. The CNTs were filtered from the concentrated acid and transferred to an 

Erlenmeyer flask containing ~100 mL distilled water and stirred at 80 RPM overnight. The 

CNTs were filtered from the water and freeze died. The final mass of the CNTs was 7.889 

mg. 

The CNT content of the sample was attributed to the final mass of the sample after 

the purification: 

% 𝐶𝑁𝑇𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑃𝑢𝑟𝑖𝑓𝑐𝑎𝑡𝑖𝑜𝑛
× 100

=  
7.889 𝑚𝑔
49.5 𝑚𝑔

× 100 = 16% 

The residual iron content was related to the mass loss in the first peroxide/HCl and 

concentrated HCl washes and the second concentrated HCl wash. There is an implicit 

assumption that the residual iron in the sample exists as only metallic iron or as an iron 

carbide phase; this assumption is supported by XRD spectra of as-produced material which 

did not feature characteristic iron oxide peaks. The first mass loss from the peroxide/HCl 

and concentrated HCl wash was taken to be metallic iron loss. In attributing the first mass 

loss to only metallic iron, a second assumption is made in that the carbon loss during the 

peroxide/HCl was is minimal. This assumption is reasonable given that iron is 

approximately five times heavier than carbon and would be expected to have a larger effect 
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on the initial mass loss. The first metallic iron mass loss, therefore, is the difference 

between the starting mass of the sample before purification and the mass of the sample 

after the first peroxide/HCl and concentrated HCl wash. 

1𝑠𝑡 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

= 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

− 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝐹𝑖𝑟𝑠𝑡 𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑒/𝐻𝐶𝑙 𝑊𝑎𝑠ℎ 

= 49.5  𝑚𝑔 − 45.1 𝑚𝑔 = 4.4  𝑚𝑔 

The second metallic iron loss was attributed to the mass loss after the second 

concentrated HCl wash. However, this mass loss represents the mass loss of iron oxide 

(iron will be oxidized during the air oxidation step) and therefore needs to be converted to 

an equivalent metallic iron mass loss. The iron oxide is assumed to be an even mixture (by 

mass) of Fe2O3 and Fe3O4; assuming either iron oxide does not change the results 

significantly. This calculation is demonstrated here: 

𝐼𝑟𝑜𝑛 𝑂𝑥𝑖𝑑𝑒 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

= 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝐴𝑖𝑟 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 − 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒

= 23.6 𝑚𝑔 − 7.889 𝑚𝑔 = 15.711 𝑚𝑔 𝐹𝑒 𝑂 → 11.18 𝑚𝑔 𝐹𝑒 

The total iron mass content is therefore the sum of the first and second equivalent 

metallic iron mass losses: 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 = 1𝑠𝑡 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 + 2𝑛𝑑 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

= 4.4 𝑚𝑔 + 11.18 𝑚𝑔 = 15.58 𝑚𝑔 
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The iron content was therefore the total iron mass content divided by the starting 

sample mass before purification. 

% 𝐼𝑟𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑡𝑒𝑛𝑡

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
× 100

=
15.58 𝑚𝑔
49.5 𝑚𝑔

× 100 = 31% 

The % Iron Content calculated from the mass losses in purification agreed with the 

residual metallic iron content determined from TGA (Figure A.111). Briefly, 10.105 mg 

of the unpurified sample was oxidized under 100 sccm of air as the temperature increased 

from room temperature to 1000℃ at 10℃/min. The residual iron oxide content after the 

TGA run was 50 wt%; the equivalent metallic iron content was therefore 36 wt%. 

 

Figure A.111. TGA curve for unpurified CNTs. Residual mass 50 wt%. 
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The amorphous carbon content was the percentage mass of the sample not 

accounted for by the CNTs or iron. 

% 𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐶𝑎𝑟𝑏𝑜𝑛 = 100% − % 𝐶𝑁𝑇𝑠 − % 𝐼𝑟𝑜𝑛 = 100% − 16% − 31%

= 53% 

The sample content (by mass) estimated from purification was 16% CNTs, 31% 

metallic iron, and 53% amorphous carbon. 

