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Abstract 

In the 21st century, scientists and engineers are tasked with furthering technological 

innovation while simultaneously achieving environmental sustainability. This necessitates the 

scalable development and implementation of advanced materials. The following work includes 

insight into the growth of single wall carbon nanotubes (SWCNTs) which are desired for a wide 

array of applications due to their exceptional, tunable properties. It also explores the use of 

composite materials comprised of CNTs and titanium dioxide (TiO2) for environmental 

remediation applications. The research presented in this document establishes the ability of FTS-

GP (Fischer Tropsch Synthesis Gas Precursor, a waste product of industrial processes) to generate 

water in situ via gas phase reaction of CO with H2. The work demonstrates that this generated 

water is responsible for prolonged catalyst lifetime compared to a conventional precursor such as 

ethylene (C2H4). Experiments from both a conventional chemical vapor deposition (CVD) system 

and an autonomous research system (ARES) are supported by thermodynamic analysis, which 

together provide insight into the role of FTS-GP in generating on-site water during growth of 

SWNCT carpets. SWCNT growth is further investigated using Ru as a promoter to increase the 

selectivity of small-diameter SWCNTs (diameters below 1 nm). By performing over 200 growth 

experiments in ARES with different feedstocks and extensive multi-excitation Raman 

spectroscopic characterization, we demonstrate that the Ru-promoted Co catalyst doubles the 

selectivity of small-diameter SWCNTs (diameters below 1 nm) at 750 °C in comparison to Co, 

increasing to a factor of three at higher temperatures. Density functional theory (DFT) calculations 

with 13 and 55 atom CoxRuy clusters (ranging from 0 to 22% Ru content) reveal increases in cluster 

cohesive energies (EC) with Ru content. As these findings are indicative of increases in melting 

temperature and reduction in atom mobility with Ru content, they are consistent with the presence 



 

 

of ∼10% Ru in our Co catalyst which increases sintering resistance and stability of small 

nanoparticles, resulting in high selectivity toward small-diameter SWCNTs.  

After the discussion on SWCNT growth, the work in this document examines the 

fabrication of CNT-TiO2 composite materials and their ability to efficiently eliminate airborne 

pollutants. It begins with the synthesis of CNT-TiO2 composites and the role of CNTs in 

degradation of acetaldehyde, a representative volatile organic compound (VOC) in a batch reactor. 

The study indicates that a small amount of multi-walled carbon nanotubes (MWCNTs) increases 

catalyst performance compared to TiO2, whereas the addition of CNTs beyond the optimum 

loading ratio of 1:100 (MWCNT:TiO2) diminishes the effectiveness of the photocatalyst and the 

synergistic effect between MWCNTs and TiO2. CNT-TiO2 photocatalyst composites are 

subsequently implemented for degradation of NOx in a continuous flow reactor. This study 

demonstrates the use of CNT-TiO2 photocatalyst films for effective transformation of NOx into 

nitrates. Using the objective figure of merit for NOx abatement, DeNOx index, the catalyst 

performance in a laminar-flow reactor was evaluated under different conditions, including relative 

humidity (RH), initial NOx concentration, reactor geometry (headspace distance), and state of the 

catalyst (fresh vs. recycled). Our results reveal CNT-TiO2 significantly outperforms P25 in a 

humid environment despite exhibiting comparable NO conversion at low RH. In addition, mass 

transfer from the bulk airflow limits NO conversion when the reactor headspace is too large (>3 

mm), due to limited diffusion of NOx to the photocatalyst surface. The remarkable DeNOx activity 

of CNT-TiO2 over a wide range of RH levels is rationalized based on the ratio of physisorbed-to-

chemisorbed water on the photocatalyst surface and the effect of this physisorbed water in 

increasing the amount of superoxide (O2
•-) radicals generated. 
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Abstract 

In the 21st century, scientists and engineers are tasked with furthering technological 

innovation while simultaneously achieving environmental sustainability. This necessitates the 

scalable development and implementation of advanced materials. The following work includes 

insight into the growth of single wall carbon nanotubes (SWCNTs) which are desired for a wide 

array of applications due to their exceptional, tunable properties. It also explores the use of 

composite materials comprised of CNTs and titanium dioxide (TiO2) for environmental 

remediation applications. The research presented in this document establishes the ability of FTS-

GP (Fischer Tropsch Synthesis Gas Precursor, a waste product of industrial processes) to generate 

water in situ via gas phase reaction of CO with H2. The work demonstrates that this generated 

water is responsible for prolonged catalyst lifetime compared to a conventional precursor such as 

ethylene (C2H4). Experiments from both a conventional chemical vapor deposition (CVD) system 

and an autonomous research system (ARES) are supported by thermodynamic analysis, which 

together provide insight into the role of FTS-GP in generating on-site water during growth of 

SWNCT carpets. SWCNT growth is further investigated using Ru as a promoter to increase the 

selectivity of small-diameter SWCNTs (diameters below 1 nm). By performing over 200 growth 

experiments in ARES with different feedstocks and extensive multi-excitation Raman 

spectroscopic characterization, we demonstrate that the Ru-promoted Co catalyst doubles the 

selectivity of small-diameter SWCNTs (diameters below 1 nm) at 750 °C in comparison to Co, 

increasing to a factor of three at higher temperatures. Density functional theory (DFT) calculations 

with 13 and 55 atom CoxRuy clusters (ranging from 0 to 22% Ru content) reveal increases in cluster 

cohesive energies (EC) with Ru content. As these findings are indicative of increases in melting 

temperature and reduction in atom mobility with Ru content, they are consistent with the presence 



 

 

of ∼10% Ru in our Co catalyst which increases sintering resistance and stability of small 

nanoparticles, resulting in high selectivity toward small-diameter SWCNTs.  

After the discussion on SWCNT growth, the work in this document examines the 

fabrication of CNT-TiO2 composite materials and their ability to efficiently eliminate airborne 

pollutants. It begins with the synthesis of CNT-TiO2 composites and the role of CNTs in 

degradation of acetaldehyde, a representative volatile organic compound (VOC) in a batch reactor. 

The study indicates that a small amount of multi-walled carbon nanotubes (MWCNTs) increases 

catalyst performance compared to TiO2, whereas the addition of CNTs beyond the optimum 

loading ratio of 1:100 (MWCNT:TiO2) diminishes the effectiveness of the photocatalyst and the 

synergistic effect between MWCNTs and TiO2. CNT-TiO2 photocatalyst composites are 

subsequently implemented for degradation of NOx in a continuous flow reactor. This study 

demonstrates the use of CNT-TiO2 photocatalyst films for effective transformation of NOx into 

nitrates. Using the objective figure of merit for NOx abatement, DeNOx index, the catalyst 

performance in a laminar-flow reactor was evaluated under different conditions, including relative 

humidity (RH), initial NOx concentration, reactor geometry (headspace distance), and state of the 

catalyst (fresh vs. recycled). Our results reveal CNT-TiO2 significantly outperforms P25 in a 

humid environment despite exhibiting comparable NO conversion at low RH. In addition, mass 

transfer from the bulk airflow limits NO conversion when the reactor headspace is too large (>3 

mm), due to limited diffusion of NOx to the photocatalyst surface. The remarkable DeNOx activity 

of CNT-TiO2 over a wide range of RH levels is rationalized based on the ratio of physisorbed-to-

chemisorbed water on the photocatalyst surface and the effect of this physisorbed water in 

increasing the amount of superoxide (O2
•-) radicals generated.
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Chapter 1 – Introduction 

1.1 Introduction 

The 2018 Environmental Performance Index indicated that one of the greatest 

environmental threats to public health is poor air quality; 65% of all “life-years” lost can be 

attributed to inadequate air quality as a result of cardiovascular disease and lung cancer among 

other severe health complications.1, 2 The environmental protection agency has set air quality 

standards for six air pollutants, which include: ozone (O3), carbon monoxide (CO), lead (Pb), 

sulfur dioxide (SO2), nitrogen dioxide (NOx), and particulate matter (PM).3 Lead has seen drastic 

reductions in most urban areas, as airborne lead pollution has decreased by over 98% since 1980 

largely due to the elimination of lead from paint and gasoline.4 Sulfur dioxide and carbon 

monoxide concentrations have also been significantly mitigated as the result of cleaner fuels, 

improvements in flue gas scrubbing, and improved catalytic converters in vehicles.5, 6 Thus far, 

mitigation efforts targeting PM, NOx, and O3 have been less successful. Most major urban centers 

have concentrations of particulates that are above the recommended World Health Organization 

Air Quality Guideline of 10 micrograms per cubic meter (μg/m3).7 The most significant sources of 

particulate matter are vehicle exhaust and coal combustion for electricity production, with traffic 

being considered as the most significant source of particulate pollution in cities. NOx itself is not 

only harmful at concentrations as low as 21 ppb (40ug/m3), but it also reacts in atmosphere to 

generate tropospheric ozone, resulting in smog and even contributes to particulate matter (PM2.5) 

pollution concentrations via formation of nitrate aerosols.2, 8-11 NOx is a generic term including 

seven different compounds but is generally represented by nitrogen monoxide (NO) and dioxide 

(NO2). Over 90% of all atmospheric NOx originates from anthropogenic sources, including energy 
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production and distribution, and energy use in industry. The majority of tropospheric ozone (O3) 

comes indirectly from the reaction of NOx with other pollutants, such as volatile organic 

compounds (VOC’s). These precursors, after emission, react in the presence of sunlight to produce 

ozone, which remain in the atmosphere where it can spread over large distances.12-15 In order to 

mitigate these pollutants, several strategies have been researched or implemented, including 

selective catalytic reduction (SCR) of NOx from flue gas and vehicle exhaust, particulate filtration 

devices, and photocatalysis.16-21 

Photocatalysis, first discovered by Fujishima and Honda in 1972, enabled the ultraviolet 

light-assisted splitting of water to generate oxygen and hydrogen.22 Photocatalysis utilizes a 

semiconductive material—such as titanium dioxide, zinc oxide, and cadmium sulfide—capable of 

absorbing photons, thereby creating an electronically viable reaction pathway.23 As with any 

semiconductor, there is an associated band gap separating the conduction band from the valence 

band. When an electron is excited, it enters the conduction band, leaving behind a positively 

charged hole in the valence band. The hole oxidizes water vapor (H2O), generating hydroxyl 

radicals (OH•), while the excited electron can react with molecular oxygen (O2) to generate 

superoxide radicals (O2
•-). These radicals can then react with pollutant adsorbed onto the surface 

of the photocatalyst, leading to degradation of the pollutant. During this excitation process, 

however, the excited electrons can also return to the resulting holes in the valence band without 

partaking in these reduction and oxidation reaction.24 This process, referred to as recombination, 

hinders the rate of pollutant degradation.  

Materials with large band gaps, such as TiO2 (3.2 eV for anatase), perform significantly 

better than low band gap semiconductors as photocatalysts because a larger band gap results in 

higher free energy of photogenerated charge carriers.25 Pollutants have a certain redox potential, 
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representing the energy required to degrade them. The large band gap of TiO2 gives the 

photocatalyst strong redox potential, making it capable of degrading a wide array of pollutants 

while also increasing its electrochemical stability. High stability prevents TiO2 from degrading 

due to exposure to high energy photons.26 Too large of a band gap, however, requires illumination 

from ultraviolet light to excite electrons to the conduction band. Despite the many advantages of 

TiO2, including its relative nontoxicity and high photocatalytic activity,27, 28 TiO2 suffers from two 

fundamental limitations: (1) fast recombination of holes and electrons, decreasing its quantum 

efficiency; and (2) an intrinsic bandgap that confines its photoactivity to the UV range, which 

makes up only ~5% of the total solar spectrum.29 In an effort to overcome these problems, 

researchers have explored a number of modification approaches30-33 and recently turned to carbon 

nanotubes (CNTs) and other carbon nanomaterials.34-37 

At the most basic level, a CNT can be characterized as a graphene sheet rolled-up to form 

a tube. Single-wall CNTs (SWCNTs) are comprised of a single layer of graphene, while a 

multiwalled CNT (MWCNT) is comprised of two or more layers. Since their discovery by Iijima 

in 1991,38 they have continued to attract great attention due to their excellent material properties, 

including high mechanical strength, excellent electrical and thermal conductivity.39-44 This unique 

combination of properties enables the application of CNTs in a plethora of applications, including 

lightweight electronics, sensing devices, high strength building materials, and environmental 

remediation.45-51 For their realization in many of these applications, scalability is required. 

Furthermore, CNT properties are largely dependent on their geometry, necessitating uniform 

CNTs with similar properties for successful incorporation into an application. Controlling growth 

of CNTs requires optimization of a multi-parameter space including, but not limited to, catalyst 

material, catalyst thickness, temperature, pressure, carbon precursor, and gaseous additives. The 
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development of an efficient technique for controlled synthesis of CNTs remains a major challenge 

for the industrial application of CNTs.  

The number of concentric tubes is not the only differentiator between CNTs. The graphene 

sheets comprising these tubes can also be rolled at different angles, forming different CNT 

chiralities which strongly influence electronic properties.39, 52 While MWCNTs are metallic in their 

ability to conduct electrons, SWCNTs can be either metallic (m-SWCNT) or semiconducting (s-

SWCNT), depending on their chiral angle. CNT chiral angle ranges from θ = 0° zig-zag CNTs up 

to θ = 30° for armchair SWCNTs. SWCNTs grown via a standard chemical vapor deposition 

(CVD) growth can be comprised of many different chiralities.53 In a standard distribution of as-

grown SWCNTs, roughly two-thirds are semi-conducting while the rest are metallic. While 

diameter has a small influence on the properties of m-SWCNTs, such as tensile strength, s-

SWCNTs are strongly influenced by diameter, as their band gap is inversely proportional to 

diameter. A diameter of 1nm correlates to an s-SWCNT band gap of roughly 0.7 eV. As the 

diameter increases, the band gap continues to drop until the tubes are considered semi-metallic in 

nature.54 For this reason, applications requiring s-SWCNTs necessitate small diameters. Thus far, 

efforts to reduce the diameter of SWCNTs have been limited, particularly on supported growth. 

When breakthroughs in synthesis enable scalable growth of small-diameter SWCNTs, widespread 

application will be realized. One such field is heterogeneous photocatalysis. 

Both metallic and semiconducting CNTs are of interest as photocatalyst supports and have 

inspired two mechanisms. First, incorporating metallic CNTs into TiO2 composites can result in 

synergetic effects such as minimizing charge recombination via electron transfer to CNTs acting 

as “electron sinks.” Second, s-SWCNTs can induce visible light response through red-shifts in the 

absorption spectra into the visible region.34-36, 55-57 The work presented in this document focuses 
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on the first mechanism. Frequently, excited electrons recombine with their corresponding holes in 

the valence band before oxidation and reduction reactions can occur, preventing generation of 

radical species and inhibiting the photocatalytic degradation of adsorbed pollutants. This rapid 

recombination of electron-hole pairs greatly reduces quantum efficiency, defined as the fraction 

of excited electron/hole pairs that partake in redox reactions compared to the total number adsorbed 

photons.58, 59 Accomplishing this goal requires substantial progress in both scalable growth of 

CNTs with controlled structural and electronic properties and design of TiO2-CNT photocatalyst 

composites for efficient mitigation of ambient air pollutants. Each of these fields has several 

limitations which must be overcome for application of CNT-TiO2 photocatalyst materials in 

pollution mitigation. 

The goal of this study is to conduct fundamental investigations that will lead to the 

development of rational principles for controlled growth of SWCNTs and fabrication of CNT-

TiO2 composite materials with superior activity in the degradation of a variety of gas-phase 

pollutants than conventional photocatalysts. Our strategy for achieving this goal involves the use 

the Autonomous Research System (ARES), an automated, high throughput, laser-induced 

chemical vapor deposition system with in situ Raman spectral feedback. This system allows the 

user to perform hundreds of experiments in a short period of time, effectively finding the ideal 

conditions for improved control of SWCNT growth which can be applied to conventional CVD 

and future upscaling efforts. This work will also investigate the mechanisms by which CNT-TiO2 

photocatalysts enable superior oxidation of gas-phase pollutants relative to the current standard 

material, TiO2. Batch and continuous flow reactor systems will be implemented for evaluation of 

catalyst performance. Degradation profiles and rate laws will be analyzed to determine catalyst 
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performance.  The research presented in this document advances each of these fields and is divided 

into the following objectives: 

• Develop a fundamental understanding of SWCNT growth from FTS-GP, a gaseous product 

mixture from the Fischer Tropsch synthesis process, which enables efficient growth with 

record catalyst lifetimes. The hypothesis of this task is that FTS-GP enables in-situ 

generation of water, which can prevent deposition of amorphous carbon thereby extending 

catalyst lifetimes. 

• Utilize rapid experimentation to probe conditions for growth of small-diameter SWCNTs 

using high-melting-point transition metal catalyst promoters. The hypothesis of this task is 

that the high-melting-point promoter will reduce catalyst sintering, thereby producing 

smaller SWCNT diameters compared to conventional catalysts. The small-diameter s-

SWCNTs would have bandgaps favorable for photocatalysis. Rapid experimentation 

allows for efficient exploration of the SWCNT growth parameter space. 

• Design efficient CNT-TiO2 photocatalysts which effectively degrade gas phase pollutants. 

The hypothesis for this task is that intimate contact between CNTs and TiO2 can improve 

the photocatalytic efficiency of composite films when compared to pure TiO2 by increasing 

the concentration of radicals generated due to the enhanced separation of photogenerated 

electrons and holes. 

• Develop a fundamental understanding of the mechanism for enhanced photocatalytic 

oxidation of NOx using CNT-TiO2 photocatalyst films under practical conditions. NOx 

oxidation involves a complex system of reaction pathways which is not yet well-

understood; we hypothesize that improved radical generation using CNT-TiO2 



7 

 

photocatalysts will improve the complete oxidation of NOx to nitrates under real world 

conditions, such as elevated humidity levels. 

The research in this work is expected to provide a foundation for scalable growth of 

SWCNTs and improve understanding of CNT-TiO2 composites in gas phase photocatalysis. The 

work completed in this study is expected to have broad applicability: (1) provide insight into 

scalable growth of small-diameter SWCNTs and (2) establish a basis for improving photocatalyst 

performance using CNT-TiO2 composites.  

Chapter 2 investigates the ability of the growth precursor FTS-GP (Fischer Tropsch 

Synthesis Gas Precursor) to generate water via gas phase reaction of CO with H2. The study also 

demonstrates that the water generated is responsible for the prolonged catalyst lifetime with Fe 

catalysts compared to a conventional precursor such as ethylene (C2H4). Experiments from both 

CVD and ARES systems contribute to understanding the role of FTS-GP in generating on-site 

water during growth of SWNCT carpets. These results are supported by thermodynamic analysis, 

which show that the concentration of water generated in situ decreases with increasing reactor 

temperature.  

Chapter 3 builds upon the understanding gained from experiments performed in ARES in 

Chapter 2 and investigates the use of Ru as a promoter for the growth of small-diameter SWCNTs. 

By performing over 200 growth experiments in ARES with different feedstocks and extensive 

multi-excitation Raman spectroscopic characterization, we demonstrate that the Ru-promoted Co 

catalyst nearly doubles the selectivity of small-diameter SWCNTs (diameters below 1 nm) at 750 

°C in comparison to Co. At higher temperatures between 800 and 850 °C, Ru stabilizes Co catalyst 

nanoparticles and increases the selectivity of small-diameter SWCNTs by almost a factor of three. 

Results reveal that SWCNT diameters are not only dependent on catalyst properties but also on 
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the type of feedstock as selectivity toward small diameter SWCNTs decreases in the following 

order: ethylene > acetylene > FTS-GP. Density functional theory calculations with 13 and 55 atom 

CoxRuy clusters (ranging from 0 to 22% Ru content) reveal increases in cluster cohesive energies 

(EC) with Ru content, irrespective of the exact location of Ru atoms in the clusters. As these 

findings are indicative of increases in melting temperature and reduction in atom mobility with Ru 

content, they are consistent with the presence of ∼10% Ru in our Co catalyst, increasing sintering 

resistance, stability of small nanoparticles, and the observed high selectivity toward small-diameter 

SWCNTs. 

While Chapter 2 and Chapter 3 focus on methods for scalable growth of small-diameter 

SWCNTs, Chapter 4 and Chapter 5 delve into the role of CNTs in photocatalyst composites. Both 

chapters focus on the mechanism of photocatalytic activity enhancement using metallic CNTs. 