A.5.2 Sample Composition Analysis for purification procedure with 
air oxidation and HCl wash (Chapter 6 and Chapter 7) 

The purification procedures described in Chapters 6 and 7 did not include a 

peroxide/HCl wash but followed the following steps: 

1. Air oxidation (weigh sample) 

2. Concentrated acid wash 

3. Warm water wash 

4. Freeze dry (weigh sample) 

In one purification procedure, 5.005 mg of as-produced material was separated and 

oxidized under 100 sccm of air. The furnace was heated to 150℃ and held at 150℃ for 

two hours, then ramped to 470℃ at 10℃/min and held at 470℃ for 30 min before cooling 

to room temperature. The sample mass after the oxidation was 5.309 mg; the mass increase 

was likely due to mass gained as the residual catalyst particles were oxidized. The sample 

was then transferred to an Erlenmeyer flask containing ~100 mL of concentrated HCl and 

stirred at 80 RPM overnight. The following day, the CNTs were filtered from the HCl and 
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transferred to an Erlenmeyer flask containing ~100 mL distilled water. The CNTs were 

stirred at 80 RPM in the water heated to approximately 80℃ overnight. The CNTs were 

then filtered from the water and freeze dried. The final mass of the sample after purification 

was 2.631 mg. 

The CNT content of the sample was again attributed to the final mass of the sample 

after the purification: 

% 𝐶𝑁𝑇𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑃𝑢𝑟𝑖𝑓𝑐𝑎𝑡𝑖𝑜𝑛
× 100

=  
2.631 𝑚𝑔
5.005 𝑚𝑔

× 100 = 53% 

The residual iron content was attributed to the mass loss after the concentrated HCl 

wash. However, this mass loss reflected the mass loss of iron oxide and must be converted 

to reflect the mass of metallic iron loss. This is done because the iron is assumed to be 

metallic iron or an iron carbide phase in the as-produced sample; XRD of the sample 

supports this assumption. During the air oxidation step, residual iron is oxidized and as a 

result, the mass loss in the concentrated acid wash step reflects the mass loss of iron oxide, 

not iron. To calculate the equivalent mass loss of metallic iron, an even mass mixture of 

Fe2O3 and Fe3O4 was assumed; the results do not change significantly by assuming either 

oxide or a combination of the two. The total iron mass content is calculated as: 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑡𝑒𝑛𝑡

= 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝐴𝑖𝑟 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 − 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒

= 5.309 𝑚𝑔 − 2.631 𝑚𝑔 = 2.678 𝑚𝑔 𝐹𝑒 𝑂 → 1.9 𝑚𝑔 𝐹𝑒 
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The iron content was calculated by dividing the equivalent mass of metallic iron by 

the starting mass of the sample before purification: 

% 𝐼𝑟𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝐼𝑟𝑜𝑛 𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑡𝑒𝑛𝑡

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
× 100

=
1.9 𝑚𝑔

5.005 𝑚𝑔
× 100 = 38% 

The amorphous carbon content was the percentage mass of the sample not 

accounted for by the CNTs or iron. 

% 𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐶𝑎𝑟𝑏𝑜𝑛 = 100% − % 𝐶𝑁𝑇𝑠 − % 𝐼𝑟𝑜𝑛 = 100% − 53% − 38% = 9% 

The sample composition (by mass) estimated from purification was 53% CNTs, 

38% iron, and 9% amorphous carbon. 

A.6- XRD Patterns from as-produced CNT material 

A.6.1 XRD Expected Peaks for Iron Oxide Phases 

XRD peak information for iron oxide phases provided as a comparison with XRD 

patterns in as-produced material. Major peak observed at 2θ = 35°. 
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Table A.5. XRD Peaks and relative intensities for α-Fe2O3 collected with a CuKα1 
(λ=1.540598 Angstrom) x-ray source at 25 ± 1℃392.  

 

Table A.6. XRD Peaks and relative intensities for Iron (II, III) Oxide Fe3O4 
(magnetite) collected with a CuKα1 (λ=1.540598 Angstrom) x-ray source at 25℃393.  

 

A.6.1 XRD Patterns from As-Produced Material Grown in Horizontal 
FCCVD Reactor (Chapter 5) 

 
 

392 Marlene C Morris, “Standard X-Ray Diffraction Powder Patterns: Section 18- Data for 58 Substances,” 
n.d., 120. 
393 H E Swanson, “Standard X-Ray Diffraction Powder Patterns,” n.d., 100. 

2θ (Degree) h k l Irel

35.61 1 1 0 100
39.28 0 0 6 4
40.86 1 1 3 31
43.52 2 0 2 4
49.48 0 2 4 55
54.09 1 1 6 66
56.15 2 1 1 1
57.43 1 2 2 7
57.59 0 1 8 14
62.45 2 1 4 42
63.99 3 0 0 42
69.60 2 0 8 4
71.94 1 0 10 14
72.26 1 1 9 8

2θ (Degree) h k l Irel

35.42 3 1 1 100
37.05 2 2 2 7
43.05 4 0 0 21
53.39 4 2 2 10
56.94 5 1 1 27
62.51 4 4 0 41
65.74 5 3 1 2
70.92 6 2 0 4
73.95 5 3 3 9
74.96 6 2 2 4
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The XRD diffraction patterns for the as-produced material from the sulfur series 

and iron series reported in Chapter 5 are represented in Figure A.112 and Figure A.113, 

respectively. The major peaks can be assigned to a cohenite (Fe3C) phase and a 

combination of a BCC and FCC metallic iron phase. 

 

Figure A.112. XRD diffraction patterns for as-produced material produced in the 
sulfur series and presented in Chapter 5. 
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Figure A.113. XRD diffraction patterns for as-produced material produced in the 
iron series and presented in Chapter 5. 

 

The XRD diffraction patterns do not indicate the presence of an iron oxide phase. 

Most notably, the major peak indicative of iron oxide located at 2θ = 35° is absent. 

Therefore, the assumption used in the sample composition analysis that iron does not 

exist as an iron oxide is valid. 

A.6.2 XRD Patterns from As-Produced Material Grown in Vertical 
FCCVD Reactor (Chapter 6) 

The XRD diffraction patterns for the as-produced material from the sulfur series 

and iron series reported in Chapter 6 are represented in Figure A.114 and Figure A.115, 

respectively. The major peaks can be assigned to a cohenite (Fe3C) phase and either an 
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FCC or BCC metallic iron phase. In the spectra corresponding to the S:Fe = 2.30 sample 

from the iron series, there were peaks that might also indicate an iron sulfide phase. The 

XRD diffraction patterns do not indicate the presence of an iron oxide phase. Most 

notably, the major peak indicative of iron oxide located at 2θ = 35° is absent. Therefore, 

the assumption used in the sample composition analysis that iron does not exist as an iron 

oxide is valid.  

 

Figure A.114. XRD diffraction patterns for as-produced material produced in the 
sulfur series and presented in Chapter 6. 
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Figure A.115. XRD diffraction patterns for as-produced material produced in the 
iron series and presented in Chapter 6. 

A.7- POM Images for CNTs in CSA 

Highly graphitic CNTs form liquid crystalline solutions in chlorosulfonic acid 

(CSA). Birefringence under polarized light confirms liquid crystalline domains. 

 

A.7.1 POM images from CNT solutions in CSA for CNTs grown on 
Horizontal FCCVD Reactor (Chapter 5) 

Capillaries were filled with concentrated CNT solutions and sealed. Figure A.116 

and Figure A.117 show the POM images for CNTs grown in the sulfur series and iron 

series, respectively. CNT solutions were made when sufficient material could be 



 
410 

 

recovered after purification; for very low S:Fe ratios, this was not the case. The liquid 

crystalline behavior of the solutions in the capillaries was observed under a Zeiss 

Axioplan 2 Imaging polarized optical microscope. Birefringence confirmed the presence 

of liquid crystals. Birefringence confirmed the presence of liquid crystals.  

 

Figure A.116. POM images from sulfur series samples presented in Chapter 5. 
Birefringence indicates the presence of liquid crystalline regions. Scale bar indicates 

200 microns. 
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Figure A.117. POM images from iron series samples presented in Chapter 5. 
Birefringence indicates the presence of liquid crystalline regions. Scale bar indicates 

200 microns. 
 

A.7.2 POM images from CNT solutions in CSA for CNTs grown on 
Vertical FCCVD Reactor (Chapter 6) 

Capillaries were filled with concentrated CNT solutions and sealed. Figure A.118 

and Figure A.119 show the POM images for CNTs grown in the sulfur series and iron 

series, respectively. CNT solutions were made when sufficient material could be 

recovered after purification; for very low S:Fe ratios, this was not always the case. The 
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liquid crystalline behavior of the solutions in the capillaries was observed under a Zeiss 

Axioplan 2 Imaging polarized optical microscope. Birefringence confirmed the presence 

of liquid crystals. The samples at higher S:Fe ratios where there does not appear to be 

birefringence are samples corresponding to low aspect ratio CNTs. Higher concentrations 

are required to see a liquid crystalline phase. 