Multi-walled CNTs have been utilized in this work because they are metallic. Chapter 4 focuses 

on CNT-TiO2 composites and their role in degradation of acetaldehyde, a representative VOC 

(volatile organic compound), in a batch reactor.  Nanosized, well-dispersed titania particles were 

synthesized via a hydrothermal method using MWCNTs as structural modifiers during the 

nucleation process to decrease aggregation. The study indicates that a small amount of CNTs 

increase catalyst performance compared to TiO2, but the addition of CNTs beyond the optimum 

loading ratio of 1:100 (MWCNT:TiO2) diminishes the effectiveness of the photocatalyst and the 

synergistic effect between MWCNTs and TiO2. The primary mechanism for photocatalytic activity 

enhancement in TiO2/MWCNT-1% is thought to be due to increased porosity, hydroxyl 

enrichment on the surface, and high dispersion of TiO2 particles. 

Chapter 5 builds upon the understanding gained in Chapter 1 to explore the use of CNT-

TiO2 photocatalyst composites for oxidation of NOx in a continuous flow reactor. Although many 
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different photocatalysts exhibit improved NO conversion to NO2, the performance in the oxidation 

of NO2, the more toxic form of NOx, to nitrate remains a challenge; in addition, the performance 

of hybrid photocatalysts under practical conditions is unclear. This study demonstrates the use of 

CNT-TiO2 photocatalyst films for effective transformation of NOx into nitrates. Using the 

objective figure of merit for NOx abatement, DeNOx index, the catalyst performance in a laminar-

flow reactor was evaluated under simulated conditions that are relevant in abating NOx. The 

conditions probed include relative humidity (RH), initial NOx concentration, reactor geometry 

(headspace distance), and state of the catalyst (fresh vs. recycled). Our results reveal CNT-TiO2 

significantly outperforms P25 in a humid environment despite exhibiting comparable NO 

conversion at low RH. This disparity becomes even more pronounced when recycled photocatalyst 

films are used. In addition, mass transfer from the bulk airflow limits NO conversion when the 

reactor headspace is too large (>3 mm), due to limited diffusion of NOx to the photocatalyst 

surface. Our findings highlight the importance of headspace distance, a parameter that has mostly 

been overlooked in reactor design for photocatalytic oxidation of NOx, but which dictates the 

optimal catalyst configuration for flue gas treatment. The remarkable DeNOx activity of CNT-

TiO2 over a wide range of RH levels is rationalized based on the ratio of physisorbed-to-

chemisorbed water on the photocatalyst surface and the effect of this physisorbed water in 

increasing the amount of superoxide (O2
•-) radicals generated. 
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Chapter 2 - Efficient Growth of Carbon Nanotube Carpets Enabled by 

In-Situ Generation of Water  

Chapter 2 is reprinted with permission from: 

Everhart, B. M.;1  Almkhelfe, H.;1  Li, X.;  Wales, M.;  Nikolaev, P.;  Rao, R.;  Maruyama, B.; 

Amama, P. B., Efficient Growth of Carbon Nanotube Carpets Enabled by In Situ Generation of 

Water. Industrial & Engineering Chemistry Research 2020, 59 (19), 9095-9104. Copyright 2020 

American Chemical Society. 

 1Equal contribution 

2.1 Introduction 

Emergence of carbon nanotube (CNT) carpets, consisting of self-aligned nanotubes 

produced via catalytic chemical vapor deposition (CVD) from densely packed catalyst 

nanoparticles on a substrate, has inspired application opportunities in many important areas.1-9 

Scale-up of the process is often plagued by complicated optimization procedures due to the high 

sensitivity of the growth process to variations in feedstock composition, flow characteristics, and 

reactor geometry.10-12 Single-walled CNT (SWCNT) carpet growth experienced a major boost with 

the discovery of 'supergrowth,' a process that leads to dramatic enhancement in catalytic activity 

upon the addition of a small amount of water.8, 13, 14 Other oxygen-containing feedstocks or 

additives such as ethanol,15, 16 acetone,17 CO17-19 and CO2
19-22 have also shown the ability to 

promote SWCNT carpet growth. However, as shown by a number of studies, determining the 

optimum amount of oxidant required for efficient growth remains a challenge. Xie et al.23 revealed 

that growth rate and catalyst lifetime during 'supergrowth' have high sensitivity to water 

concentration. At optimum water concentration (~200 ppm), high lifetime (>1065 s) and growth 
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rate (~0.13 gCNTs g
- 1cat s

-1) can be achieved, whereas operating below or above this level of water 

results in a decrease in CNT yield. Szabo et al.24 observed the presence of water vapor in the feed 

yielded CNT carpets of higher quality, but at the expense of carpet height; the effects were 

attributed to the oxidizing property of water. In light of increasing global demand for CNTs,7 there 

is a need to develop approaches that maximize yield, minimize production cost, and have process 

conditions relatively easier to optimize. 

Catalytic CVD, utilizing the gaseous product mixture of Fischer-Tropsch synthesis (FTS), 

offers the possibility of scaling-up synthesis of CNTs due to its high growth efficiency.25, 26 FTS 

is a gas-to-liquid polymerization process that transforms syngas (mixture of CO and H2) into liquid 

hydrocarbons. Based on the Anderson-Schulz-Flory model that predicts the distribution of 

products from FTS, even at optimum probability of chain growth, substantial yield of low-

molecular-weight gaseous products is unavoidable.27 The gaseous product mixture from FTS 

(referred to as FTS-GP) usually consists of a variety of C1-C4 hydrocarbons and unreacted CO 

and H2. As demonstrated in prior studies, FTS-GP is a promising feedstock for efficient CVD 

growth of SWCNT26 and multi-walled CNT (MWCNT) carpets under a broad range of 

conditions.25 A comparison of growth profiles  (carpet height as a function of growth time) of 

SWCNT carpets from FTS-GP CVD, using Fe catalysts and other conventional CVD processes 

with different feedstocks, reveals a relatively high growth rate (~50 µm/min) and a catalyst lifetime 

(> 90 min) superior to other CVD approaches.26,28 Use of FTS-GP as a feedstock has multiple 

benefits. First, it does not require stringent optimization of process conditions as it appears to have 

a broad window for growth of SWCNT carpets. Second, it has an uncommon feature of not only 

supplying a high flux of carbon species to the catalyst particles, but also protecting them from 

early loss of activity. Third, in light of increasing global demand for CNTs, use of FTS-GP as a 
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feedstock in industrial-scale production is expected to minimize gaseous waste in FTS plants. 

Further improvement, control, and scale-up of FTS-GP CVD will require a good understanding of 

the role of FTS-GP in CNT growth enhancement.  

Here, we hypothesize water formed by a reaction between H2 and the low-volume fraction 

of CO in FTS-GP is responsible for enhanced growth efficiency characteristic of FTS-GP CVD. 

The water, formed in the vicinity of the catalyst during the process as illustrated in Figure 2.1, is 

expected to play a similar role as reported for 'supergrowth': oxidizing carbon contaminants 

deposited on the catalyst surface8, 29 and inhibiting mass loss (Ostwald ripening and subsurface 

diffusion) during SWCNT growth, thus extending catalyst lifetime.30-35 We study the role of FTS-

GP in CNT growth using a combination of experimental and theoretical methodologies. 

Thermodynamic analysis investigates feasibility of the reaction between water and CO at different 

growth temperatures and estimates the amount of water generated under our CVD conditions.  

 

Figure 2.1. Schematic illustration of onsite generation of water during CNT carpet growth via 

FTS-GP CVD. 
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The first experimental approach involves direct analysis of gas-phase products from 

thermal decomposition of FTS-GP in a batch reactor (without the catalyst) at different reaction 

temperatures (650, 700, 750, and 800°C). Second, due to the breadth of parameters that affect 

CVD growth of SWCNTs, rapid experimentation is necessary for effective optimization of growth 

conditions and understanding of the role of feedstock in growth. Here, we employ an Autonomous 

Research System (ARES)36, 37 — an automated, high-throughput, laser-induced CVD system with 

in-situ Raman spectral feedback — to measure SWCNT growth kinetics and compare the 

differences in  growth with FTS-GP and a conventional feedstock (C2H4) in the presence and 

absence of water. Illumination of the complex interdependence of growth parameters and the role 

of FTS-GP in growth enhancement is expected to provide a rational framework for potential 

optimization and scale-up of CNT growth via FTS-GP CVD.  

 

 2.2 Experimental Section 

2.2.1 SWCNT Growth by FTS-GP CVD  

A thin Fe film supported on an amorphous alumina film (AlxOy/Fe) was used as the catalyst 

for SWCNT carpet growth. The films were deposited by an ion beam sputter deposition and 

etching system (IBS/e, South Bay Technology) on Si (100) substrates with a native oxide layer (P 

type and B-doped) at 10-4 Torr chamber pressure without exposing the films to air between 

depositions. Nominal thicknesses of Fe and AlxOy films were 1.3 and 30 nm, respectively. 

Thicknesses of the films deposited were measured by a quartz crystal thickness monitor and 

corroborated by height profile measurements using an atomic force microscope. The feedstock 

used was FTS-GP (supplied by Matheson Inc.) with the following composition: CO (5%), C2H6 

(8%), C2H4 (6%), CH4 (30%), N2 (4%), C3H8 (5%), H2 (40%), and C3H6 (2%),38-40 which is  similar 
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to the typical composition of a gaseous product mixture for FTS and hydrocracking processes in 

the presence of Fe catalysts.41 

SWCNT growth was carried out at atmospheric pressure using the EasyTube 101 CVD 

system (CVD Equipment Corporation) equipped with several features for improved process 

control including a LabView-based process control software, static mixer for optimum gas mixing, 

and control system for precise temperature control. A typical growth experiment involved heating 

the AlxOy/Fe catalyst to the desired temperature (650, 700, 750, or 800 °C) at a rate of 45 °C/min 

in flowing Ar. Once at the growth temperature, the catalyst was reduced for 10 min by introducing 

hydrogen; the respective flow rates were 250 standard cubic centimeters per minute (sccm) H2 and 

250 sccm Ar. Thereafter, SWCNT growth was initiated at the respective temperatures by 

introducing FTS-GP in combination with Ar as the diluent (100 sccm FTS-GP and 1000 sccm Ar) 

for different durations. At the end of each growth experiment, samples were rapidly cooled in H2 

followed by slow cooling to room temperature in 700 sccm Ar.  

 

2.2.2 Characterization  

Morphologies and quality of the grown SWCNT carpets were characterized by field 

emission scanning electron microscopy (SEM, FEI-Versa 3D DualBeam) and Raman 

spectroscopy. Raman spectroscopic characterization was carried out in a Renishaw in Via Raman 

microscope using a laser excitation wavelength of 633 nm. Heights of tall carpets (> 0.5 µm) were 

measured using an optical microscope. 

Products formed during FTS-GP CVD in a batch reactor were analyzed by a Hewlett-

Packard 6890 series gas chromatograph (GC) with a thermal conductivity detector (TCD). The 

injector port was held constant at 170 ºC, and was operated in slip mode with a 150:1 split ratio 



20 

 

using a split linear with deactivated wool (Agilent 5183-4711). Samples were separated using a 

non-polar column connected in series with a polar column HP-5 (Agilent 19091J-413) and DB-

Wax (Agilent 122-7032), respectively. Columns were connected using a press-fit connector 

(Agilent 5190-6979) and operated in constant flow (1.2 mL/min) with He as a carrier gas. The GC 

temperature was initially at 50 ºC and held at this temperature for 1 min, followed by a ramp of 20 

°C per minute to a final temperature of 200 °C; total run time was 8.5 min. The detector was 

maintained at 150 ºC with He as the reference gas.  

 

2.2.3 SWCNT Growth Investigations in ARES  

Growth experiments in ARES were performed at a pressure of 20 Torr and a temperature 

of 825°C. ARES growth substrates contain silicon micropillars fabricated by reactive ion etching. 

Each substrate contains a 12×12 array of patches, each consisting of a 5×5 array of 10 μm-

diameter, 10-µm-high silicon pillars (on an SiO2 underlayer) coated with a 10-nm-thick AlxOy 

support layer and a 1-nm-thick Fe catalyst film. The support and catalyst layers were also deposited 

by IBS/e following steps described earlier for catalysts used in conventional CVD. A high power 

(6W, Verdi) laser (532 nm) serves as both the heat and Raman excitation source. The Si 

micropillars were heated to growth temperatures by regulating the laser power, and temperatures 

were estimated from the redshift of the Raman peak frequency of the Si micropillar. During each 

growth experiment, Raman spectra were collected every 5 seconds and experiments were allowed 

to proceed until SWCNT growth appeared to cease, as determined by a plateauing of the intensity 

of the SWCNT Raman peak (G band). 

Growth profiles were obtained by measuring the G-band areas and each profile was fit to 

a radioactive decay model (explained in detail in the following section) to extract initial growth 
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rates and catalyst lifetimes. Water concentration in the system was measured by a dewpoint sensor 

(Shaw) placed at the inlet of the growth chamber. For each experiment, water concentration 

represents the amount of water added to the system relative to the baseline concentration (2.0 - 4.5 

ppm). Gas lines were purged until baseline water concentrations fell below 4.5 ppm before 

beginning experiments. Experiments were conducted with the different feedstocks (FTS-GP and 

C2H4) without a diluent gas.  

 

2.3 Results and Discussion 

2.3.1 Catalytic Performance at Different Temperatures  

Figure 2.2 summarizes CNT carpet growth data at 650, 700, 750, and 800°C using FTS-

GP as a feedstock. Dense nanotube carpets with uniform coverage across the substrates were 

grown at these temperatures as shown by the SEM images. SWCNT selectivity is highest at 750°C 

for Fe catalysts with the lowest amounts of MWCNTs.26  
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Figure 2.2. SEM images of SWCNT carpets grown on Al2O3/Fe substrates at different 

temperatures after 90 min: (a) 650°C; (b) 700°C; (c) 750°C; and (d) 800°C. (e) Plots of SWCNT 

carpet height as a function of growth time for different growth temperatures; solid lines represent 

curve fitting of the radioactive decay model (Equation 1) to the experimental data shown in 

symbols. 

 

 

After performing growth for 90 min at the different temperatures, SWCNT carpets of 

strikingly different heights were obtained. From the SEM data in Figures. 2.2a-d, measured heights 

of the resulting SWCNT carpets after 90 min of growth at 650, 700, 750, and 800°C were 250, 

625, 4000, and 970 µm, respectively. Analysis of the growth profiles in Figure 2.2e provides a 

better understanding of the catalytic performance (activity and lifetime) at the different 
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temperatures. The evolution of nanotube carpet height with time is generally characterized by a 

high growth rate at the onset that subsequently decreases gradually until complete growth 

termination occurs.13, 26, 42-44 Futaba et al.13 showed the growth profile of SWCNT carpets during 

'supergrowth' to be analogous to the radioactive decay process whereby catalysts lose their activity 

over time. Therefore, SWCNT carpet growth can be modeled by the radioactive decay model 

(Equation 2.1): 

𝐻(𝑡) = 𝛽𝜏𝑜(1 −  𝑒
−

𝑡

𝜏𝑜)                         (2.1) 

where H is the carpet height at various times, t, while fitting parameters β and 𝜏𝑜 represent the 

initial growth rate and characteristic catalyst lifetime, respectively. Based on the goodness of fit 

(R2 > 0.971), the curve fitting of the model to the growth data at different temperatures, shown in 

Figure 2.2e, is quite good.  

 

Table 2.1. Summary of fitting parameters (β and τ) and goodness of fit, modeled by the radioactive 

decay model (Equation 1), for different growth temperatures.  

 

 

 

 

 

Growth 

temperature 

(°C) 

Growth rate 

(β) 

(µm/min) 

Lifetime 

(τo) 

(min) 

R2 

650 28.9 8.4 0.979 

700 55.3 10.8 0.971 

750 44.9 3975.0 0.997 

800 91.4 10.1 0.985 
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Fitting parameters for the different temperatures and goodness of fit are summarized in 

Table 2.1. Activity and lifetime of catalysts in FTS-GP CVD are highly sensitive to growth 

temperature. Even though signs of deactivation are not apparent after 90 min for growth at 750 °C, 

fitting parameters are also extracted for comparison; we note, in all likelihood, unlike the value of 

𝛽, the value of 𝜏𝑜 has a large uncertainty due to absence of any sign of deactivation within 90 min. 

As a result, even though the fitting parameters for growth at 750°C are shown, the experimental 

value of 𝜏𝑜is considered as the lower bound and used for comparisons. 

A long catalyst lifetime, with not many parallels in the literature for conventional CVD 

with a monometallic catalyst, is observed at 750°C as the catalyst stays active after 90 min of 

growth and experiences no sign of deactivation during growth. On the other hand, growth at a 

lower (700°C) or higher temperature (800°C) resulted in a significant drop in catalyst lifetime. 

Growth at low temperature (650°C) exhibits a low growth rate accompanied by a short catalyst 

lifetime. At higher temperatures (> 650°C), growth rate generally increases while lifetime remains 

roughly the same for all temperatures (~10 min), except at our optimum growth temperature 

(750°C). Maximum fitted carpet heights predicted from the product of the two fitting parameters 

in the model (𝛽 and 𝜏𝑜) are 243 µm at 650°C, 599 µm at 700°C, 179 mm at 750°C, and 923 µm at 

800 °C. We assume that catalyst lifetime for growth at 750°C is longer than 90 min because growth 

termination during FTS-GP CVD does not appear to be instantaneous.25, 26, 44 Therefore, except for 

growth at 750°C, maximum fitted carpet heights are within the same range as experimental carpet 

heights for the growth temperatures. In other words, maximum carpet heights are most likely 

attained for growth at 650, 700, and 800°C, and are significantly lower than the theoretical carpet 

height at 750°C, as well as the experimental height of ~ 4 mm after 90 min of growth.  
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The Raman spectra of SWCNT carpets grown at different temperatures are shown in Figure 

2.3. In addition to the omnipresent D and G bands associated with SWCNTs, radial breathing mode 

peaks (RBMs) in the low-frequency region, characteristic of SWCNTs, are observed in all spectra. 

G-band peak corresponds to in-plane C-C vibrations while D band is attributed to carbon 

impurities and defects present in the CNTs. The presence of RBMs (Figure 2.3) suggests the 

presence of SWCNTs in the carpet samples. From the intensity ratios of the G band (IG) and D 

band (ID) in Figure 2.3 and TEM analysis,26 carpets grown at 750°C, a temperature that supports 

the longest catalyst lifetime, have the highest quality as evidenced by the highest IG/ID of 9.1 and 

SWCNT selectivity.  

 

Figure 2.3. Representative Raman spectra of SWCNT carpet samples (excitation at 633 nm) with 

their respective IG/ID ratios. 
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To facilitate comparisons between SWCNT growth efficiency of FTS-GP CVD and 

conventional growth processes, we use representative studies involving monometallic catalysts in 

the literature to generate a catalyst lifetime versus growth rate map (Figure 2.4).10, 13, 22, 29, 30, 43, 45-

52 As reported by Chen et al.53 achieving a high growth rate and long catalyst lifetime 

simultaneously during SWCNT carpet growth is difficult due to the inverse relationship between 

the two, a behavior that may intrinsically be connected to growth mechanisms. The growth map 

showing fitting parameters (𝛽 and 𝜏𝑜), adapted from  Yasuda et al.,52 exhibits three main regions. 

The first, on the left side of the map (A), is characterized by long catalyst lifetimes, but low growth 

rates. Conversely, the second region, on the right side of the map (B), is characterized by rapid 

growth rates, but short catalyst lifetimes. Increased growth rates of catalysts in region (B) are 

attributed to the presence of an oxidizer that serves as a growth enhancer to improve resistance to 

catalyst deactivation during rapid growth, and control of the gas-flow direction in some of the 

studies. Data in (C) represent an improvement of 'supergrowth' studies in (B), whereby control of 

the dwell time of the carbon feedstock and the carbon flux to the catalyst are used to overcome the 

inverse relationship between lifetime and growth rate.52 The corresponding performance of FTS-

GP CVD from fitting with Equation 1 shows an estimated lifetime (F) that is quite long, albeit 

with high uncertainty. For meaningful comparison, the experimental value (E) is also included in 

the map. The lifetimes are shown with an arrow pointing from E to F—points we have assumed to 

be the lower and upper bounds, respectively, because growth cessation does not appear to be 

instantaneous. FTS-GP CVD, without any modification in the gas-flow direction or control of 

dwell time, exhibits a catalyst performance (based on experimental data) superior to studies in 

region (A) and lower bound that is at par with (B). In the following sections, a combined 



27 

 

thermodynamic and experimental study is carried out to probe the role of FTS-GP in observed 

growth enhancement.  