Figure A.120 illustrates the evolution of the liquid crystalline behavior in CNT 

solutions for CNTs grown at different iron and sulfur concentrations. These images are 

presented as a reference and demonstrate that, for the majority of samples, liquid 

crystalline solutions were achieved. 
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Figure A.118. POM images from sulfur series samples presented in Chapter 6. 
Birefringence indicates the presence of liquid crystalline regions. Scale bar indicates 

200 microns. 
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Figure A.119. POM images from iron series samples presented in Chapter 6. 
Birefringence indicates the presence of liquid crystalline regions. Scale bar indicates 

200 microns. For Se:Fe ratios above 0.134, a new POM camera was installed. 
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Figure A.120. POM images under the 45-135° crossed polarizers. Birefringence 
indicates the presence of liquid crystalline regions. Scale bar indicates 200 microns. 

The POM images for the highest iron concentrations were taken with a different 
camera. 

A.8- RBM Peak Clusters in Purified Samples 

To calculate the CNT aspect ratio from the extensional viscosity of CNT 

solutions, the volume concentration of CNTs must be known. The mass concentration of 

CNT solutions can be known, but to convert the mass concentration to a volume 

concentration, an average CNT diameter must be used. The average CNT diameters were 

estimated by using the central wavenumber in the RBM peak cluster observed in the 
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Raman spectra of purified CNT samples. The diameters were calculated from the RBM 

peaks using the formula 

휔 =
𝐴
𝑑

+ 𝐵 

where 휔  (cm-1) is the position of the RBM peak, dt (nm) is the diameter of the CNT, 

and A and B are experimentally determined parameters. For typical SWCNT bundles 

comprised of SWCNTs with diameters in the range of dt = 1.5 ± 0.2 nm, A = 234 cm-1nm 

and B = 10 cm-1. The empirical value of B accounts for an upshift in the RBM peaks as a 

result of tube-tube interactions394. The RBM peak cluster for the purified CNT samples 

was used because the purification procedure might have altered the CNT diameter 

distribution and only purified CNT samples were used to make CNT solutions. The 

following two sections present the RBM peak clusters for the purified CNT material 

presented in Chapter 5 and Chapter 6. 

A.8.1 RBM peak clusters for purified CNT material produced in 
Horizontal FCCVD Reactor (Chapter 5) 

Figure A.121 and Figure A.122 present the RBM peak clusters for the sulfur and 

iron series, respectively, presented in Chapter 5. For the samples where the peak cluster 

appears to outside the limit of the Raman spectra, the central wavenumber was assumed 

to be 100 cm-1.  

 
 

394 Milnera et al., “Periodic Resonance Excitation and Intertube Interaction from Quasicontinuous 
Distributed Helicities in Single-Wall Carbon Nanotubes.” 
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Figure A.121. RBM peak clusters for samples grown in sulfur series for (a) S:Fe = 
0.48, (b) S:Fe = 0.97, and (c) S:Fe = 1.5 observed for spectra collected using 532 nm 

(green), 633 nm (red), and 785 nm (maroon) laser excitation wavelengths. Note: 
insufficient material remained for S:Fe = 0.12 and S:Fe = 0.24 samples to conduct 

extensional rheology measurement. Average diameters estimated from RBM spectra 
were 1.70 nm, 1.65 nm, and 1.5 nm for S:Fe = 0.48, 0.97, and 1.5, respectively. 
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Figure A.122. RBM peak clusters for samples grown in iron series for (a) S:Fe = 
0.48, (b) S:Fe = 0.97, and (c) S:Fe = 1.5 observed for spectra collected using 532 nm 

(green), 633 nm (red), and 785 nm (maroon) laser excitation wavelengths. Note: 
insufficient material remained for S:Fe = 0.12 and S:Fe = 0.24 samples to conduct 

extensional rheology measurement. Average diameters estimated from RBM spectra 
were 1.70 nm, 1.70 nm, and 1.70 nm for S:Fe = 0.48, 0.97, and 1.5, respectively. 

 

A.8.2 RBM peak clusters for purified CNT material produced in 
Vertical FCCVD Reactor (Chapter 6) 

Figure A.123 presents representative RBM peak clusters for all CNT samples 

reported in Chapter 6. For the samples where the peak cluster appears to outside the 

limit of the Raman spectra, the central wavenumber was assumed to be 100 cm-1. As can 

be observed in Figure A.123, there are three samples where insufficient material was 

collected after purification. The extensional viscosity of these CNT samples in CSA 

could not be measured. Table A.7 lists the average diameters that were estimated from 

the RBM peak clusters shown in Figure A.123. When experiments were run in duplicate, 
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the average CNT diameter estimated from the RBM peak clusters did not change 

significantly. Therefore, the diameters presented in Table A.7 are also representative, 

even for experiments ran in duplicate. 
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Figure A.123. RBM peak clusters for samples grown in vertical FCCVD reactor and 

observed for spectra collected using 532 nm (green), 633 nm (red), and 785 nm 
(maroon) laser excitation wavelengths. 



 
421 

 

 

Table A.7. CNT diameters estimated from the RBM peak clusters presented in 
Figure A.123 and used to calculate CNT aspect ratios. 

 

 

A.9- Catalyst Efficiency Model 

A model for estimating theoretical maximum ratio of MCNT,t/MFe,t has been 

developed. This model aims to answer the question: in growing CNTs, what types of 

CNTs are more catalytically efficient? SWCNTs require smaller iron nanoparticles but 

only have one wall; MWCNTs have more walls of carbon but require larger-diameter 

nanoparticles. For the purposes of this model, several assumptions were made. First, the 

catalyst nanoparticle and the outer diameter of the CNT are equal and in keeping with the 
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Yarmulke-type nucleation model proposed by Dai, et al.395. Second, a constant mass of 

catalyst was assumed. Additionally, it was assumed that all nanoparticles have the same 

diameter and successfully nucleate CNTs without overcoating. For comparison between 

MWCNTs and SWCNTs or between theoretical and experimental MCNT/MFe, it was 

assumed that all CNTs grew to the same length. The derivation is as follows: 

For a constant mass of catalyst, Mcat, the number of nanoparticles, Ncat, of a given 

radius, rc can be determined by the following equation: 

𝑁 =
𝑀

4
3 휋𝑟 ∗ 휌

= 𝛼 ∗
𝑀
𝑟

 

where ρcat is the density of the catalyst nanoparticles, assumed to be constant. For 

convenience, the constants are grouped together and renamed α which has a value equal 

to 3.02 x 1019 nm3/g (assuming an iron nanoparticle with a constant density of 7.90 x 10-

21 g/nm3). A CNT growing from a particle can be modeled as a cylinder with a diameter, 

ri (i corresponds to wall number), and a length, l. Modeling a CNT as one or several 

concentric cylinders and calculating its surface area is convenient because the aerial 

density of carbon atoms in a graphene sheet can be used to approximate the mass of 

carbon in one CNT, regardless of chirality or number of walls. The equation developed 

below starts with the outermost CNT with a diameter equal to that of the catalyst 

 
 

395 Dai et al., “Single-Wall Nanotubes Produced by Metal-Catalyzed Disproportionation of Carbon 
Monoxide.” 
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nanoparticle and each additional cylinder is assumed to have a radius 0.34 nm (the 

spacing between graphene sheets) less than the previous cylinder. The mass of carbon in 

one CNT, mCNT, can therefore be represented as  

𝑚 = 2휋𝑙휌 [{𝑟 } + {(𝑟 − 0.34)} + {(𝑟 − 2 ∗ 0.34)} + ⋯ + {(𝑟

− (𝑁 − 1) ∗ 0.34)} ] 

= 2휋𝑙휌 [𝑁𝑟 −
𝑁(𝑁 − 1)

2
∗ 0.34] 

where ρgraphene is the aerial density of carbon in a graphene sheet (7.62 x 10-22 g/nm2) and 

N is the number of walls in the CNT. The equation above can be used for SWCNTs or 

MWCNTs. Total mass of CNTs, MCNT is evaluated simply by multiplying MCNT by the 

number of catalyst particles, Ncat, since it is assumed that every nanoparticle successfully 

nucleates a CNT. 