 

Figure 2.4. Growth rate-catalyst lifetime map of SWCNT carpets using supported monometallic 

catalyst showing a comparison of representative studies (in blue) including our results from FTS-

GP CVD using an Fe catalyst (in green). E and F show the experimental and fitted lifetimes for 

FTS-GP CVD growth at 750°C, respectively; E and F and are assumed to be the limits of 𝝉𝒐. The 

number indicates the reference for each datum.  

 

2.3.2 Thermodynamic Prediction of In-situ Generation of Water  

The high growth efficiency of FTS-GP CVD is attributed to the simultaneous high flux of 

carbon species to the catalyst and oxidative removal of excess amorphous carbon from the catalyst 

surface by water generated in situ.25 The generation of water is hypothesized to occur via a reaction 

between CO and hydrogen: 
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The reaction involving CO has two distinct pathways depending on its partial pressure: at 

higher partial pressure of CO, the Boudouard reaction is favored, whereas a reaction between 

hydrogen and CO (Reaction 2.1) is favored at a lower partial pressure of CO and temperatures 

higher than 400°C (∆G = -90 kJ/mole).18, 54, 55 The conditions for Reaction 1 are quite similar to 

our SWCNT growth conditions in FTS-GP CVD, evidenced by the low-volume fraction of CO in 

the feedstock (5 vol% in FTS-GP) and growth temperatures greater than 400°C. Our objectives in 

this section are to (1) carry out a thermodynamic analysis to determine the feasibility of Reaction 

2.1 and (2) estimate the amount of water generated under FTS-GP CVD conditions. Using data for 

free energy of formation (ΔG) with respect to temperature presented on FactWeb,56 ΔG0
 (T) for 

CO, H2, H2O and C at standard conditions (1 atm of pressure) were obtained. 

∆𝐺0 for the reaction (∆𝐺𝑟𝑥𝑛
0 ) is calculated using Equation 2.2: 

 ∆𝐺𝑟𝑥𝑛
0 = ∑ 𝑛∆𝐺𝑓

0  (products) −  ∑ 𝑛∆𝐺𝑓
0  (reactants)       (2.2) 

The free energy of formation ∆𝐺0 as a function of temperature for CO, H2, H2O, and C is 

given as 

 ∆𝐺𝑟𝑥𝑛
0

 = ΔG0 (H2O) + ΔG0 (C) – ΔG0 (H2) – ΔG0 (CO) (2.3) 

To calculate the ∆𝐺 under non-standard conditions, ∆𝐺 is expressed as 

 ∆𝐺 = ∆𝐺0 + 𝑅𝑇 𝑙𝑛𝑄 (2.4) 

where Q is the reaction quotient and given as 

 𝑄 =
𝑃𝐻2𝑂

𝑃𝐻2 𝑃𝐶𝑂
            (2.5) 

Since the partial pressure of water is unknown, ΔG cannot be determined. However, at 

thermodynamic equilibrium, ΔG = 0, the equilibrium partial pressure of water (𝑃𝐻2𝑂) can be 

calculated as follows: 
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𝑃(𝐻2𝑂) = 𝑃(𝐶𝑂) ∗  𝑃(𝐻2) exp (−
∆𝐺0

𝑅𝑇
)             (6) 

Partial pressures of CO and H2 were determined for different feed compositions (0.05, 0.1 

and 0.3 fractions) assuming 5% CO and 40% H2. An important assumption in this analysis is that 

Reaction 2.1 proceeds on a small-enough scale that it does not significantly alter the partial 

pressures of H2 and CO. Using the calculated ∆𝐺0 as a function of temperature, equilibrium water 

pressures (𝑃(𝐻2𝑂)) for the respective temperatures were obtained from Equation 2.6.  

Profiles of the predicted equilibrium partial pressure as a function of temperature for different 

feed compositions (5, 10, 20, and 30% FTS-GP) are shown in Figure 2.5a; water concentrations in 

parts per million (ppm) in the temperatures that correspond to the SWCNT growth data are adapted 

from Figure 2.4a and shown in Figure 2.5b. Along the plot lines in Figure 2.5b, ΔG of Reaction 1 

is zero (i.e., in equilibrium). Therefore, if the partial pressure of water for a particular temperature 

is below these lines, ΔG of Reaction 2.1 is negative, and therefore the forward reaction is favored. 

Conversely, if the partial pressure of water for a particular temperature is above these lines, ΔG of 

Reaction 2.1 is positive, and the reverse reaction will be favored. In other words, these plot lines 

are essentially the maximum partial pressure of water that can be generated at a particular 

temperature via Reaction 2.1. An inverse relationship between the concentration of water 

generated and temperature is observed for all FTS-GP compositions studied (Figure 2.5 and Table 

A2.1). We therefore conclude the equilibrium partial pressure of water is strongly dependent on 

temperature.  
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Figure 2.5. Thermodynamic prediction of the concentration of water generated during FTS-GP 

CVD. (a) Profiles of partial pressures of water as functions of growth temperatures for different 

feed compositions of FTS-GP (5, 10, 20, and 30%) with Ar as balance over a broad temperature 

range (0 – 1750°C). Along these lines, ΔG of Reaction 1 is zero, i.e., it is in equilibrium. (b) 

Profiles of water concentrations (ppm) as functions of temperatures with data points corresponding 

to growth temperatures used during FTS-GP CVD [adapted from (a)]. 

 

We note that if Reaction 2.1 is incomplete, the actual water concentration produced may 

be less and if it goes to completion, the predicted concentration of water generated is expected to 

be far lower than that of CO, which is 2500, 5000, and 15000 ppm for 5, 10, and 30% FTS-GP, 

respectively. Water concentrations obtained from this thermodynamic calculation are upper limits 

for the various growth conditions. Predicted concentrations of water generated for the FTS-GP 

fraction used in this study (10% FTS-GP) at 650, 700, 750, and 800°C are 386.5, 190.7, 64.6, and 

34.6 ppm, respectively. Interestingly, the concentration of water generated for reactions with a low 

FTS-GP fraction is rather low (~3 ppm for 0.05 fraction, 850°C temperature) while for high FTS-

GP fraction is fairly large (~3200 ppm for 0.3 fraction, 650°C temperature). Small amounts of 

water are generally beneficial to growth while excess amounts tend to be detrimental.23 Assuming 

Reaction 1 goes to completion, it is important to understand whether relatively high levels of water 

generated during FTS-GP CVD are beneficial for SWCNT carpet growth.   
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2.3.3 Experimental Verification of Water Generation  

The concentration of water generated during the gas-phase reaction of FTS-GP in a batch 

reactor was investigated as a function of temperature in the absence of a catalyst (Figure 2.6), and 

the data are presented along with the experimental carpet height attained after 90 min for the 

respective temperatures. The absence of the catalyst invalidates the argument that water is 

generated via the reduction of Fe2O3. 

 

Figure 2.6. Concentration of water produced via gas-phase reaction of FTS-GP in a batch reactor 

as a function of temperature. Plot of carpet height after 90 min of growth versus temperature is 

included for comparison. The green shade shows the sweet spot for efficient carpet growth under 

the conditions used. 

 

In agreement with the thermodynamic prediction, the concentration of water generated 

during decomposition of FTS-GP decreases with increasing temperature. Even though the 

concentration of water measured experimentally is lower than the concentration predicted by a 

factor of ~2, the trends are consistent with decreasing slope at higher temperatures. In light of the 
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dependence of SWCNT growth steps (such as feedstock decomposition, catalyst stability, and 

CNT nucleation) on temperature, the generation of different concentrations of water at different 

temperatures convolutes the role of water. It is possible using growth conditions optimized at 

750°C for growth at other temperatures may be partly responsible for the stark difference in growth 

kinetics.  

2.3.4 Using ARES to Probe the Effect of Water Concentration  

To further understand the role of water in FTS-GP CVD, growth experiments were 

performed in ARES 36, 37 with C2H4 or FTS-GP as a feedstock at a constant temperature (825°C) 

in the presence of different concentrations of water. The presence of water, depending on the 

amount, can lead to growth enhancement, catalyst oxidation (high water level), or catalyst 

deactivation via coking or mass loss (low water level). An additional amount of water (up to 24 

ppm) was added in our study to probe the water tolerance of SWCNT growth with the feedstocks. 

As described in detail in the Experimental Section, growth experiments in ARES are performed in 

a cold-wall CVD chamber where a high-power laser is the heat source and Raman excitation 

source, and Raman spectra are collected continuously during growth in order to monitor growth 

kinetics. Even though ARES utilizes a cold-wall reactor for growth, the effect of temperature on 

SWCNT growth followed the same trend as observed in a conventional hot-wall CVD (Figure 

A2.1). Here we used the maximum G-band intensity at the end of the growth experiment as a proxy 

for yield. SWCNT yield and quality (IG/ID) increased with temperature, reached a maximum at 

825°C (higher than the optimum temperature of 750°C for FTS-GP CVD), and then decreased 

continuously. The difference in the optimum temperature between conventional CVD and ARES 

could be attributed to limited or possible absence of gas-phase decomposition of the feedstock in 

the latter.   
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SWCNT growth curves obtained from ARES at 825°C using different feedstocks in the 

presence of 0, 11.8, and 23.6 ppm of water were fitted with the radioactive decay model (Equation 

2.1). Representative curves of SWCNT yield (G-band integrated area) versus growth time with the 

fits are shown in Figure 2.7, while extracted initial growth rates and lifetimes are shown in Figure 

2.8. Growth rates of SWCNTs (Figure 2.8a) were significantly higher with C2H4 as the feedstock 

compared to FTS-GP. For both feedstocks, the growth rate decreased with increasing 

concentrations of water in the reactor; however, FTS-GP appears to exhibit a higher tolerance for 

the added water than C2H4. On the other hand, as shown in Figure 2.8b, growth performed with 

FTS-GP exhibited a substantial increase in lifetime with the addition of water, whereas growth 

with C2H4 exhibited a constant or even shortened catalyst lifetime with increasing concentrations 

of water. The remarkably high catalyst lifetimes observed for growth with FTS-GP compared to a 

standard feedstock indicates the high tolerance it has for relatively high levels of water near the 

catalysts, demonstrating a lifetime in the presence of 23.6 ppm water that is 11 times longer than 

that of C2H4.  

Disparity in growth rates for experiments performed with FTS-GP and C2H4 may be due 

to factors such as a possible water-gas shift reaction and poor utilization of methane in ARES. 

During SWCNT growth in a hot-wall CVD reactor, decomposition of the feedstock occurs in the 

gas phase and on the catalyst surface. On the other hand, ARES relies on heating from the laser, 

suggesting that gas phase reactions are extremely low or nonexistent; this feature is expected to 

not only limit the carbon flux to the catalyst but also the in-situ water generation via Reaction 2.1. 

In spite of these differences, SWCNTs produced by ARES using C2H4 and FTS-GP were of similar 

diameters compared to those grown in conventional CVD. Post-growth Raman analysis of the 

SWCNTs revealed multiple RBMs between 100 and 300 cm-1 (Figure A2.2), similar to RBMs 
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observed in conventional CVD growth experiments (Figure 2.3). High growth efficiency observed 

with FTS-GP in conventional CVD has been associated with the ability of the unsaturated 

hydrocarbon to dissociate in the gas phase, generating free radicals that attack the more stable 

hydrocarbons such as CH4.
25 The process enhances the flux of carbon species to the surface while 

simultaneously inhibiting the catalyst deactivation pathways via Reaction 2.1. Unfortunately, due 

to the absence of (or limited) gas-phase reactions in ARES, dissociation of CH4 (40 vol% of FTS-

GP) hardly occurs. This hypothesis is supported by the similarity in growth between FTS-GP, and 

the C2H4 and hydrogen mixture with no additional water (Figure A2.3). Significantly higher 

lifetimes measured with FTS-GP in comparison with C2H4 highlight the high tolerance of water 

with FTS.   

 

Figure 2.7. Plots of CNT yield as a function of growth time during CVD growth for different 

levels of water in ARES using FTS-GP (a) and ethylene (b) as feedstocks. The green solid lines 

represent curve fitting of the radioactive decay model (Equation 1) to the experimental data shown 

in symbols. 
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Figure 2.8. Growth kinetics parameters obtained by fitting the ARES growth curves with the 

radioactive decay model (Equation 1). (a) Plots of initial growth rate of SWCNTs as a function of 

water concentrations for FTS-GP and ethylene. (b) Plots of catalyst lifetime as a function of water 

concentrations for FTS-GP and ethylene.  

 

The optimum concentration of water for 'supergrowth' is still debatable with most studies 

reporting values anywhere from 20 to 900 ppm.8, 10, 12, 57, 58 However, a water concentration as low 

as 12 ppm has been reported by In et al.59 to extend catalyst lifetime; in fact, the study concludes 
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even a very small amount of water (~1 ppm) in a feed of high purity can dramatically affect the 

kinetics of SWCNT growth. Therefore, it is reasonable to assume the estimated water amounts 

produced by FTS-GP at 750°C (64.6 ppm) in the vicinity of the catalyst are enough to protect the 

catalyst from deactivation. We speculate the optimum concentration of water in 'supergrowth' is 

starkly different for different studies because of a variety of factors, including type of feedstock, 

feed composition, and reactor geometry. As an example, Yasuda et al.10 showed the optimum 

concentration of water during 'supergrowth' changes with gas-flow direction, with top-flow growth 

showing relatively the highest sensitivity to water as opposed to lateral-flow growth. In addition, 

growth data from ARES reveal the poor water tolerance of C2H4, in agreement with the work of 

Xie et al.23 that revealed a narrow range of water concentrations that support efficient growth. We 

hypothesize that water generated during FTS-GP CVD as depicted in Figure 2.1 will experience 

significantly fewer diffusion limitations and water level can be better controlled in comparison to 

water introduced with the feed as in 'supergrowth' — making FTS-GP CVD more adaptable for 

scalable and controlled SWCNT growth.   

Considering the complex composition of the feedstock and impact of gas-phase chemistry 

on CNT growth, the observed in situ generation of water may not be the only mechanism at play 

in the growth enhancement in FTS-GP CVD. Studies have revealed the formation of a broad 

population of specific hydrocarbon intermediates (volatile organic compounds and polycyclic 

aromatic compounds) in gas phase for a conventional feedstock (C2H4), suggesting the existence 

of competing reaction pathways that may inhibit or enhance CNT carpet growth.42, 60, 61 Under 

SWCNT growth conditions, it is also possible that the small Fe nanoparticles with high free 

energies may become highly reactive even for reactions that are not favorable under equilibrium 

conditions. However, in light of the critical role water plays in extending catalyst lifetime during 
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SWCNT growth as demonstrated by 'supergrowth,' we believe this study provides an important 

foundation for mechanistic development of this new process and will complement future 

mechanistic studies on cracking pattern of the hydrocarbons and interactions of the different 

species. 

 

2.4 Conclusions 

In this study, the role of FTS-GP in growth enhancement of FTS-GP CVD was studied 

using a combination of experimental and theoretical approaches. The results reveal in-situ 

formation of water during FTS-GP CVD via a reaction between H2 and the low-volume fraction 

of CO. The water formed is expected to play a similar role as reported for 'supergrowth.'  Catalytic 

performance (activity and lifetime) and the concentration of water formed during FTS-GP CVD 

experiments (or equilibrium partial pressure of water determined from thermodynamic 

calculations) are sensitive to the decomposition temperature of FTS-GP. Maximum carpet heights 

are achieved for growth at 650, 700, and 800°C, and are significantly lower than the experimental 

carpet height of ~ 4 mm for growth at 750°C that is still active after 90 min and experiences no 

sign of deactivation. Experiments conducted in ARES, in the presence of different amounts of 

water, revealed a higher overall yield of SWCNTs with C2H4 as the feedstock compared to FTS-

GP. On the other hand, the catalyst lifetime for growth performed with FTS-GP exhibited a 

substantial increase with the addition of water, while growth with C2H4 exhibited a constant or 

even shortened catalyst lifetime with increasing concentrations of water. The ARES data support 

our mechanistic rationale for the observed growth enhancement with FTS-GP CVD. FTS-GP CVD 

has the combined advantage of supporting on-site generation of water and having a high tolerance 

for high concentrations of water, making process optimization and scale-up promising. 
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Chapter 3 - High-Throughput Experimentation for Selective Growth of 

Small-Diameter Single-Wall Carbon Nanotubes using Ru-Promoted Co 

Catalysts 

Chapter 3 is reprinted with permission from: 

 

Everhart, B. M.;  Rao, R.;  Nikolaev, P.;  Liu, T.-W.;  Gómez-Gualdrón, D. A.;  Maruyama, 

B.; Amama, P. B., High-Throughput Experimentation for Selective Growth of Small-Diameter 

Single-Wall Carbon Nanotubes Using Ru-Promoted Co Catalysts. Chemistry of Materials 2022, 

34 (10), 4548-4559. Copyright 2022 American Chemical Society. 

3.1 Introduction 

Owing to their high carrier mobility, semiconducting single-wall carbon nanotubes 

(SWCNTs) are well-suited as building blocks in a wide range of electronic applications from 

nanoscale transistors,1-4 flexible electronics,5-11 and chemical and biological sensors to clean 

energy harvesting and storage devices.12-17 These applications require SWCNTs with band gaps 

larger than 1 eV. However, due to the inverse relationship between nanotube diameter and band 

gap, nominally semiconducting SWCNTs with large diameters feature small band gaps that in 

practice make them semi-metallic.18 Indeed, based on theoretical calculations,19 to obtain the 

desired larger than 1 eV band gap requires the SWCNT diameter to be less than 1 nm. The 

challenge is that SWCNT synthesis, using scalable methods such chemical vapor deposition 

(CVD) aided by conventional catalysts (Fe or Co supported on Al2O3), usually results in wide 

diameter distributions, with nanotubes ranging from 0.7 nm to 3 nm.20, 21 Moreover, approaches 

such as the growth of self-supporting vertically aligned SWCNTs (i.e., SWCNT carpets or forests) 
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using conventional catalysts is particularly prone to producing SWCNTs that tend toward larger 

diameters. (> 1.5 nm).22-25  

Although numerous post-processing techniques such as DNA wrapping,26 density-gradient 

ultracentrifugation,27 gel chromatography,28 and aqueous two-phase extraction29 have been 

proposed to effectively sort SWCNTs by diameter, these methods are low throughput and 

ultimately induce defects that degrade the nanotubes electronic properties. Therefore, to unleash 

the full potential of SWCNTs as components of electronic devices, a critical challenge that needs 

to be addressed is the development of reliable approaches for scalable selective synthesis of small-

diameter, semiconducting SWCNTs (< 1 nm), as this would reduce the need for throughput-

limiting postprocessing altogether.30 The central strategy for reducing nanotube diameter during 

CVD synthesis is to minimize the catalyst particle size. The hypothesis that drives this strategy is 

the intimate relationship between the catalyst particle and SWCNT structure growing from it. For 

instance, molecular simulations modeling SWCNT growth make visually apparent the correlation 

between nanoparticle and nanotube diameter.31  Furthermore, the correlation  between size of the 

catalyst particle and SWCNT diameter is also supported by several experimental studies.21, 32, 33  

One method of controlling catalyst size in general involves incorporating high-melting-

point transition metals into the catalyst, either as a promoter or co-catalyst (bimetallic catalyst), to 

enhance catalyst stability by suppressing sintering. The efficacy of this strategy has been 

demonstrated in several heterogeneous catalytic reactions such as methane oxidation and Fischer 

Tropsch Synthesis (FTS).34-41 Cui et al.40 showed that a Mo promoter reduced sintering of Fe 

catalyst in FTS, resulting in high catalytic activity, while Cao et al.34 found that the addition of Rh 

promoter enhanced the thermal stability of Pt nanoparticles. In other studies, the introduction of a 

Ru promoter has been demonstrated to reduce catalyst sintering in numerous catalytic processes.35, 
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37, 38, 41 The unique ability of high-melting-point transition metals to reduce catalyst sintering has 

been applied to CVD synthesis of small-diameter SWCNTs. The first work utilizing high-melting-

point transition metal for growth of SWCNTs was the CoMoCAT process, which utilized Mo to 

reduce sintering of Co catalyst during gas-phase growth of SWCNTs via CO disproportionation.33, 

42 The CoMoCAT catalyst reduced the average SWCNT diameter by ~0.1 nm compared to 

SWCNTs produced from other well-established approaches such as the HiPCO process (0.81 nm 

vs. 0.93 nm). For alcohol CVD, Maruyama and coworkers demonstrated the use of the anchoring 

effect of Cu in Co-Cu bimetallic catalyst.43 Despite successes in SWCNT synthesis, the wide 

parameter space of growth conditions has largely been unexplored to date.  As a result, the complex 

relationship between catalyst promotion, type of feedstock, SWCNT diameter, and growth 

temperature is still poorly understood.  