𝑀 = 𝑁 ∗ 𝑚 =
2휋𝑙휌 𝛼𝑀

𝑟
∗ [𝑁𝑟 −

𝑁(𝑁 − 1)
2

∗ 0.34] 

Dividing both sides of the equation by Mcat results in an equation that can be used to 

calculate the theoretical maximum MCNT/Mcat. 

𝑀 ,

𝑀 ,
=

2휋𝑙휌 𝛼
𝑟

∗ [𝑁𝑟 −
𝑁(𝑁 − 1)

2
∗ 0.34] 

The results of this model, not including the constants, were plotted with respect to the 

number of CNT walls and diameter of the nanoparticles and are presented in Figure 

A.124, below, with an additional constraint which states the radius of the last cylinder 
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cannot be less than 0.34, the spacing of graphene. This eliminated negative values of 

MCNT/Mcat and placed physical constraints on the number of CNT walls possible for a 

nanoparticle diameter of a given size. The plot shows the results for catalyst nanoparticles 

1 nm in diameter and above. Smaller-diameter nanoparticles (diameters less than 1 nm) 

were not considered because at the thermal conditions of the reactor, it was anticipated 

that the driving force for evaporation would be too large and such small nanoparticles 

were unlikely to survive the high temperatures long enough to nucleate SWCNTs. This 

phenomenon is a result of smaller-diameter particles having higher effective saturation 

pressures which favor evaporation. Even in their CFD calculations, Brown, et al. reported 

a constant evaporation driving force for nanoparticles 3 nm in diameter396. Therefore, 

Figure A.124 presents the results for what is expected to be the maximum achievable 

catalyst efficiency. It is clear from Figure A.124 that the best catalyst utilization is 

achieved with SWCNTs and DWCNTs 1 nm in diameter. For larger diameters, however, 

better catalyst utilization is achieved with more walls, as would be expected.  

The results of this model developed and presented here indicate efforts should be 

devoted towards growth of primarily SWCNTs and DWCNTs. However, it can also be 

used to evaluate the catalytic efficiency, here defined as the ratio between the 

experimental and theoretical MCNT/Mcat, of a reactor and can be applied to growth of 

 
 

396 Brown, Nasibulin, and Kauppinen, “CFD-Aerosol Modeling of the Effects of Wall Composition and 
Inlet Conditions on Carbon Nanotube Catalyst Particle Activity.” 
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either SWCNTs or MWCNTs as long as the average CNT length, diameter, and number 

of walls can be determined. 

 

(a) 

 

(b) 

Figure A.124. (a), (b) Two views of the function developed for estimating 
catalytic efficiency as a function of the catalyst nanoparticle diameter (in nm) and 

number of CNT walls. [Plots courtesy of Oliver Dewey.] 
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A.10- Comparing Meijo Samples- Effect of Grinding Prior to 
Purification 

Chapter 7 presented a short study which sought to test the validity of using 

purification to estimate the CNT sample composition, particularly for samples with large 

residual iron contents. To do this, a known mass of iron particles coated with a few layers 

of carbon was added to 10 mg of Meijo 401 CNTs (Lot # 5R79H02D). To evenly 

distribute the iron particles throughout the Meijo CNT samples, the iron particles and 

CNTs were ground together in an agate mortar and pestle. To determine if the action of 

grinding effected the CNT crystallinity or CNT aspect ratio, two sets of samples with as-

received Meijo 401 material were compared. In the first set, two samples (Sample A and 

Sample B) with 10 mg of Meijo 401 CNTs were purified according to the procedure 

reported in Chapter 7 with no grinding. In the second set, two samples (Sample C and 

Sample D) with 10 mg of Meijo 401 CNTs were purified according to the same 

purification procedure reported in Chapter 7, but this time with grinding prior to 

purification. In both sets of samples, no additional iron particles were added. After 

purification, Raman spectra of the purified material was collected, and the CNT aspect 

ratios were measured according to the characterization procedure reported in Chapter 7. 

The material properties are summarized in Table A.8, below. 
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Table A.8. Comparison of material properties of purified Meijo 401 (Lot # 
5R79H02D) CNTs with and without grinding. 

 

The material properties measured and reported in Table A.8 do not indicate that grinding 

had an effect on the CNT crystallinity or CNT aspect ratio.  

 

 