In light of the breadth of parameters that affect CVD growth, rapid experimentation is a 

powerful tool for investigating favorable conditions that promote selective growth of small-

diameter SWCNTs. Here we utilize an Autonomous Research System (ARES)—an automated, 

high throughput, laser-induced CVD system with in situ Raman spectral feedback—to probe the 

combined role of Ru as a catalyst promoter and type of feedstock in the growth of small-diameter 

SWCNTs using conventional feedstocks (ethylene and acetylene) and a gaseous product mixture 

from Fischer-Tropsch synthesis (FTS-GP),25, 44-46 our new feedstock that offers potential for scale-

up. We demonstrate through over 200 growth experiments that the deposition of 0.1-nm-thick Ru 

on a Co catalyst film (1nm total thickness) nearly doubles the selectivity of SWCNTs with 

diameters below 1nm as determined by multi-excitation Raman spectroscopy. Furthermore, Ru 

stabilizes Co catalyst particles at elevated temperatures, increasing the selectivity of small-

diameter SWCNTs by almost a factor of three at temperatures between 800°C and 850°C in 
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comparison to Co. A mechanistic understanding of the observed phenomenon has been developed 

with support from density functional theory (DFT), which attributes the reduced diameters to the 

increased cohesive energy of catalyst particles. Higher Ru amounts (20% and 100%) are also 

probed to develop a deeper understanding of the role of Ru in SWCNT growth. These findings 

clearly highlight the importance of Ru promotion of Co for small-diameter SWCNT growth, which 

opens the door for future applications requiring small diameter SWCNTs.  

 

 

3.2 Experimental Section 

3.2.1 Preparation of catalyst substrates  

The substrates used for growth in ARES contain silicon micropillars fabricated by reactive 

ion etching. A substrate contains a 12×12 array of patches, each of which consists of a 5×5 array 

of 10-µm-diameter, 10-µm-high silicon pillars on an SiO2 underlayer. The pillars were coated with 

an alumina layer (10 nm thick) by atomic layer deposition. Additional experiments were also 

performed using alumina deposited by ion beam sputtering (IBS/e) and the results are summarized 

in the Supporting Information. Substrates with the different catalysts (Co, Co-Ru and Ru) were 

deposited using IBS/e. For Co or Ru, a 1-nm-thick Co or Ru film was deposited on the alumina-

coated layer, while for Co-Ru, a 0.9-nm-thick Co film was deposited followed by a 0.1-nm-thick 

Ru film (the thicknesses were adjusted accordingly for Co-Ru with 20 wt% Ru). A unique feature 

of ARES is that each pillar behaves as a microreactor and can be rapidly heated to the growth 

temperature within a fraction of a second due to the poor thermal conductivity of SiO2 and the 

small thermal mass of the pillars. Further description of the ARES system is presented elsewhere.47  
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3.2.2 SWCNT growth in ARES  

The ARES system (Figure 3.1) utilizes a high power (6 W, Verdi) laser (532 nm) that 

serves as the heat and Raman excitation sources. Each substrate contains several silicon 

micropillars (fabricated by reactive ion etching) that are thermally isolated by a silicon dioxide 

underlayer. During each growth experiment, a micropillar was heated to the growth temperature 

by regulating the laser power. The laser enables instantaneous heating of the micropillar and de-

wetting of the catalyst film without requiring an annealing step. The temperature resolution is ±10-

15 °C. Conventional carbon feedstocks (ethylene and 1% acetylene in helium) and our recently 

developed feedstock (FTS-GP) were used for this investigation. FTS-GP has the ability to support 

high growth rate and exceptionally long catalyst lifetime.25, 44-46 Over the duration of an 

experiment, growth rate, yield, and temperature can be monitored via in-situ Raman spectroscopy 

using the same laser for heating. Raman spectra were acquired every 5 s and experiments were 

allowed to progress until SWCNT growth seemed to terminate, which was evidenced by a 

plateauing of the intensity of the SWCNT Raman peak (G band). The red shift of the Raman peak 

frequency was used to estimate the growth temperatures. When the growth appears to have 

terminated, the temperature can be reduced before moving to the next micropillar on the substrate. 

Raman spectra were collected before and after growth on each micropillar, enabling baseline 

subtraction for examination of radial breathing modes (RBMs), G-band, and D-band. 



49 

 

 

Figure 3.1. Schematic illustration of ARES, a high throughput laser-induced CVD system capable 

of in-situ Raman spectroscopy. 

 

 SWCNT growth is generally modeled by a self-exhausting exponential decay model 

(Equation 3.1) as the growth is characterized by a high growth rate at the beginning that 

subsequently diminishes until complete growth cessation occurs.48 This model has been used in 

previous studies for the analysis of SWCNT growth kinetics in ARES.47, 49-53 The model used is 

given as: 

𝐺(𝑡) =  𝜈𝜏 (1 − 𝑒−
𝑡
𝜏)                                                                                                      (3.1) 

where G represents area under the G-band at various times, t, while fitting parameters ν 

and τ represent the initial growth rate and catalyst lifetime, respectively.  

Ex-situ Raman characterization of growth products was performed with a Renishaw InVia 

Raman microscope with a 633 nm excitation source for all pillars. In addition, multi-excitation 

Raman characterization was performed on selected pillars using 514, 633, 785, and 1064 nm 

excitation lasers. These additional laser excitations allow the measurement of the majority of the 

chiralities grown by CVD. The ex-situ Raman spectra also allowed for improved analysis of the 

RBMs due to the smaller spot size when compared to those obtained in ARES (1 μm vs. 10 μm). 
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Each pillar was analyzed via a 10×10 array of spectra collected over the entire surface of the pillar. 

The 100 spectra collected were averaged and the resulting spectrum was analyzed, providing 

representative RBM data on the surface of each pillar. The combined use of Raman data collected 

from the 532 nm laser (ARES) and 633 nm laser (Renishaw) in our analysis increased our data 

integrity and reliability of our findings. The morphology and density of SWCNTs grown on the 

pillars were further characterized with a Hitachi S5200 field-emission scanning electron 

microscope (SEM) operated at 5 kV.  

Statistical analysis was performed on the Raman data to demonstrate the difference in 

selectivity toward small-diameter SWCNTs for growth on Co and Co-Ru catalysts. Variables 

considered include excitation wavelength (532 nm vs. 633 nm excitation), catalyst type (Co vs. 

Co-Ru), and growth temperature range (650 – 699°C, 700 – 749°C, 750 – 799°C, and 800 –850°C). 

Weighted average RBM values were calculated by summing the products of the integrated peak 

area for each RBM and the peak location, and dividing by the sum of the peak areas. Error bars 

have been included to show standard deviation. The average selectivity towards small-diameter 

SWCNTS for each experiment performed at each temperature range was calculated for each 

catalyst and Raman excitation wavelength. The average selectivity values at Raman excitation 

wavelengths of 532 nm and 633 nm were subsequently averaged to be more representative of the 

small-diameter SWCNT selectivity at each temperature range for the respective catalysts. In total, 

over 300 unique data points were analyzed. Comparison of the selectivity of Co and Co-Ru was 

performed by averaging the previously calculated values across all temperature ranges. Analysis 

of SWCNT diameter selectivity for the different feedstocks was also calculated and included in 

the Supporting Information.  
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3.2.3 Computational analysis methods 

Spin-polarized, plane-wave density functional theory (DFT) cluster optimizations were 

performed using the Vienna ab initio simulation package (VASP 5.4.1).54-56 The plane wave basis 

set to construct the solution to the Kohn-Sham equations was built using an energy cutoff of 400 

eV. Electronic and atomic structure were solved using an iterative procedure, with the electronic 

structure for a given geometry was considered solved when the energy difference for the electronic 

structures of two consecutive iterations was lower than 10-4 eV. The geometry was considered 

optimized once the energy difference for the geometries of two consecutive iterations is lower than 

10-3 eV. The generalized-gradient approximation (GGA) functional, Perdew-Burke-Ernzerhof 

(PBE)57 was used to model electron exchange and correlation. Dispersion forces were modeled 

explicitly using the D2 correction by Grimme.58 The core electrons were modeled using the 

projected-augmented wave method (PAW).59, 60 During the optimizations, 13-atom or 55-atom 

clusters were placed at the center of an orthorhombic 30 Å × 31 Å × 32 Å supercell, and 

calculations were made at the gamma point, with Gaussian smearing using a 0.03 smearing 

parameter.61 The cluster sizes for this study were selected for their highly symmetric and stable 

structures, and diameter within the range of interest for the experimental work.62  

3.3 Results  

3.3.1 SWCNT growth in ARES using different feedstocks 

Raman spectra collected in situ during SWCNT growth in ARES were used to probe the 

diameter distributions. The RBM regions, between 100 and 360 cm-1, were deconvoluted with 

several peak components (Lorentzian) to obtain peak frequencies. Representative Raman spectra 

and peak fitting of the RBM peaks for SWCNTs grown on Co and Co-Ru are shown in Figure 
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B3.1. Figures 3.2a-c show the weighted average RBM values as a function of temperature for Co 

and Co-Ru using 532 nm and 633 nm laser excitations as well as the combined average of the two 

datasets.  

 

 

Figure 3.2. Weighted average RBM frequency data acquired with 532 nm (a) and 633 nm (b) laser 

excitations at different growth temperature. (c) Approximation of the true RBM frequency 

distribution in each temperature bracket by averaging data in (a) and (b). (d) Mean of weighted 

average RBM frequency data in (c) for Co and Co-Ru. Histograms of relative frequency of RBM 

peaks as a function of peak location for Co and Co-Ru using 532 nm (e) and 633 nm (f) laser 

excitations; the relative frequency is the percentage of each RBM peak area to the total RBM peak 

area.   
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Analysis of the Raman spectra acquired with 532 nm and 633 nm excitations (summarized 

in Figure 3.2) indicates growth on Co-Ru results in RBM peaks with significantly higher 

frequencies (corresponding to smaller SWCNT diameters) relative to growth on Co at all growth 

temperature ranges evaluated. While average RBM frequencies decrease with increasing 

temperature, Co-Ru is much less temperature dependent than Co (Figures 3.1a -c). The average 

RBM frequency for Co in the temperature range of 650-699 °C is 227 cm-1, but decreases to 202 

cm-1 at a higher temperature range (800-850 °C). On the other hand, growth on Co-Ru results in 

average RBM frequencies of 249 cm-1 and 236 cm-1 in the lowest and highest temperature ranges, 

respectively. Figure 3.2d shows the average RBM frequency for Co and Co-Ru obtained by 

averaging data in Figure 3.2c. Co-Ru exhibits a higher average RBM frequency (244 cm-1) than 

Co (217 cm-1). Figures 3.2e and f show the average RBM components for all experiments 

performed on Co and Co-Ru using both laser excitations. It is clear from the histograms that spectra 

associated with Co-Ru have much higher relative frequency of RBM peaks corresponding to small 

SWCNT diameters, including a significant increase in RBMs > 290 cm-1, which are almost non-

existent for growth on Co. It should be noted that these RBM peak positions fluctuate +/- 3 cm-1 

from spectra to spectra and likely represent several RBMs each. Additional analysis of RBM 

frequencies, including their analysis as a function of growth temperature and type of feedstock is 

summarized in Figures B3.2-4.  

It has been well established that RBM frequencies of SWCNTs are diameter dependent.63-

72 The following equation can be used to approximate SWCNT diameters from RBM peaks:  

𝜔𝑅𝐵𝑀 =
𝐶1

𝑑
+ 𝐶2                (3.2) 
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where C1 and C2 are constants. Based on SEM evidence of the formation small tube bundles 

in our work, SWCNT diameters were calculated using C1 = 234 and C2 = 10.66, 69 Detailed analysis 

of Equation 3.2 is included in the Supporting Information including the effects of SWCNT 

diameter, bundling interactions, and bundle size on appropriate C2 values.  

 Selectivity of the catalysts toward growth of small-diameter SWCNTs was 

calculated from the fraction of the integrated intensities of all peak components below a diameter 

of 1 nm to the total integrated intensity of all fitted peak components in the RBM region between 

100 and 360 cm-1 (Equation 3.3): 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
 Integrated area of RBM peaks corresponding to < 1nm

Total integrated area of all RBM peaks
      (3.3) 

Representative SEM images of SWCNT bundles grown on pillars coated with Co and Co-

Ru catalysts using ethylene as a feedstock reveal uniform growth across the entire catalyst surface 

with a higher density of SWCNTs grown on pillars coated with Co catalyst (Figure 3.3a) than 

pillars with Co-Ru catalyst (Figure 3.3b). 
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Figure 3.3. SEM images showing density of SWCNTs grown on Co (a) and Co-Ru (b) catalysts. 

Plots of selectivity toward small-diameter SWCNTs as a function of growth temperature using 

different feedstocks on Co (c) and Co-Ru (d) catalysts (calculated from Raman spectra acquired 

with 532 nm laser excitation). Heat/contour plots illustrating selectivity (in c and d) and G-band 

area (proxy for abundance of SWCNT growth) versus growth temperature for Co (e) and Co-Ru 

(f) catalysts using growth results for ethylene and acetylene. 
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Figure 3.3 (c-d) shows calculated selectivity toward small-diameter SWCNTs grown on 

Co and Co-Ru as a function of growth temperature for the different feedstocks (ethylene, FTS-GP, 

and acetylene) obtained using an excitation wavelength of 532 nm; the selectivity calculated from 

spectra obtained with 633 nm laser excitation are shown in Figure B3.5. SWCNTs grown on Co 

catalyst using ethylene or acetylene as a feedstock exhibited a maximum selectivity of 0.35 at 

~700°C, whereas growth on the same catalyst using FTS-GP showed substantially lower 

selectivity (≤ 0.05) at all temperatures. On the other hand, SWCNTs grown on Co-Ru reached a 

maximum selectivity of 0.6 for ethylene, 0.57 for acetylene, and 0.42 for FTS-GP. It is evident 

from these results there is improved selectivity toward growth of small-diameter SWCNTs on Co-

Ru catalyst even with FTS-GP as the feedstock. A clear trend of the scatterplots emerges for pure 

Co (using either acetylene or ethylene) with selectivity initially increasing with growth 

temperature from 600°C and peaking around 725°C and then decreasing with further increase in 

temperature. Using Ru as a catalyst promoter resulted in scattered selectivity data at the different 

temperatures; unlike acetylene, the trend that emerges for ethylene and FTS-GP is somewhat 

similar to that observed when Co catalyst is used. The spread in the data when Ru is present may 

be attributed to several factors including reduced density of tube nucleation and non-uniformity in 

the distribution of Ru in individual catalyst nanoparticles. The latter may lead to a slightly wider 

distribution of catalyst sizes that are comparatively smaller in size than those formed on Co. It is 

clear from these results that selectivity towards small-diameter SWCNTs decreases in the 

following order: ethylene > acetylene > FTS-GP. The effects of different values of C1 and C2 on 

the selectivity are summarized in Figure B3.6. Further analysis of selectivity using ethylene and 

acetylene (Figure B3.7) shows the higher small-diameter selectivity of ethylene over acetylene and 

Co-Ru over Co. 
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To compare the catalyst activity (in terms of SWCNT yield) and SWCNT diameter 

selectivity of Co and Co-Ru catalysts, heat plots showing selectivity to small-diameter SWCNTs 

(adapted from Figure 3.3 (c) and (d)) and SWCNT yield (or density) as functions of growth 

temperature as shown in Figure 3.3e and f. The analysis focuses on experiments utilizing ethylene 

and acetylene as feedstocks due to their overall high selectivity toward small-diameter SWCNTs.  

The integrated intensity of the G-band from the Raman spectrum collected at the end of each 

growth is used as a proxy for the yield of SWCNTs deposited on the catalyst-coated pillars. The 

SWCNT yield obtained from the G-band signal in ARES was verified by SEM and is consistent 

with previous studies.44, 49, 50 The SWCNT structures were not characterized by TEM due to the 

challenge associated with removing SWCNTs from individual micropillars without destroying the 

pillars and contaminating the SWCNT samples. Growth conditions favorable for high yield of 

small-diameter SWCNTs can be discerned from the heat plots. Growth on Co catalyst yielded 

SWCNTs with a maximum G-band area of ~8.0 × 105, but with a selectivity ~0.2; whereas growth 

on Co-Ru resulted in a lower maximum G-band area of ~3.5 × 105, but with a much higher 

selectivity ~0.4. The maximum yield on Co catalyst occurs at temperatures between 725 and 

775°C, which is higher than the temperature range that supports the highest selectivity toward 

small-diameter SWCNTs (675 – 725°C, Figure 3.3c). In contrast, for Co-Ru catalyst, both 

SWCNT yield and selectivity were maximized at a temperature range of 725 – 775°C. We note 

that the maximum selectivity achieved for growth on Co-Ru is nearly twice that achieved on Co 

alone, whereas SWCNT yield on Co was two times higher than that on Co-Ru catalyst; this 

increased selectivity supports the hypothesis that the presence of Ru increases sintering resistance 

of catalysts and decreases the formation of large particles, and thus the yield of large-diameter 

SWCNTs. We conclude that using ethylene or acetylene as a feedstock under a temperature range 
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of 700-750°C favors the growth of small-diameter SWCNTs with Co-Ru being more selective and 

Co more active in terms of SWCNT yield. 

To further understand the effect of Ru on catalytic activity during SWCNT growth, we 

fitted the growth curves at different growth temperatures for the various feedstock-catalyst 

combinations (Figures 3.4 a-d) to Equation 1: (a) ethylene and Co, (b) ethylene and Co-Ru, (c) 

acetylene and Co, and (d) acetylene and Co-Ru. The goodness of fit (R2) for the analysis involving 

data from 20 experiments had an average value of 0.98. Figures 3.4e and f along with the average 

values of the fitting parameters (ν and τ), summarized in Table B3.1, suggest that the presence of 

Ru increases the growth rate of SWCNTs, but with a decreased catalyst lifetime. Conversely, for 

pure Co a longer catalyst lifetime and lower growth rate are observed. The optimum temperature 

whereby catalyst lifetime and growth rate are maximized for both Co and Co-Ru is ~750°C. 
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Figure 3.4. Plots of SWCNT yield as a function of growth time using different feedstock-catalyst 

combinations: (a) ethylene and Co, (b) ethylene and Co-Ru, (c) acetylene and Co, and (d) acetylene 

and Co-Ru. The solid lines represent curve fitting of the radioactive decay model (Equation 1). 

Scatter plots of initial growth rate (e) and catalyst lifetime (f), obtained by fitting plots a-d to 

Equation 1, as a function of growth temperature.   
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3.3.2 Multi-excitation Raman spectroscopic characterization of SWCNTs grown with 

ethylene 

Due to the high selectivity towards small-diameter SWCNTs shown by ethylene, it was 

used in subsequent experiments to probe the diameter distributions of SWCNTs grown on Co and 

Co-Ru. SWCNT samples obtained using ethylene as a feedstock were further characterized ex situ 

by multi-excitation Raman spectroscopy (Figure 3.5). Green shades are added to the spectra to 

indicate the RBM frequencies corresponding to small diameter (< 1nm) SWCNTs. Figures 3.5a 

and 5b highlight the difference in RBM frequencies and intensities for SWCNTs grown on Co and 

Co-Ru with ethylene precursor. Interestingly, for each pair of SWCNT spectra on Co and Co-Ru 

acquired with the same excitation energy, there is an increase in the number of RBM peaks 

observed at higher frequencies for SWCNTs grown on Co-Ru catalyst. In addition, RBM peaks 

with the same frequency in the shaded region with diameters < 1 nm for the same excitation 

wavelength are characterized by different intensities, with SWCNTs grown on Co-Ru exhibiting 

a higher intensity.  For instance, in Figure 3.5a, there is a weak intensity peak at ~300 cm-1 in the 

spectrum collected with 785 nm excitation, however in Figure 3.5b, the peak becomes 

prominent—an observation that occurs simultaneously with the disappearance of the peak at ~150 

cm-1. In the spectra acquired with the 633 nm laser, there is substantial increase in the intensities 

of peaks at ~255 cm-1 and ~285 cm-1, relative to the peaks below 250 cm-1. A similar trend is 

observed for spectra acquired with the 514 nm laser. Although there were no observable RBMs 

below 250 cm-1 for spectra acquired with the 1064 nm laser, peaks that appear above 300 cm-1 

exhibit substantial increase in intensity. Multi-excitation Raman spectra for growth experiments 

using acetylene are shown in Figure B3.8. Ru appears to increase the selectivity of small-diameter 

SWCNTs by decreasing the relative amount of large-diameter SWCNTs and increasing the relative 
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amount of small-diameter SWCNTs, evidenced by the reduced intensities of RBM peaks 

associated with large-diameter SWCNTs and increased intensities of those associated with small-

diameter SWCNTs (Figures 3.5 and B3.8).  

 

Figure 3.5. Multi-excitation Raman spectra of SWCNTs grown on Co (a) and Co-Ru (b) catalysts; 

green shade highlights the small-diameter region (<1 nm). (c) Plots of selectivity averages for 

small-diameter SWCNTs on Co and Co-Ru catalysts. Data used for analysis were acquired with 

532 nm and 633 nm laser excitations over four temperature ranges (650-699 °C, 700-749 °C, 750-

799 °C, 800-849°C). (d) Histogram of average selectivity across temperature ranges for Co and 

Co-Ru catalysts. Error bars show standard deviations for the calculated average values. 
 

The plots in Figure 3.5 (c) clearly show the difference in selectivity toward small SWCNT 

diameters for Co and Co-Ru catalysts as a function of growth temperature, calculated by averaging 

selectivity data from Raman spectra acquired with 532 nm and 633 nm laser excitations. The 

separated statistical analysis and trends for data obtained using the two laser excitations are shown 

in Figure B3.9. An important takeaway from the analysis is not only that the Co-Ru catalyst leads 
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to higher selectivity for small-diameter SWCNTs at all growth temperatures investigated, but it is 

also less dependent on temperature. In fact, Co-Ru catalyst experiences minimal decrease in 

selectivity even in the highest temperature range (800 - 850°C). In contrast, Co catalyst 

experiences substantial drop-off in selectivity as temperature increases. The average selectivity 

values combined over all the growth temperatures are plotted in Figure 3.5 (d) and show that Ru 

as a catalyst promoter nearly doubles the selectivity of small-diameter SWCNTs. Our previous 

work revealed that catalyst activity during SWCNT growth is sensitive to the porosity or type of 

alumina (based on the deposition technique).73 To understand the effect of alumina substrate 

porosity on catalyst behavior, we conducted additional experiments using Co and Co-Fe catalysts 

supported on IBS/e-deposited alumina films (with higher porosity) of the same thickness (10 nm) 

and the results (summarized in Figures B3.11-14) are consistent with those discussed so far for 

catalysts supported on ALD-deposited alumina films. 

 

3.3.3 DFT calculations 

To understand the promotion role of Ru in increasing selectivity toward growth of small-

diameter SWCNTs, we investigated the stability of Co and bimetallic CoXRuY clusters using DFT 

calculations. These calculations focused on 13- and 55-atom clusters due to the high stability and 

symmetry of their structures, with sizes relevant to our experiments ((less than 1 nm). The Ru 

content of these clusters is similar to those used in the ARES experiments (which is 10%), with 

content ranging between 8% and 11% from the 13- and 55-atom cases, respectively (Co12Ru and 

Co49Ru6). However, to elucidate trends, calculations on pure Co clusters (Co13 and Co55), as well 

as on clusters with higher Ru content (Co43Ru12) were also performed. To obtain the cohesive 

energy, EC, we used: 
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𝐸𝐶 =
𝐸𝑐𝑙𝑢𝑠𝑡𝑒𝑟 − 𝑁𝐶𝑜𝐸𝐶𝑜 − 𝑁𝑅𝑢𝐸𝑅𝑢

𝑁𝐶𝑜 + 𝑁𝑅𝑢
                                                                              (3) 

The set of calculations on the 13-atom clusters are shown in Figure 3.6a, which shows the 

strengthening of cluster cohesive energy upon the addition of Ru. Specifically, the cohesive energy 

of the Co12Ru (8% Ru content) is 0.1 eV stronger than for Co13 (-3.4 eV for Co12Ru vs -3.3 eV for 

Co13), which is expected to engender an increase in melting temperature and a reduction in atom 

mobility. While the stability of the Co12Ru cluster is slightly sensitive to the positioning of the Ru 

atom in the cluster, notice that the abovementioned strengthening of the cohesive energy occurs 

irrespective of whether the Ru atom is on the surface of the cluster (Co12Ru|A) or in the bulk 

(Co12Ru|B).  

The set of calculations on the 55-atom clusters is shown in Figure 3.6b, which also shows 

the strengthening of cluster cohesive energy upon the addition of Ru. Specifically, the cohesive 

energy of Co49Ru6 (roughly 11% Ru) is around 0.2 eV stronger than for Co55. Similar to the 13-

atom cluster case, the stability of the 55-atom cluster is slightly sensitive to the exact arrangement 

of Ru atoms within the cluster. Yet, upon evaluation of six different configurations, the 

strengthening of the cohesive energy was similar, suggesting the robustness of the effect. To 

further confirm the trend of cohesive energy strengthening with Ru addition, we optimized a 

Co43Ru12 cluster (~22% Ru content). The cohesive energy was found to strengthen a further 0.2 

eV upon the addition of six more Ru atoms.  
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Figure 3.6. (a) DFT optimization and calculation of cohesive energy, EC, for13- and 55-atom 

clusters of Co and Co-Ru. a) Co13, Co12Ru (A) with adsorbed Ru atom, and Co12Ru (B) with Ru 

atom in the bulk region of the cluster. (b) Co55, Co49Ru6 (A-F), Co43Ru12, which contain 0, 6, 

and 12 Ru atoms, respectively. Configurations A through I were generated randomly and represent 

different arrangement scenarios for Ru on the cluster surface. Notably A represents the 

arrangement with the Ru atoms most separated from each other, D represents the arrangement with 

most symmetric Ru atom placement, and F represents the most segregated arrangement (notice all 

Ru atoms clustering together). 

 

 

Based on the above calculations, it appears Ru addition consistently increases the cohesive 

energy of the cluster—at least within the ranges experimentally tested—and that strengthening 

occurs by about the same magnitude regardless of the exact Ru distribution within the cluster. The 
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results from these calculations are thus supportive of an increase in melting point and reduction in 

atom mobility, which should increase the resistance to catalyst sintering. We hypothesize the latter 

results in enhanced stability of small nanoparticles, which leads to higher selectivity of small-

diameter SWCNTs.  

 

3.3.4 SWCNT growth in ARES using pure Ru or Co-Ru with a higher Ru amount 

To develop a deeper understanding of the catalytic properties of Ru, we conducted further 

experiments with pure Ru as a catalyst and a higher amount of Ru in Co-Ru catalysts and the 

results are summarized in Figure 3.7. We note that growth on pillars with a 1-nm-thick catalyst 

containing 20% Ru under conditions identical to those used for Co and Co-Ru (10% Ru) did not 

appear to yield SWCNTs, due to the absence of RBMs in their Raman spectra (Figure 3.7a). The 

results are likely related to the catalytic activity of the particles and not their stability, suggesting 

there might be an optimal amount of Ru in Co catalyst that supports good SWCNT growth, above 

which SWCNT growth might be inhibited. It is also possible SWCNT growth did not occur on 

Co-Ru (20% Ru) because the standard conditions used were optimum for pure Co and Co-Ru (10% 

Ru), not Co-Ru with higher Ru amount (20% Ru). To test this conjecture, we implemented the 

'supergrowth' approach,48, 74 well known for dramatically enhancing catalyst activity and lifetime73, 

75, 76 during CVD growth. Interestingly, upon introduction of ~11ppm H2O, Co-Ru (20% Ru) that 

was inactive for SWCNT growth under standard conditions as shown in Figure 3.7a, exhibited 

exceptional SWCNT growth (Figure 3.7b); however, the selectivity towards small-diameter 

SWCNTs was comparable to that observed with Co catalyst.  
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Figure 3.7. Heat plots of G-band intensity and small diameter SWCNT selectivity of growth 

experiments performed on a Co-Ru catalyst (20% Ru) with ethylene and the addition of 0 ppm (a) 

and 11ppm H2O (b). (c) Representative Raman spectra of SWCNTs grown on pure Ru catalyst 

with ethylene in the absence and presence of water (11 ppm). (d) Representative Raman spectra of 

SWCNTs grown on pure Ru catalysts under conditions that maximize small-diameter SWCNT 

selectivity. 

 

For comparison, we also conducted growth on pure Ru and the results are presented in 

Figures 3.7c and d. Little to no growth was observed even at a moderate water concentration (295 

ppm). At extremely high-water concentrations (4000 ppm), growth of small-diameter SWCNTs 

occurred, although the total yield was extremely low (integrated G-band area < 7.0 × 104). Further 

optimization revealed that introducing a hydrogen-to-ethylene ratio of 2:1 yielded small-diameter 

SWCNTs at ratios comparable to that obtained on Co-Ru (10% Ru). It should be noted, however, 
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that growth on pure Ru required higher temperatures (900 - 950°C). Our results indicate that a 

high-melting-point metal like Ru in its pure form or as a promoter can generate small-diameter 

SWCNTs under optimum temperature and feedstock conditions. 

 

3.4 Discussion  

The Co-Ru catalyst nanoparticles formed by annealing the deposited films (a Ru layer on 

top of a Co layer) show higher selectivity toward small-diameter SWCNTs. Based on the DFT 

results, we hypothesize the presence of Ru in Co catalysts stabilizes small catalyst nanoparticles 

or suppresses sintering, resulting in a higher number density of small catalyst nanoparticles and a 

lower average catalyst size. To understand the role of Ru in catalyst evolution, similar as-deposited 

and annealed Co (1 nm) and Co-Ru (0.9 nm Co, 0.1 nm Ru) films on silicon substrates with 

alumina underlayers were studied; annealing was performed at 850°C in Ar/H2 for 3, 10, and 30 

min using a conventional CVD. AFM topographic profiles of the catalysts (Figure B3.10) reveal 

the average RMS roughness (proxy for feature height)77, 78 formed on Co-Ru is slightly lower than 

that of Co. The Co-Ru nanoparticles with smaller sizes nucleate SWCNTs with a much higher 

selectivity toward small-diameters and exhibit diminished overall SWCNT yield in comparison to 

pure Co. Even though FTS-GP exhibits relatively lower selectivity towards small-diameter 

SWCNTs, the promotion of Co with Ru leads to growth of small-diameter SWCNTs, affirming 

the key role Ru plays in the nucleation of small-diameter SWCNTs. We speculate the low yield 

observed for growth with FTS-GP on Co catalyst may be due to a number of reasons including on-

site generation of water25, 44 and the high-volume fraction of methane in FTS-GP. The water 

generated in situ via a reaction between H2 and CO may etch some small-diameter SWCNTs 

during nucleation or growth.79-82 Gas phase reactions in ARES are extremely low or nonexistent 



68 

 

because it relies on heating from the laser. We therefore expect the utilization of methane, a stable 

hydrocarbon and a major component (30 vol%) of FTS-GP, to be poor, thus limiting the carbon 

flux to the catalyst and contributing to growth inhibition. In consistent with this observation, we 

observed lower growth rate with FTS-GP in ARES.44 When Ru is added to Co as a promoter, 

nucleation of small-diameter SWCNTs occurs with FTS-GP as a feedstock, despite the oxidizing 

environment that is created by water generation, for two reasons: (1) There is an increased number 

of small nanoparticles available for nucleation; and (2) Ru acts as an electron donor, which may 

protect SWCNTs from oxidation during nucleation.  

The high variability observed in selectivity of small-diameter SWCNTs for Co-Ru may be 

due to the resulting catalyst nanoparticles not having equal amounts of Ru. It is unlikely the 

intended one-atom thick layer of Ru obtained via ion beam sputtering was uniform across the entire 

substrate. Possible clustering of Ru during deposition is expected to yield Co-Ru particles with 

slightly different Ru amounts in the nanoparticles after dewetting and particle formation, a 

phenomenon that has also been observed in Mo-on-Fe type catalysts.83 The nonuniform amounts 

of Ru in the resulting Co-Ru catalyst particles may cause a variation in their catalytic activity, 

possibly due to the difference in their carbon solubility. Based on the DFT calculations, AFM 

characterization of annealed catalyst films, and growth in ARES, a mechanistic understanding of 

the role of Ru as a promoter of Co catalyst for SWCNT growth begins to take shape. As discussed 

earlier, DFT calculations indicate the inclusion of Ru atoms in a Co cluster increases cohesive 

energy, suggesting that smaller catalyst particles may be more resistant to sintering on a support. 

AFM analysis of annealed catalyst films reveals dewetted catalyst particles are smaller in the case 

of Co-Ru compared to pure Co, even at shorter time scales (3 min). The results support the idea 

that Ru stabilizes Co nanoparticles, resulting in growth of small-diameter SWCNTs. In general, 
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catalyst sintering is strongly dependent on temperature. Interestingly SWCNT size in the case of 

the Co-Ru catalyst is much less dependent on temperature as opposed to SWCNTs grown on pure 

Co. Our results indicate that the high melting point of Ru may be responsible for the increased 

cohesive energy and subsequent catalyst stability observed under SWCNT growth conditions. 

 

3.5 Conclusions 

In this work, rapid experimentation was used to probe favorable conditions that promote 

selective growth of small-diameter SWCNTs via catalytic CVD. To minimize Co catalyst size and 

enhance resistance to sintering, a high-melting-point metal (Ru) was used as a promoter of Co 

catalyst. The addition of 10% Ru to a 1-nm thick Co (Co-Ru) catalyst increases the selectivity of 

small-diameter SWCNTs, as calculated from Raman spectra collected using 532-nm and 633-nm 

laser excitations. In addition, Ru appears to stabilize catalyst particle size at elevated temperatures, 

as selectivity towards small-diameter SWCNTs is less temperature dependent for growth on Co-

Ru compared to Co. The results are supported by AFM data on annealed catalyst films, which 

show slightly lower catalyst particle height on Co-Ru compared to Co for time-scales 

representative of SWCNT growth in ARES. The reduction in catalyst particle sintering has been 

attributed to an increase in cohesive energy in Co particles when Ru atoms are included in the 

cluster, as calculated by DFT for 13-atom and 55-atom clusters. Growth on Co-Ru resulted in 

lower overall SWCNT nucleation density compared to Co, whereas growth rates on Co-Ru were 

higher than growth on Co, with lifetimes roughly three times shorter than those for growth on Co. 

Furthermore, our results reveal that pure Ru or Co-Ru with a higher Ru amount can support growth 

of small-diameter SWCNTs under optimum temperature and water concentration.  The study 

reveals important relationships between catalyst promotion using Ru, type of feedstock, SWCNT 
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diameter, and growth temperature. These findings highlight the role of Ru as a promoter of Co and 

as a catalyst in the growth of small-diameter SWCNTs, which opens the door for future 

applications requiring small-diameter SWCNTs. 
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Chapter 4 - Hydrothermal Synthesis of Carbon Nanotube-Titania Composites 

for Enhanced Photocatalytic Performance 

 Chapter 4 is reprinted with permission from: 

Everhart, B. M.;  Baker-Fales, M.;  McAuley, B.;  Banning, E.;  Almkhelfe, H.;  Back, T. C.; 

Amama, P. B., Hydrothermal synthesis of carbon nanotube–titania composites for enhanced 

photocatalytic performance. Journal of Materials Research 2020, 35 (11), 1451-1460. 

4.1 Introduction 

Photocatalytic oxidation (PCO) using semiconductors as catalysts has become an appealing 

approach as a green technology for environmental remediation since the discovery of UV-assisted 

splitting of water on TiO2 by Fujishima and Honda.1 Air contaminants such as SOx, NOx, 

halogenated organics, and volatile organic compounds (VOCs) are suitable candidates for PCO.2-

10 TiO2 has been identified as the most promising photocatalytic material based on its strong 

oxidizing power, chemical stability, relatively low price, and biological benignity.11, 12 However, 

photocatalytic performance of conventional TiO2 is limited by its wide band gap (3.2 eV for the 

anatase crystal phase)13 and fast electron-hole recombination. These properties restrict the photon 

absorption range to ultraviolet wavelengths (only 8.3% of total solar irradiance 14) and limit the 

quantum efficiency.15, 16 

In an effort to overcome these problems and increase the photocatalytic activity of TiO2, 

researchers have explored a number of modification approaches17-20 and recently turned to carbon 

nanotubes (CNTs) and other carbon nanomaterials.21-24 CNTs, which are either single-walled 

(SWCNTs) or multi-walled (MWCNTs), possess unique properties that make them the ideal 

supports for catalysts such as large surface area (>200 m2/g), high thermal and chemical stability, 



79 

 

as well as excellent electrical and mechanical properties. In particular, CNTs have a large electron-

storage capacity (one electron for every 32 carbon atoms) and thus can serve as an electron sink; 

additionally, the highly conductive nature of CNTs promotes charge separation via the creation of 

heterojunctions at the CNT-TiO2 interface.25 A number of studies21-31 have shown the unique 

electronic properties of CNTs can be exploited to induce beneficial charge transfer properties and 

synergistic effects between carbon phases and TiO2, thus coupling CNTs to TiO2 can improve 

photocatalytic performance of TiO2. However, the exact role of CNTs in TiO2/CNT composites is 

still poorly understood especially as it can be convoluted by factors such as synthesis methods, 

CNT morphologies, and weight ratio of CNTs to TiO2. Further insight into their syntheses and 

mechanisms is clearly required. 

The conventional method for synthesizing TiO2/CNT is either a sol-gel or hydrothermal 

process.32 Sol-gel synthesis utilizes inorganic metal salts or metal organic compounds to produce 

a sol, which transitions from a liquid to a gel upon polymerization of the precursor and loss of 

solvent. The hydrothermal method33 used in this study involves heating a solution containing the 

titanium precursor to temperatures above the boiling point of the solvent, resulting in significantly 

increased pressures within the autoclave reactor. Synthesis parameters such as heating time in the 

autoclave, temperature, and pH affect the properties of resulting TiO2 and offer a reliable path for 

improved control of the composite properties. Low temperature and relatively short reaction time 

proved best for synthesis of small TiO2 particles, while mild acidity led to control of the crystal 

phase and yielded pure anatase.33, 34 The hydrothermal method described above has been used by 

Zhang et al.35 for creating TiO2/CNT composites, whereas Jitianu et al.36 showed TiO2 decorations 

on MWCNTs were possible. Silva et al.37 also showed that microwave-assisted hydrothermal 

process can be used for high mass loading of metal oxide and CNT composites. Hydrothermal 
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synthesis of TiO2/MWCNT composites was explored in this work due to the possibility of 

controlling the TiO2 phase by controlling pH during the TiO2 nucleation step in the hydrothermal 

aging process. To the best of our knowledge, no studies have been reported on the degradation of 

acetaldehyde, a common indoor pollutant,38, 39 using a hydrothermally prepared mesoporous 

CNT/TiO2 photocatalyst. Moreover, while many studies involving TiO2/CNT composites have 

focused on liquid-phase degradation of dyes, few have investigated gas-phase VOC degradation.40, 

41 

In this work, a hydrothermal synthesis method has been used to synthesize TiO2/MWCNT 

catalyst composites for efficient degradation of acetaldehyde under UV illumination. The 

hydrothermal method shows promise in controlling the anatase/rutile ratio, as well as producing 

diameter-controlled crystalline TiO2 particles on a large scale.42 Catalysts were synthesized with 

nominal mass ratios of 1:100 (TiO2/MWCNT-1%), 1:20 (TiO2/MWCNT-5%), and pure TiO2 

(100% TiO2) as a reference. Performance of the composites was tested in the photocatalytic 

degradation of acetaldehyde in a batch reactor.  

 

4.2 Experimental 

4.2.1 Chemicals 

MWCNTs (purity >95%, outer diameter 20-30 nm, length 10-30 µm) were obtained from 

Chengdu Organic Chemicals Co., Ltd. Hydrogen peroxide (30%) was obtained from Fisher 

Scientific. Titanium tetrachloride (TiCl4, purity >99.0 %) was obtained from Strem Chemicals. 

Sodium hydroxide (NaOH, purity >99%) and acetaldehyde (C2H4O, purity >99%) were obtained 

from Sigma-Aldrich. Dry air was obtained from Matheson. 
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4.2.2 CNT oxidation 

MWCNTs were photo-oxidized in 30 wt% H2O2 via UV illumination (White-Rodger 

Comfort Plus UV200, 2 Philips TUV PL-L 60 W bulbs). UV-assisted H2O2 oxidation of MWCNTs 

has been shown to be effective and less aggressive in comparison to conventional acid oxidation 

using HNO3.
43, 44 In a typical batch, 0.5 g of MWCNTs were added to 200 mL of H2O2, which was 

maintained at 60 °C under UV illumination and vigorous stirring. The MWCNTs were oxidized 

for 72 hours, with 50 mL of H2O2 being added at 24 and 48 hours to sustain the process. After 72 

hours, the oxidized MWCNTs were removed from solution via vacuum filtration and rinsed with 

distilled water. Oxidized MWCNTs were obtained after the samples were vacuum-dried overnight 

at 60 °C. 

 

4.2.3 Catalyst synthesis 

Oxidized MWCNTs were dispersed in 50 mL H2O via sonication at room temperature for 

3 hours. Following sonication, TiCl4 amounts corresponding to TiO2:MWCNT ratios of 99:1 and 

95:5 were added dropwise at a rate of 1 ml/min, to the dispersed MWCNTs at ~5 °C under 

moderate stirring (0.88 mol/L Ti). After addition of the TiCl4 and resulting exothermic reaction, 

the solution was allowed to cool from ~25 to 10 °C under continuous stirring. Once the solution 

reached 10 °C, 35 ml of 5M NaOH were added to the solution to obtain a pH of 3-5. The addition 

of the strong base led to the formation of abundant NaCl, causing the solution to become highly 

viscous. The stir rate was increased gradually from 300 to 800 RPM as the viscosity increased. 

When the solution reached a pH range of 3 – 5, water was added under constant stirring to produce 

a solution of 0.44 mol/L Ti. The solution was then put in a steel autoclave and heated in the oven 

for 3 hours at 150 °C, removed and allowed to cool for 3 hours. The TiO2/MWCNT composite 
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was dried by air continuously flowing over it for 24 hours followed by 3 hours in the oven at 80 

°C. Once dried, TiO2/MWCNT was crushed into a fine powder and baked at 250 °C for 3 hours. 

To remove the NaCl, the composite was rinsed via vacuum filtration with 250 ml of deionized 

water and allowed to dry for 12 hours. Finally, the composite was calcined at 450 °C for 3 hours 

(a temperature low enough to prevent TiO2 sintering),45 cooled, and stored as a powder. Prior to 

evaluation of the catalyst performance, the powders were sieved to <125µm to reduce particle 

agglomeration and grain size distribution. Photocatalysts were synthesized with nominal mass 

ratios of 1:100 (TiO2/MWCNT-1%), 1:20 (TiO2/MWCNT-5%), and pure TiO2 (100% TiO2) as a 

reference. 

 

4.2.4 Characterization  

XRD patterns were obtained using a Rigaku MiniFlex II diffractometer with a Cu Kα 

radiation source. Two theta scanning angles from 10° to 80° degrees were taken with a step size 

of 0.02° and scan speed of 2.0°/min for all photocatalysts. Surface area and pore volume were 

derived from N2 adsorption-desorption measurements at -196°C. The Brunauer-Emmet-Teller 

(BET) method46 was applied to the adsorption isotherm in the relative pressure range of 0.02 to 

0.35 to calculate the specific surface area of the synthesized photocatalysts. Pore-size distribution 

was obtained from the desorption branch at a relative pressure of 0.99 of the isotherm using the 

Barrett-Joyner-Halenda (BJH) model.47 Scanning electron micrographs (SEM) were obtained 

using a Hitachi S5200, operated at 10 kV and equipped with energy-dispersive X-ray spectroscopy 

(EDX). Transmission electron microscopic (TEM) images were obtained with an FEI Tecnai F20 

XT equipped with EDX at 120kV. A small amount of photocatalyst powder was dispersed in 

ethanol by sonication for 10 minutes and a drop of the solution was deposited onto a carbon TEM 
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grid. Raman spectroscopy was obtained from a Renishaw Raman spectrometer using a CW laser 

with a wavelength of 514 nm. Raman spectra were collected at different locations of the sample. 

The TiO2 and TiO2/MWCNT samples were analyzed by UV-visible diffuse reflectance 

spectroscopy (UV-vis DRS) using a Shimadzu UV-2600 spectrometer with BaSO4 as the 

background material. X-ray photoelectron spectroscopic (XPS) measurements were conducted on 

a Kratos Ultra XPS system with a standard Mg Kα source (hν =1253.6 eV). A charge neutralizer 

was employed to minimize the effect of charging. High-resolution spectra were acquired at 20 eV 

pass energy with 0.1 eV steps. XPS spectra were analyzed using CasaXPS software. Peak 

components in the high-resolution spectra were fit with a combination of Gaussian and Lorentzian 

peak shapes.  

 

4.2.5 Photocatalytic performance 

In a standard catalyst evaluation, 0.100 ± 0.001 g of sieved photocatalyst powder was 

loaded into a borosilicate sample dish, which was then placed in a 750-mL borosilicate batch 

reactor. The reactor was purged using UHP air (low CO2 and H2O content) at 6 liters per minute 

(LPM) for 5 minutes. Thereafter, acetaldehyde vapor corresponding to 1000 ppmv was injected 

into the reactor and allowed to equilibrate in darkness for 90 minutes. The ultraviolet illumination 

system – consisting of two 25 W Sylvania 21703 (356 nm) bulbs and two 13 W ReptiSun 10.0 

UV/B bulbs (emission spectrum displayed in Figure C4.1) – was switched on to initiate the 

reaction for a duration of 120 minutes. One-mL gas samples were taken from the reactor at ~10 

minute intervals for analysis. The decrease in acetaldehyde concentration and increase in CO2 

concentration were monitored using an SRI 310C gas chromatograph equipped with a Restek silica 

gel column (8046-895, 6 ft length, 2 mm ID), flame ionization detector (FID), and on-column 
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injection. Detected peaks were integrated using PeakSimple Chromatography Integration 

software. The relative concentration is expressed as C/Co, where C is the concentration of 

acetaldehyde at time t and Co is the initial acetaldehyde concentration. The photocatalytic 

experiment was conducted at room temperature (~25°C) with an indoor relative humidity of ~50%. 

The photocatalytic performance of three separate 0.100 g samples from each composite ratio were 

tested to ensure statistical significance of the results. Average catalyst performance was calculated 

using the average concentration of three degradation experiments for each catalyst.  First-order 

rate assumptions were applied in analysis of the degradation data.  

 

4.3 Results and Discussion 

4.3.1 Characterization of photocatalysts 

XRD was used to characterize the phase composition of TiO2 and TiO2/MWCNT 

composites and their diffraction patterns are presented in Figure 4.1. The anatase peaks at 2θ values 

of 25.40°, 37.9°, 48.0°, 53.9°, and 55.1° can be indexed to (101), (004), (200), (105), and (211) 

crystal planes, respectively. Diffraction peaks for rutile at 27.4° 36.2°, 41.3°, 54.4°, and 56.7° are 

present, which are indexed to (110), (101), (111), (211), and (220) crystal planes. The primary 

diffraction peak for brookite at 30.9°, indexed to (121), is also present. These peak assignments 

are also in agreement with prior studies.48-51 Comparing the reflection peaks observed in TiO2 to 

the TiO2/MWCNT composites, it can be concluded the dominant phase in all photocatalysts is 

anatase, although the TiO2/MWCNT-5% composite appears to have a substantial fraction of rutile. 

A summary of the complete phase composition of the photocatalysts is presented in Table C4.1. 

The height ratio of the dominant anatase peak at 25.2° to the dominant rutile peak at 27.4° (IAna/IRut) 

can be used to determine the weight fraction of anatase and rutile crystalline phases of TiO2 from 
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Equation 1 as demonstrated by Spurr and Myers;52 the calculated mass ratios of anatase to rutile 

in TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5% are 66:34, 98:2, and 92:8, respectively. It is 

worth mentioning the characteristic peak of MWCNTs (002) located at 2θ = 25°, is not observed 

for the TiO2/MWCNT samples. This is most likely due to the overlap with the strong anatase (101) 

reflections.  

𝒇 =
𝟏

𝟏+𝟏.𝟐𝟔(
𝑰𝑹
𝑰𝑨

)
                       (4.1) 

 

 

 

 

Figure 4.1. XRD patterns of TiO2 and TiO2-MWCNT nanocomposites. Peak labels have been 

included to correlate peaks to crystal phase (Anatase [A], Rutile [R], or Brookite [B]). 
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Table 4.1. Summary of catalyst properties. 

 
 

Average TiO2 particle size for the samples (Table 4.1) was calculated from the full width 

at half maximum (FWHM) of the principal anatase (101) peak at 25.2° using the Williamson-Hall 

method. Average TiO2 particle sizes for TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5% 

composites are 6.1, 5.8, and 7.2 nm, respectively. The high uniformity in TiO2 particle sizes for 

the catalyst composites indicates the addition of MWCNTs during synthesis did not affect the size. 

Analysis of the Eg band (≈142cm-1) in the Raman spectra (Figure C4.1) confirms the insignificant 

differences in particle size, as size discrepancies would manifest as an increase in peak frequency.53 

SEM images of the synthesized photocatalysts presented in Figure 4.2 further illustrate the 

similarity of the bulk powder morphologies. Using EDX, carbon amounts were estimated at 1.4 

and 6.6 wt% for TiO2/MWCNT-1% and TiO2/MWCNT-5% catalysts, respectively; these values 

indicate good agreement with the nominal values of 99 and 95 wt% TiO2 in the samples. EDX data 

shown in Figure 4.3 reveal TiO2/MWCNT-5% contains pockets of carbon in different regions 

exceeding 10 wt%, which may indicate CNT clustering during the TiO2 nucleation phase. Intimate 

contact between MWCNTs and TiO2 is apparent in the TEM images for TiO2/MWCNT-5% in 

Figure 4.4, even after 10 minutes of sonication during the sample preparation process for TEM 
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characterization; this provides evidence of strong interactions between MWCNTs and TiO2 

nanoparticles, and high dispersion, especially for TiO2/MWCNT-1%. Particle sizes estimated from 

the TEM images for the samples are in the range of 3 – 8 nm. The slight discrepancy in particle 

size obtained from TEM and XRD is consistent with overestimation of the size of crystallite 

particles by the Scherrer equation.54, 55 

 

Figure 4.2. Low- and high-magnification SEM images of photocatalysts: TiO2 (a, b), 

TiO2/MWCNT-1% (c, d), TiO2/MWCNT-5% (e, f). 
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Figure 4.3. Carbon dispersion within photocatalysts. SEM images with EDS mapping of elemental 

carbon overlayed (a – d). EDS mapping of elemental carbon illustrating carbon dispersion (e – h). 

 

 

BET surface areas of pure TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5% were 

determined to be 74.6, 141.6, and 68.2 m2/g, respectively. The adsorption-desorption isotherms 

are presented in Figure C4.2. The dramatic difference in surface area clearly indicates an effect of 

MWCNTs on the morphology of the photocatalysts, which could stem from the presence of 

MWCNTs during the nucleation of TiO2 nanoparticles as part of the hydrothermal process. A small 

amount of MWCNTs (~1 wt%) effectively increased the surface area of resulting composites while 

a further increase in the amount of MWCNTs (~5wt%) resulted in particle agglomeration, reducing 

overall surface area of the catalyst composite. Total pore volumes and average pore sizes 

determined by the BJH method for pure TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5% are 

summarized in Table 4.1. The existence of mesopores in the catalyst composites is evidenced by 

pore sizes in the order 7.6, 8.4, and 9.4 nm for TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5%, 

respectively. Significant increase in porosity is observed in the TiO2/MWCNT-1% composite, 
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evidenced by substantially greater pore volume despite comparable pore size. Use of a 

hydrothermal method with a low weight fraction of MWCNTs yields TiO2/MWCNT composites 

characterized by a combination of large specific surface area and pore size distributions in the 

mesopore range — features beneficial in catalysis. 

 

Figure 4.4. TEM images of TiO2 particles on MWCNTs in the TiO2/MWCNT-5% sample. 

 

XPS characterization was performed to elucidate the surface composition of the 

photocatalysts. Figure 4.5 shows high-resolution XPS spectra for the 1s region of photocatalysts 

fitted using two asymmetric peak components. The peak component at binding energy of ~531 eV 

is attributed to the oxygen bonded to Ti (Ti-O) in TiO2, while the component at ~532 eV is related 

to the hydroxyl group.56 Results of deconvolution of O 1s peak for the photocatalysts are 

summarized in Table 4.2. Percentage concentrations of the two oxygen species identified changes 

with the amount of MWCNTs used during synthesis. Hydroxyl content in the photocatalysts 

decreases in the following order: TiO2/MWCNT-1% > TiO2/MWCNT-5% > TiO2. This result 
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suggests presence of small amounts of MWCNTs (~1 wt%) enhances chemisorption of water on 

the surface of TiO2 — a feature hardly observed for composites with 5 wt%. Prior studies have 

shown chemisorption of water on TiO2 composites is enhanced with the addition of CNTs.56, 57 

Since XPS analysis occurs under ultra-high vacuum, the observed hydroxyl species is a result of 

chemisorption, not physisorption. XPS analysis of the catalyst composites reveals a substantially 

higher percentage of chemisorbed hydroxyl groups on the surface of the TiO2/MWCNT-1%. 

Hydroxyl enrichment on the surface of TiO2 promotes photocatalytic activity due to an increase in 

the generation of *OH radicals from the reaction between photogenerated holes and chemisorbed 

hydroxyl ions (or moisture) on the surface of photocatalyst. Therefore, synthesis approaches that 

yield high amounts of hydroxyl groups on the surface benefit photocatalytic reactions.  

 

Figure 4.5. XPS high-resolution O 1s spectra of photocatalysts fitted using two asymmetric peak 

components. 
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Table 4.2. Summary of results of deconvolution of high-resolution XPS O 1s spectrum of TiO2 

and TiO2/MWCNT composites using peak components with asymmetric line shapes. 

 

 

 

4.3.2 Photocatalytic activity 

Activity of photocatalysts was measured by evaluating the rate of acetaldehyde degradation 

in the gas phase under UV light illumination. Figure 4.6 shows data for degradation of 

acetaldehyde over pure TiO2, TiO2/MWCNT-1% and TiO2/MWCNT-5%. It is clear from the 

results that TiO2/MWCNT-1% shows the highest photocatalytic performance because the rate of 

decrease of relative concentration (C/Co) is the fastest among the photocatalysts (Figure 4.6a). 

Photocatalytic degradation of acetaldehyde is assumed to be a pseudo-first-order reaction58 with 

the following simplified Langmuir-Hinshelwood kinetic model when initial concentration (Co) is 

negligible: 

ln (
𝐶

𝐶𝑜
) = −𝑘𝑜𝑡                                                                              (4.2) 

where ko is the apparent first-order rate constant. From the kinetic plots in Figure 4.6b, the 

TiO2/MWCNT-1% shows the highest slope and consequently, the highest average rate constant 

(Figure 4.6c). In contrast, composites prepared without MWCNTs (pure TiO2), or with relatively 



92 

 

high amounts of MWCNTs (TiO2/MWCNT-5%), exhibit inferior photocatalytic performance. The 

respective shades around the plots in Figure 4.6 show the range within one standard deviation for 

all data collected at each time interval. Projection lines intercept the y-axis after time zero due to 

desorption of acetaldehyde when the UV lights were switched on. 

 

Figure 4.6. (a) Degradation curves of photocatalyst performance projection. Center lines indicate 

the first order rate equation derived from the average degradation data for each catalyst. (b) 

Photocatalytic degradation of acetaldehyde as a function of UV illumination time. (c) Comparison 

of the average rate constants for the photocatalytic degradation of acetaldehyde using TiO2, 

TiO2/MWCNT-1%, and TiO2/MWCNT-5%. 
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The average rate constant for acetaldehyde degradation with TiO2 is 8.23×10-2 min-1. In 

particular, degradation reactions with TiO2/MWCNT-1% resulted in a photocatalytic rate constant 

of 15.0×10-2 min-1, which is higher than that of a pure TiO2 photocatalyst by almost a factor of 

two. By comparison, Sano et al.59 saw a 60% increase in acetaldehyde degradation rate using a 

platinum-doped TiO2 catalyst as compared to P25 in humid air, while Vijayan et al.60 achieved a 

40% increase in reaction rate for acetaldehyde photocatalytic oxidation under UV illumination 

with a TiNT/SWCNT composite. It is apparent introducing a small amount of MWCNTs into a 

TiO2 matrix enhances photocatalytic activity of the resulting TiO2-based composites. Conversely, 

the rate constant obtained for the degradation reaction with TiO2/MWCNT-5% is 6.50×10-2 min-

1, which is surprisingly lower than that of pure TiO2; this indicates a further addition of MWCNTs, 

beyond the optimum loading ratio of 1:100 (MWCNTS:TiO2), diminishes the effectiveness of the 

photocatalyst.  

As mentioned earlier, the TiO2/MWCNT-5% catalyst is characterized by a lower 

percentage of anatase (~67 wt%). The observed difference in photocatalytic performance is not 

attributed to the composition of the crystal phases because the ideal ratio of anatase to rutile for 

maximal PCO rates has been shown to be between 40 and 80% anatase,61 and ratios for all 

synthesized photocatalysts were within this range. Electronic structure calculations for mixed 

rutile-anatase systems have revealed band alignment of rutile lies higher than that of anatase, 

resulting in hole accumulation in the valence band of rutile.62 This conclusion supports the idea 

that higher rutile amounts than that in P25 may be beneficial to photocatalytic reactions that utilize 

holes generated in the valence band. 

The TiO2/MWCNT-1% composite is able to achieve 80% degradation of acetaldehyde 

after 110 min while pristine TiO2 achieves less than 60% degradation for the same illumination 
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time. The primary mechanism for photocatalytic activity enhancement in TiO2/MWCNT-1% is 

thought to be the result of structural effects from the addition of small amounts of MWCNTs. 

When higher amounts of MWCNTs are present, CNT agglomeration within the bulk catalyst 

occurs, resulting in TiO2 nucleation around CNT bundles. This phenomenon is illustrated in Figure 

4.7. While the average TiO2 particle sizes are comparable, stark differences in surface area and 

pore volume suggest dispersion is affected by the presence of CNTs during TiO2 particle 

nucleation. Without the presence of CNTs, TiO2 particles experience some agglomeration during 

nucleation. Adding a small amount of MWCNTs (~1%) increased dispersion while providing 

nucleation sites for TiO2 particle formation. Further addition of MWCNTs results in CNT 

clustering in the aqueous solution, due to their high hydrophobicity despite the oxidation of the 

MWCNTs. MWCNT clustering can be observed in both EDX (Figure 4.3) and Raman 

spectroscopic results (Figure C4.1). Raman spectra for the TiO2/MWCNT-5% sample show 

substantial differences in intensity of the characteristic peaks of MWCNTs (i.e., the D-band ~1350 

cm-1 and G-band ~1590 cm-1) between the two spectra obtained from two different spots. The 

spectrum with carbon peaks of higher intensity exemplifies the agglomeration of CNTs in the 

scanned region.  

MWCNT clustering results in agglomeration of TiO2 particles around the MWCNT 

bundles in addition to the typical nucleation and aggregation experienced in pristine TiO2 solution. 

As a consequence, surface area and total pore volume of the photocatalyst decreases, resulting in 

a lower photocatalytic performance. In addition, CNT light absorption may begin to hinder the 

effectiveness of TiO2 as the active photocatalytic material.63 UV-vis DRS data provided in Figure 

C4.3 confirms the photocatalytic activity enhancement in the TiO2/MWCNT-1% catalyst is not 

due to band-gap reduction as it appears to have blue-shifted subtly compared to the TiO2 catalyst. 
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These results support the hypothesis of photocatalytic enhancement from MWCNT addition due 

to physical effects. 

 

Figure 4.7. Proposed mechanism for the role of CNTs in TiO2 nucleation and dispersion during 

hydrothermal synthesis of TiO2/MWCNTs. 

 

4.4 Conclusions 

CNT/TiO2 catalysts of different CNT:TiO2 ratios were synthesized using a hydrothermal 

method. The addition of only 1wt% MWCNTs resulted in nearly double the degradation rate of 

acetaldehyde vapor. The observed catalytic enhancement is attributed to morphological differences 

caused by the presence of MWCNTs during TiO2 particle nucleation and change in surface 

chemistry of the photocatalysts. The presence of small amounts of MWCNTs (~1 wt%) enhances 

chemisorption of water on the surface of TiO2. Further addition of MWCNTs corresponding to 5 

wt% resulted in lower photocatalytic performance, which is attributed to the agglomeration of 

CNTs during the hydrothermal process and possible reduction, as well as interference in the 

absorption of light by TiO2.  
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Chapter 5 - Photocatalytic NOx Mitigation Under Relevant Conditions 

Using Carbon Nanotube-Modified Titania 

 Chapter 5 is reprinted with permission from: 

Everhart, B. M.;  McAuley, B.;  Al Mayyahi, A.;  Tonyali, B.;  Yucel, U.; Amama, P. B., 

Photocatalytic NOx mitigation under relevant conditions using carbon nanotube-modified titania. 

Chemical Engineering Journal 2022, 446, 136984 

5.1 Introduction 

Nitrogen oxides (NOx), classified as criteria air pollutants by the Environmental Pollution 

Agency (EPA), are not only harmful at concentrations as low as 21ppb (40ug/m3),1 but also react 

in atmosphere to generate tropospheric ozone, resulting in smog2-4 and even contribute to 

particulate matter (PM2.5) pollution concentrations via formation of nitrate aerosols.5 NOx is a 

generic term that refers to a mixture of nitrogen monoxide (NO) and dioxide (NO2). Each of these 

pollutants is monitored by the EPA and World Health Organization (WHO) as they lead to 

respiratory issues including infection and irritation due to their ability to act as free radicals and 

induce high oxidative stress.6 Over 90% of all atmospheric NOx originates from anthropogenic 

sources, including energy production and distribution, and energy use in industry.4 At combustion 

temperatures, the equilibrium constant for the following reaction increases exponentially, leading 

to substantial NOx formation.  

𝑁2 + 𝑂2 ↔ 2𝑁𝑂                 (5.1) 

The conventional approach for reducing ambient NOx concentrations requires elimination 

at the source via selective catalytic reduction (SCR) of flue gas or vehicle exhaust.7-10 SCR 

introduces a reductant, such as ammonia or urea, to reduce NOx to N2, therefore reducing emissions 
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at the source.9, 10 Because flue gas can contain hundreds of ppb of NOx, even efficient conversion 

of NOx by SCR results in emission with concentrations nearly 1000× greater than the WHO 

permissible exposure limits.5, 7 Once NOx disperses into the atmosphere, passive air purification 

techniques that are effective at sub-ppb level concentrations are required to convert the dilute NOx 

concentrations to innocuous compounds. 

Heterogeneous photocatalysis using semiconductors has been studied as an effective 

method to eliminate atmospheric pollutants, including NOx.
11-27 Photocatalytic oxidation of NO to 

nitrates first requires the generation of reactive oxygen species (ROS) via reactions with 

photogenerated excited electrons and holes. Once ROS are generated, NO oxidizes to NO2 before 

converting to HNO3 via the following reactions:28 

𝑇𝑖𝑂2 + ℎ𝑣 → 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+                    (5.2) 

ℎ𝑉𝐵
+ + 𝐻2𝑂𝑎𝑑𝑠 → 𝐻𝑂𝑎𝑑𝑠

• + 𝐻+                    (5.3) 

ℎ𝑉𝐵
+ + 𝐻𝑂𝑎𝑑𝑠

− → 𝐻𝑂𝑎𝑑𝑠
•              (5.4) 

𝑒𝐶𝐵
− + 𝑂2𝑎𝑑𝑠

→ 𝑂2𝑎𝑑𝑠

•−                           (5.5) 

The use of the gold standard TiO2 (or P25) in photocatalysis suffers from two major 

limitations which severely limits its ability to efficiently remove atmospheric NOx: rapid 

recombination rate of electrons and holes that diminish its efficiency, and a wide band gap (Eg = 

3.2 eV for anatase) that confines its photoactivity to the UV range.19, 29 To address the former, 

studies have mostly focused on coupling with a noble metal/narrow band-gap semiconductor to 

form Schottky barriers or heterojunctions.13, 30-32 With the advent of nanocarbons, recent efforts 

have focused on exploiting their exceptional properties in designing efficient TiO2-nanocarbon 

hybrid photocatalysts. Composites such as graphene-TiO2
19, 21, 29 and TiO2-graphene-carbon 

nitride (g-C3N4)
21, 33, 34 have been used in photocatalytic oxidation of NOx and have shown 

enhanced performance. While carbon nanotube-titania (CNT-TiO2) photocatalysts have been 
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applied in aqueous phase and gas phase studies involving other VOCs, there is surprisingly little 

research presented on their ability to degrade NOx.
35-37 Liu et al. investigated Cu-doped TiO2 

supported on CNTs for SO2 and NO removal, but did not monitor NO2 or NOx concentrations.35 

Li et al.36 introduced CNTs to a traditional V2O5/TiO2 catalyst for SCR of high NO concentrations 

(200ppm) while Yen et al.37 synthesized CNT-TiO2 composites and tested their photocatalytic 

performance in 1000 ppb NO, obtaining modest conversion (32% NOx conversion).  

As shown in Equations 3 and 4, the generation of ROS requires adsorbed moisture. While 

a humid environment is favorable for generation of hydroxyl radicals due to increased adsorption 

of water molecules, elevated relative humidity can have an adverse effect on the conversion of 

NOx. A few studies have shown the increase of NO conversion as humidity increases due to the 

increased generation of hydroxyl radicals38, 39 Others, however, have reported humidity reduces 

NO conversion due to the competitive adsorption of water and the target pollutant molecule14, 40-

44. For oxidation of NOx, there is therefore strong evidence that elevated humidity levels will lead 

to reduced NOx conversion with traditional photocatalysts at low concentrations (< 1ppb). This 

may be attributed in part to competitive adsorption of water and NOx, where water molecules 

outnumber NOx molecules by several orders of magnitude. On the other hand, high NO 

concentrations may benefit from elevated humidity, as a larger quantity of hydroxyl radicals would 

be required for oxidation reactions. While some of these studies concluded that NO conversion to 

NO2 decreased with increasing humidity,14, 41, 44 others suggested that impaired NOx oxidation is 

due to increased NO2 generation despite relatively constant NO conversion.16, 45 Flue gas contains 

the products of combustion that includes a large amount of moisture even when mixed with 

outdoor air. For successful coupling with existing remediation technology, it is important to 

understand the role of humidity in NOx removal. Unfortunately, thus far, there is no conclusive 
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understanding of the role of humidity in complete oxidation of NOx to nitrates. In particular, there 

have been no reports on performance of CNT-TiO2 photocatalysts at different humidity levels or 

their DeNOx ability under any set of conditions. 

In this study, CNT-TiO2 hybrid photocatalyst films with optimum amount of CNTs were 

systematically investigated in NOx oxidation under conditions that will enable their 

implementation as part of flue gas treatment system, downstream of SCR and prior to emission to 

the atmosphere. The desired photocatalyst is required to maintain effective De-NOx ability under 

variable humidity, concentrations, catalyst conditions (fresh vs. used), and NOx ratios. To 

determine the ability of a photocatalyst to eliminate the hazards associated with NOx pollution, we 

have calculated the “De-NOx index,” a measure of photonic efficiency during NOx abatement, for 

CNT-TiO2 and a reference (P25) under the different oxidation conditions. Utilizing the De-NOx 

index, an objective figure of merit for photocatalytic NOx abatement, in tandem with relative NOx 

oxidation has provided a better understanding of the photocatalyst performance. We have 

examined, for the first time, the effect of the reactor headspace distance thereby probing the role 

of mass transfer limitations in the photocatalytic process. Evaluation of the performance of 

recycled and fresh photocatalysts has provided valuable insight into their stability. Furthermore, 

the study provides valuable insight into the mechanism of NOx oxidation, specifically as it pertains 

to NOx storage selectivity and De-NOx index using electron paramagnetic resonance spectroscopy 

(EPR) to determine the relative formation of hydroxyl and superoxide radicals for P25 and CNT-

TiO2 photocatalysts.  
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5.2 Experimental 

5.2.1 Oxidation of CNTs 

Multi-walled CNTs (MWCNTs) obtained from Times Nano (diameter 20-30 nm, purity 

>95%) were photo-oxidized using H2O2 (Fisher Scientific, 30 wt%) via UV irradiation (White-

Rodger Comfort plus UV200 2 Phillips TUV PL-L 60 W Bulbs) as described elsewhere.46, 47 In a 

typical batch, 1 g of CNTs were added to 400 ml of H2O2 in a round bottom flask. The mixture 

was sonicated for 15 minutes to uniformly disperse the CNTs. The CNTs were then heated to 60°C 

under constant stirring and UV irradiation for 72 hours; 50 ml of H2O2 was added every 24 hours 

to make up for evaporation. The CNTs were vacuum filtered, rinsed with deionized water, and 

dried at 50°C for 20 hours to yield CNT powders with oxygen-containing functional groups on the 

surface.  

 

5.2.2 Synthesis of CNT-TiO2 hybrid photocatalyst 

Synthesis of CNT-TiO2 composite was performed via a modified sol-gel process, adapted 

from the method developed by Yu et al.48 The optimum amount of CNTs, as determined 

previously,47 was used in the synthesis of CNT-TiO2 hybrids. First, functionalized CNTs were 

dispersed in ethanol for 30 minutes via sonication. Second, the titanium precursor, titanium (IV) 

isopropoxide (Sigma Aldrich, > 97%), was added dropwise to the ethanol/CNT solution and the 

resulting solution sonicated for 30 minutes to disperse the precursor. Addition of 80 mL nitric acid 

(0.001M) to the solution, resulted in the formation of a viscous, grey sol. The sols were sonicated 

for 30 minutes to ensure completion of the reaction before aging at 25°C for 20 hours. The product 

was vacuum filtered, rinsed with DI water and dried for 12 hours at 80°C. The resulting powders 

were crushed and calcined at 400°C for 3 hours. A total of 12 batches of photocatalyst were 
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synthesized and were uniformly mixed into a large reserve to allow for use of identical fresh 

catalyst for each NOx degradation experiment. 

 

5.2.3 Coating of photocatalysts 

The calcined CNT-TiO2 photocatalysts were sieved to <125μm to increase powder 

uniformity and dispersion in solution. The photocatalyst powder was then dispersed in ethanol at 

a ratio of 0.15g/ml and sonicated for 15 minutes following established steps by Weon and Choi.49 

The solution was drop cast onto glass slides (50 mm × 100 mm) via a pipet. A doctor blade set to 

a height of 250 μm above the slide was pulled across the surface to ensure a uniform coating 

thickness. Approximately, 0.25g of photocatalyst was deposited on each slide. The slides were 

then allowed to dry before being stored until testing.  

 

5.2.4 Characterization of photocatalysts 

X-ray diffraction (XRD) patterns of P-25 and the synthesized CNT-TiO2 photocatalysts 

were obtained from a Rigaku MiniFlex II diffractometer utilizing a Cu Ka radiation source. Two-

theta scanning angles from 10° to 80° degrees were taken with a step size of 0.02° and a scan speed 

of 2.0°/min. Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy 

(EDX) was used to study the morphology and composition of photocatalysts. SEM images and 

EDX profiles were obtained using a Hitachi S5200, operated at 10 kV. The samples were 

characterized by UV-visible diffuse reflectance spectroscopy (UV-vis DRS) using a Shimadzu 

UV-2600 spectrometer with BaSO4 as the background material. Photoluminescence (PL) 

spectroscopy was performed using a spectraMax i3x multi-mode microplate reader with an 

excitation wavelength of 360 nm. Thermogravimetric analysis (TGA) of photocatalysts was 
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performed on a Shimadzu TGA-50 Analyzer. Roughly 8 mg of each sample was heated under a 

stream of air flow (10 mL/min) from room temperature to 600 °C at a rate of 5 °C/ min. X-ray 

photoelectron spectroscopy (XPS) data were collected using a PHI 5000 VersaProbe II (Physical 

Electronics Inc.) spectrometer with a monochromated Alkα X-ray source, at ultrahigh vacuum 

(1x10-9 bar) using an X-ray beam size of 100 μm. Survey spectra were recorded with pass energy 

(PE) of 117 eV, step size 1 eV and dwell time 20 ms, whereas high-energy resolution spectra were 

recorded with PE of 47eV, step size 0.1 eV and dwell time 20ms. Surface area and pore volume 

were derived from N2 adsorption–desorption measurements at -196 °C. The BET method was 

applied to the adsorption isotherm (relative pressure range of 0.02–0.35) to calculate specific 

surface areas.50 Pore-size distribution was obtained from the desorption isotherm at a relative 

pressure of 0.99 using the BJH model.51 

 

Electron paramagnetic resonance (EPR) spectroscopy measurements were performed using 

a stable nitroxide spin trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, Enzo Life Sciences, 

Plymouth Meeting, MI, USA) following the method described in Brezova et al.52  The catalysts 

(0.2 mg/mL) were dispersed in water with sodium dodecyl sulfate (SDS, 0.2 mg/mL) as a 

surfactant to inhibit catalyst particle aggregation in an ultrasonic bath for 15 minutes.  Then, an 

aliquot of freshly-prepared DMPO solution (0.2 M) was added into the catalyst solution (10 mM 

DMPO final concentration), which was immediately irradiated with UV light under continuous 

stirring. After 5 minutes, an aliquot of solution (100 µL) was transferred to a borosilicate capillary 

tube, and sealed with vinyl plastic putty (Leica Microsystems, Wetzlar, Germany). The samples 

were inserted to the center of EPR cavity (SpinscanX, ADANI, Minsk, Belarus) analyzed using 

the following parameters: microwave frequency 93 kHz, microwave power 10 mW, center field 

336.4 mT, sweep width 10 mT, and modulation amplitude 200 uT. The formation of DMPO-ROS 
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spin adducts was quantified by calculating the total area under the curve via double-integration of 

the characteristic EPR peaks using GRAMS/AITM Spectroscopy Software (Thermo ScientificTM, 

Version 9).  

The formation of superoxide radicals was investigated as follows. The photocatalysts were 

dispersed in water (10 mL) containing ethanol (1%, v/v) to final concentrations of 0.2 mg/mL and 

1 mg/mL for P25 and CNT-TiO2, respectively, using an ultrasonic bath for 15 minutes. An aliquot 

of freshly prepared DMPO solution (0.2 M) was added into the photocatalyst solution (50 mM 

final DMPO concentration), which was immediately irradiated with UV light under continuous 

stirring. After 5 minutes, 100 µL of solution was transferred to a capillary tube, and sealed with 

vinyl plastic putty. The samples were immediately inserted to the center of EPR cavity and 

analyzed using the parameters described above. In EPR experiments, dispersion of the catalyst in 

solution is imperative for accurate analysis of a catalyst’s ability to generate hydroxyl radicals 

upon illumination. EPR experiments revealed the importance of catalyst dispersion for 

determining accurate OH radical generation.  

 

5.2.5 Photocatalytic performance evaluation 

Photocatalytic oxidation experiments were conducted at room temperature in a laminar-

flow reactor constructed in accordance to ISO standards.53 Two gas lines were connected to the 

reactor: the first contained 100 ppm NO in nitrogen while the second contained breathable air. 

Gases flowed through their respective mass flow controllers into a bubbler/bypass apparatus, 

enabling both humidity control and improved mixing of the gases upstream of the reactor. The 

relative humidity was monitored using a SensorPush HT1 humidity sensor. The reactor chamber 

was constructed from steel with a quartz glass window enabling UV light penetration to the 

photocatalyst surface. The sample holder within the reactor, constructed from PLA (polylactic acid 
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polymer), held photocatalyst samples directly underneath the lighting apparatus. Photocatalysts 

were illuminated with four UVA/UVB AgroMax Pure UV fluorescent lights (2 ft F24T5HO Pure 

UV, 75% UV-B / 25% UV-A) producing a UVA/UVB intensity reading of approximately 2 

mW/cm2.  A Chemiluminescent 42C Low Source analyzer from Thermo Fisher Scientific was 

used to continuously measure the concentration of NO and NOx. Figures 5.1a and b provide a 

schematic illustration of the reactor apparatus. 

Prior to conducting each experiment, a different catalyst substrate was inserted into the 

sample holder and irradiated with UV light for ≥ 1 hour with continuous airflow to remove any 

adsorbed contaminants. The lights were then turned off and NOx was flowed with the air for 30 

minutes to allow for adequate adsorption onto the photocatalyst surface. The UV lights were then 

turned on for 2 hours under a constant flow of NOx before the lights were turned off and NOx 

levels allowed to re-equilibrate. Once each photocatalytic oxidation experiment was completed, 

concentrations of NO, NO2, and NOx were saved at one-minute intervals. Relative concentrations 

were determined by dividing the concentration at time t (Ct) by initial values (C0). Average 

conversion percentages were determined after replicating each experiment (2-4 experiments per 

datum point). De-NOx index values were calculated from these averaged relative concentration 

values.  

Figure 5.1c provides a graphic of the experimental conditions investigated. The effect of 

humidity was determined before investigating other conditions. Experiments were performed at 

1000 ppb initial NOx concentration and a total airflow of 3000 sccm at different RH levels (10-

70% RH). Next, experiments were performed at different initial concentration levels (100-1000ppb 

NOx) at low (10% RH) and high (50% RH) humidity. After these experiments, the effect of 

headspace on the photocatalytic process (or the possibility of mass transfer limitations convoluting 
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the DeNOx index) was explored. These experiments were performed by changing the height of the 

sample holder (headspace distance), which involved directly changing the headspace in the reactor 

between 2 and 8mm.  

 

Figure 5.1. (a) Schematic illustration of the photocatalytic reactor setup. (b) Schematic illustration 

of the laminar-flow reactor configuration constructed according to ISO standards showing NOx 

flow and oxidation on photocatalyst surface. (c) Overview of experiments conducted. 
 

5.3 Results and Discussion 

5.3.1 Characterization of photocatalysts 

XRD was used to determine the crystal structure of the photocatalysts. Figure 5.2a shows 

XRD patterns of P25 and CNT-TiO2 and their corresponding peak assignments. Patterns for each 

individual CNT-TiO2 batch prior to mixing are presented in Figure D5.1a; they confirm the batch-

to-batch uniformity of the synthesized CNT-TiO2. Clear differences between CNT-TiO2 and P25 

can be gleaned from the XRD patterns. Table 5.1 provides crystallographic (XRD) and surface 

area (BET) data. First, CNT-TiO2 predominantly contains anatase (78%) with the remaining 
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fraction is comprised of brookite (121). As expected, P25 contains a notable fraction of the rutile 

(110) crystal phase (18%), while containing no brookite (121). The presence of anatase and rutile 

in P25, and anatase and brookite in CNT-TiO2 was confirmed with Raman spectroscopy (Figure 

D5.1c). 

Another apparent difference is crystal size, as the peak width of CNT-TiO2 is broader than 

that of P25. The crystallite size calculated from the Scherrer equation for CNT-TiO2 and P25 is 

8.1nm and 21.4nm, respectively. These results indicate a relatively smaller anatase crystal size in 

CNT-TiO2 as compared to P25. The small anatase crystal size for the CNT-TiO2 sample was in 

part due to the use of dilute (0.001M) nitric acid during synthesis in place of deionized water. The 

use of nitric acid lowers the pH of the solution and has been shown to reduce crystallite size of 

TiO2 powders.54 Smaller crystallite size, along with the presence of CNTs, results in a higher 

surface area relative to P25. Figure D5.2 provides nitrogen adsorption-desorption isotherms, as 

well as optical microscopic images of catalyst films deposited on glass substrates. Tauc plots of 

the photocatalysts (inset of Figure 5.2b) generated from their UV-vis spectra (Figure 5.2b) were 

used to determine their band gaps assuming a direct allowed transition (γ = 0.5) and following the 

steps outlined in the literature 55. The band gaps obtained for P25 and CNT-TiO2 were ~3.3 eV 

and ~3.2 eV, respectively. 

Figure 5.2 (c-e) shows SEM and EDS images of CNT-TiO2 (c and d) and P25 (e and f). 

The images in panels (c) and (e) show the comparable macrostructure of both photocatalysts, and 

the small crystallite size of CNT-TiO2 is verified by the SEM image of the microstructure (Figure 

D5.1). EDS results showing the elemental compositions are presented as insets in panels (d) and 

(f). P25 and CNT-TiO2 contain 2.1 wt% and 4.2 wt % of carbon, respectively. We attribute the 

carbon present in P25 to background contamination; thus, the estimate of the actual carbon 
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concentration in CNT-TiO2 is approximately 2 wt%, slightly higher than the nominal concentration 

of 1 wt%. A carbon concentration of 2 wt% in CNT-TiO2 may indicate the reduced yield of TiO2 

during the synthesis process. Additional characterization of the catalyst films are summarized in 

the supplementary section (Tables D5.1-2). 

 

Figure 5.2. (a) XRD patterns for CNT-TiO2 (red) and P25 (blue) photocatalysts. (b) UV-Vis 

spectra of CNT-TiO2 (red) and P25 (blue) photocatalysts (inset: Tauc plots of the photocatalysts). 

SEM images of CNT-TiO2 (c) and P25 (e), and corresponding EDS spectra and chemical 

composition including weight percentage of carbon for CNT-TiO2 (d) and P25 (f).  



113 

 

Table 5.1. Catalyst powder characterization 

 

 

5.3.2 Effect of humidity 

Representative photocatalytic oxidation profiles in Figure 5.3 show typical degradation of 

NO, NO2 and NOx on CNT-TiO2 and P25 at low (10% RH) and high humidity (50% RH). 

Oxidation profiles in each figure has four distinct regions labelled 1– 4: (1) initiation of NOx flow 

indicated by the steep rise in relative concentration (~10 min), (2) NOx equilibration with the lights 

off (~30 min), (3) oxidation under illumination (~120 min), and (4) NOx re-equilibration after 

lights are shut off (~160 min). When NOx flow is initiated, a slightly higher concentration flows 

through the reactor to increase adsorption before the flow decreases to the desired concentration. 

At low RH (Figures 5.3a-c), when the lights are turned on, profiles for NO, NO2, and NOx all 

immediately decrease to roughly half of the initial concentrations for both CNT-TiO2 and P25. 

However, at 50% RH (Figures 5.3d-f) the NO2 degradation profiles for the photocatalysts show 

stark contrast in their relative concentrations, leading to notable differences in the overall NOx 

profiles. While the NO2 profile for the CNT-TiO2 photocatalyst exhibits substantial reduction in 

concentration under illumination, the NO2 profile for P25 actually increases to values even higher 

than the initial concentration. Despite differences in the concentration profiles under illumination, 

concentrations of NO, NO2, and NOx, all quickly re-equilibrate back to a concentration of 1000 
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ppb after the lights are turned off before NOx flow is shut off and the concentrations decrease 

sharply as air purges the system. 

To further investigate the photocatalytic performance under different conditions, the 

widely used and objective figure of merit for photocatalytic NOx abatement, the DeNOx index, 

was used. The index provides a measurement of the overall photocatalyst performance in NOx 

removal, as it considers NO conversion as well as NO storage selectivity, defined as the percentage 

of NO completely oxidized to nitrates versus the total amount of NO oxidized to NO2. To calculate 

DeNO
x 

index, the photonic efficiency for NO, NO
2
, and NO

x
 must first be calculated using the 

following equation:17 

𝜉 =
(𝑐𝑑−𝑐𝑖)�̇�𝑝

𝜑𝐴𝑅𝑇
                   (5.6) 

where 𝜉 represents the photonic efficiency of a given species; 𝑐𝑑 and 𝑐𝑖 the species concentrations 

in the dark and under illumination, respectively; �̇� the volumetric flow rate; 𝑝 the pressure in the 

system (1 atm for this work); and 𝜑 the photon flux at the photocatalyst surface, which is dependent 

on the wavelength of light (320 nm) and intensity (20 W/m2). 𝐴, 𝑅, and 𝑇, are the catalyst irradiated 

area (5cm × 10cm), gas constant, and temperature (K), respectively. Once the photonic efficiency 

was calculated for each species, DeNOx and NOx storage selectivity (S) were calculated via the 

following equations: 

𝜉𝐷𝑒𝑁𝑂𝑥
 = 𝜉𝑁𝑂𝑥

(3 −
2

𝑆
)                                     (5.7) 

S =  
𝜉𝑁𝑂𝑥

𝜉𝑁𝑂
                     (5.8) 
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Figure 5.3. Representative NOx degradation profiles at over 2 hours using an initial NOx 

concentration of 1000ppb at low humidity (10% RH) for NO (a), NO2 (b), and NOx (c); and at 

high humidity (50% RH) for NO (d), NO2 (e), NOx (f). Each degradation profile has four distinct 

regions: (1) initiation of NOx flow indicated by the steep rise in relative concentration (~10 min), 

(2) NOx equilibration with the lights off (~30 min), (3) degradation under illumination (~120 min), 

and (4) NOx re-equilibration after lights are shut off (~10 min). 
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Figure 5.4. Profiles of NO, NO2, and NOx concentrations as a function of RH: (a) initial NOx 

concentrations, (b) reduction in relative concentrations for P25, and (c) reduction in relative 

concentrations for CNT-TiO2. (d) DeNOx index for P25 and CNT-TiO2 as a function of RH. (e) 

NO conversion and NOx storage selectivity at low and high RH for each catalyst. Experiments 

were performed at 1000ppb initial NOx concentration. 
 

As discussed above, while the performance of the photocatalysts in NO oxidation are 

comparable irrespective of RH levels, there is a sharp contrast in performance in NO2 conversion. 

Several studies18, 19, 22, 34, 38, 56 involving TiO2 and TiO2-based hybrids also show high performance 

in the conversion of NOx to NO2 under elevated humidity levels; however, their performance in 

the subsequent oxidation of NO2 to nitrates that is critical in NOx abatement is either low or not 

reported. Figures 5.4a shows initial concentrations of NO and NO2 at 1000ppb total NOx while 

Figures 5.4b and c show reduction in relative concentration of NO, NO2, and NOx as a function of 

RH for P25 and CNT-TiO2. The reduction in relative concentration for NO (∆NO), NO2 (∆NO2) 

and NOx (∆NOx) were calculated according to the following equations: 
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ΔNO = (NOin – NOout)/NOin              (5.9) 

ΔNO2 = (NO2in – NO2out)/NO2in          (5.10) 

ΔNOx = (NOxin – NOxout)/NOxin          (5.11) 

 

The relative NO, NO2, and NOx degradation percentages are shown for NO, NO2, and NOx 

in Table D5.3. The calculated DeNOx values at different RH levels are shown in Figure 5.4d, while 

Figure 5.4e shows NO conversion and NOx storage selectivity. It is clear from the results that at 

low RH levels, P25 and CNT-TiO2 photocatalysts exhibit comparable DeNOx and selectivity, 

whereas at elevated RH levels, CNT-TiO2 significantly outperforms P25 in terms of DeNOx 

despite comparable NO conversion due to higher NO2 selectivity. Figure 5.4d clearly illustrates 

the inferior DeNOx index of P25 even at 30% RH and performs even worse at both 50% and 70% 

RH. Conversely, CNT-TiO2 experiences only a small decrease in DeNOx at elevated humidity and 

maintains high NOx storage selectivity. Therefore, CNT-TiO2 outperforms P25 in terms of DeNOx 

despite converting slightly less NO overall. 

DeNOx index is particularly important in evaluating the abatement of NOx pollution, as 

conversion to nitrates is imperative, rather than partial conversion of NO to NO2.  Our extensive 

research on humidity levels around the world revealed few places experience humidity levels as 

low as 10% on a consistent basis.57 Figure D5.3 provides humidity data of major cities, both in 

terms of relative humidity and absolute humidity (ppm). The humidity data indicate that realistic 

humidity conditions are at or above 50% RH, exceeding 5000 ppm water and reaching values as 

high as 15000 ppm or greater. Since air is used as diluent prior to the implementation of 

photocatalysis on treated flue gas waste stream, this necessitates the design of photocatalysts that 

exhibit high DeNOx index especially in humid environments.    
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5.3.3 Effect of initial concentration 

The effect of initial concentration of NOx on the oxidation of nitrogen oxides (NO, NO2, 

and NOx) and De-NOx index for CNT-TiO2 and P25 photocatalysts are shown in Figure 5.5. The 

experiments were performed at low (10% RH) and high (50% RH) humidity levels. At low RH, 

the oxidation profiles of the different nitrogen oxides for P25 and CNT-TiO2 are quite similar, 

especially at low initial concentrations (< 500 ppb). However, at a NOx concentration of 1000 ppb, 

it appears P25 starts to experience a decrease in NOx storage selectivity, evidenced by the increase 

in the relative concentration of NO2 compared to those of NO and NOx. Corresponding plots of 

NO conversion and storage selectivity as functions of initial concentration can be found in Figure 

D5.4. These results show that NO conversion decreases with increasing initial concentration for 

both photocatalysts. Furthermore, P25 exhibits marginally higher NO conversion at all initial 

concentrations at low humidity; the trend becomes slightly more pronounced at high humidity. As 

observed in Figure 5.5, even though CNT-TiO2 exhibits a lower NO conversion, its DeNOx 

capability is superior especially at higher RH levels. CNT-TiO2 shows a higher NOx storage 

selectivity at all initial concentration at high humidity with the disparity becoming even more 

pronounced as initial concentration increases. The reduction in NO2 conversion observed with P25 

for an initial concentration of 1000 ppb (Figure 5.5a) corresponds to a slight decrease in NOx 

storage selectivity as shown in Figure D5.4a. Values of relative NO, NO2, and NOx degradation 

percentages for P25 and CNT-TiO2 catalysts at different initial concentration for a) 50% and 10% 

RH from Figure 5.5 are summarized in Table D5.4. 
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Figure 5.5. Reduction in relative concentration profiles of NO, NO2, and NOx versus initial NOx 

concentration at low RH (10%) for P25 (a) and CNT-TiO2 (b) and high RH (50%) for P25 (c) and 

CNT-TiO2 (d). (e) DeNOx index for P25 and CNT-TiO2 as a function of initial concentration for 

10% RH (e) and 50% RH (f). 
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5.3.4 Effect of headspace 

The effect of mass transfer in the reactor on NOx oxidation is poorly understood even 

though it could be a competing factor in reactions carried out under different RH levels and initial 

NOx concentrations. To test for mass transfer, experiments were performed at headspace distances 

of 8, 5, 3, and 2 mm, corresponding to residence times of 0.95, 0.59, 0.36, and 0.24s, respectively 

(approximately 40-50% decrease in residence time at each interval). The effect of headspace on 

DeNOx for the photocatalysts is presented in Figures 5.6a-b. The results reveal that mass transfer 

limitations significantly impact results at a headspace distance of 8 mm and even 5 mm, as NO 

conversion and DeNOx index values are comparable at 3 mm, despite a significantly lower 

residence time. If conversion stays constant as a function of residence time, then apparent reaction 

rate is much lower than the actual surface reaction rate. Mass transfer from the bulk airflow 

therefore limits NO conversion when the reactor headspace is too large, due to limited diffusion 

of NOx to the catalyst surface. To confirm these results, experiments were performed using P25 

under low humidity at 3-mm headspace distance with different volumetric flowrates. Flowrate 

values were carefully selected to correspond to residence times used in the headspace experiments, 

allowing for comparison of NO conversion at identical residence times where mass transfer 

limitations were suspected. Figure 5.6d shows NO conversion data obtained at 10% RH using a 

constant headspace distance (0.3 cm), but different volumetric flow rates compared to those 

obtained at a constant volumetric flow rate, but different headspace distances (Figure 5.6c). If no 

mass transfer limitations were present at headspace distances of 5 and 8 mm, NO conversion in 

Figure 5.6c should correspond to the values obtained in Figure 5.6d for residence times of 0.60 

and 0.96 s. As expected, increasing residence time by decreasing flow rate while maintaining a 

constant headspace distance improved NO conversion. The conversions at residence times of 0.6s 
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and 0.96s in Figure 5.6d are significantly higher than their corresponding values in Figure 5.6c at 

identical residence times, confirming the presence of mass transfer limitations at higher headspace 

values (> 3 mm).  

 

Figure 5.6. DeNOx index for P25 and CNT-TiO2 as a function of reactor headspace distance for 

low RH (10%) (a) and high RH (50%) (b). (c) NO conversion and NOx storage selectivity 

corresponding to (a). (d) NO conversion and NOx storage selectivity for photocatalytic reactions 

performed at different flow rates using a headspace distance of 3mm at 10% RH. Flow rates in 

Figure (d) were chosen to equate residence times in Figure (c). 

 

Under mass transfer limited conditions, transport of NO to the surface of the catalyst is 

limited, subsequently reducing the effective conversion rate of NO; this affects NO2 generation 

and its conversion (or lack thereof) to nitrates. Furthermore, it allows extra time for the generated 
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NO2 to react with generated radicals, improving the apparent DeNOx. Under conditions where 

mass transfer does not appear to be limiting, NO (based on NO conversion) may rapidly diffuse 

from the bulk flow and adsorbs on the catalyst surface, while NO2 diffuses more rapidly from the 

boundary layer to the bulk flow, reducing the NOx storage selectivity, and thus decreasing the 

DeNOx index. Our results highlight the importance of headspace distance, a parameter that has 

mostly been overlooked in photocatalytic reactor design and kinetic studies involving NOx 

oxidation. It is therefore necessary to test photocatalytic reactors for mass transfer limitations to 

ensure NO conversion, selectivity, and DeNOx values are accurate. 

 

5.3.5 Effect of photocatalyst stability and recycling 

To probe the stability and reusability of the photocatalysts, we compared the performance 

of fresh and used photocatalysts after aging. Photocatalysts used in experiments to probe the effect 

of humidity (1000 ppb of NOx, 10% and 50% RH) were aged for 12 months and the photocatalytic 

performance of the samples were reevaluated under similar conditions. As shown in Figure 5.7, 

the humidity level has a significant impact on the performance of recycled catalysts. Both fresh 

and recycled P25 and CNT-TiO2 show comparable performance at low humidity. At high 

humidity, however, P25 experiences substantially higher loss in catalytic performance than CNT-

TiO2. The reduced availability of active sites in P25 due to water adsorption at high humidity may 

be responsible for the poor activity. As discussed in Subsection 3.2, both photocatalysts experience 

a decrease in DeNOx at elevated humidity. P25 experiences a 66% reduction in DeNOx 

performance at high humidity compared to low humidity, but the CNT-TiO2 catalyst only incurs a 

27% reduction in DeNOx index. For recycled photocatalysts, this disparity becomes even more 

pronounced. CNT-TiO2 experiences a 49% reduction in DeNOx at high humidity, whereas P25 
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experiences a 134% reduction. Several important observations can be made from Figure 5.7. First, 

the recycled CNT-TiO2 catalyst has better DeNOx ability than pristine P25. The result is especially 

important when considering photocatalytic oxidation of NOx using atmospheric air where RH 

values are generally 50% or greater (Figure D5.3). Second, recycled P25 experiences a 

significantly higher drop-off in DeNOx at high RH (68% reduction) compared to recycled CNT-

TiO2 (22% reduction). It is apparent from these results that as P25 and CNT-TiO2 photocatalysts 

are used over time, the disparity in their performance becomes even larger, confirming CNT-TiO2 

as a reusable and robust catalyst for NOx oxidation. 

 

Figure 5.7. (a) DeNOx index for pristine and recycled P25 and CNT-TiO2 catalysts at 10% RH 

and 50% RH levels. (b) NOx storage selectivity for pristine and recycled P25 and CNT-TiO2 

catalysts at 10% RH and 50% RH levels. 

 

5.3.6 Photocatalytic mechanism of NOx oxidation 

It is clear from our results that humidity negatively impacts DeNOx, even though NO 

conversion stays constant or increases with humidity. The change in DeNOx was the direct result 

of inhibited NOx storage selectivity. As noted earlier, a number of studies have reported increasing 

NO2 concentrations with humidity, particularly for TiO2 photocatalysts.16, 41, 45 Adsorbed water 

contributes to generation of hydroxyl radicals via Equations 5.3 and 5.4 while also occupying 
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active sites, leading to counteracting phenomena during NO conversion. While reaction pathways 

for NOx oxidation have been shown for both hydroxyl and oxygen radicals, most NO oxidation 

mechanisms focus on a multistep process dominated by hydroxyl radicals.28, 58 As shown in 

Equations 5.12 – 5.14, the process requires oxidation of NO to HONO, which reacts with a 

secondary hydroxyl radical, generating NO2, before reacting with a tertiary hydroxyl radical to 

generate HNO3. For catalysts exhibiting equal NO conversion, their different DeNOx index values 

could be attributed to incomplete oxidation of NO and increased generation of NO2.  

𝑁𝑂 +  𝐻𝑂• → 𝐻𝑂𝑁𝑂                   (5.12) 

𝐻𝑂𝑁𝑂 + 𝐻𝑂• → 𝑁𝑂2 + 𝐻2𝑂           (5.13) 

𝑁𝑂2 + 𝐻𝑂• → 𝐻𝑁𝑂3              (5.14) 

While this conventional mechanism relies on OH radicals involved in a multistep oxidation 

of NO to nitrates, some studies have suggested that hydroxyl radicals are not the dominant 

mechanism for NOx oxidation.44, 59, 60 In this case, superoxide radicals (O2
•-), generated from the 

reaction of adsorbed oxygen with the excited electron (Equation 5.5), serve as a prominent reaction 

pathway for NO. Miyawaki et al.16 also noted that NO2 appeared to desorb more readily in a humid 

environment. These observations suggest the overall mechanism for NOx oxidation to nitrates is 

more complicated than many of the current mechanisms suggest. 

While no research has been performed on the effect of humidity on DeNOx using 

photocatalyst composites containing CNTs, a few studies have demonstrated that C3N4/TiO2 

photocatalysts can improve DeNOx in humid environments 20, 23, 33. Generally, these composites 

improve the NOx storage selectivity, leading to increased conversion of NO2. Multiple studies61-66 

have highlighted the significant role of superoxide radicals, generated from reaction with the 

excited electron in the conduction band, in the photocatalytic oxidation of other pollutants. There 
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is compelling evidence from the above studies that the incorporation of graphitic carbon 

nanomaterials in photocatalysts can increase the dominance of the oxidation pathway involving 

superoxide radicals relative to that with hydroxyl radicals. Furthermore, Furman et al.67 

demonstrated that water-solid matrices actually increase the stability and reactivity of superoxide 

radicals, while Aristidou et al.68 suggested that superoxide radicals are more reactive on perovskite 

solar cells in the presence of physisorbed water in a humid environment.  

To rationalize the stark difference in photocatalytic performance between P25 and CNT-

TiO2 under the different conditions and provide a deeper understanding into the oxidation 

mechanism, the photocatalyst activity was further investigated using other analyses (Figure 5.8). 

EPR data in Figures 5.8a-b provides semi-quantitative insight into hydroxyl and superoxide radical 

concentrations generated from P25 and CNT-TiO2. The spin-trapped hydroxyl radical (DMPO-

OH) adduct presents as a quartet with an intensity ratio of 1:2:2:1.69, 70 EPR results indicate the 

CNT-TIO2 catalyst generates a lower hydroxyl radical concentration than P25, evidenced by the 

reduction of the signal intensity in the quartet (Figure 5.8a). This observation is consistent with 

the NOx degradation data whereby NO to NO2 conversion is slightly lower for CNT-TiO2 than for 

P25. Despite the slightly lower generation of hydroxyl radicals, CNT-TiO2 exhibits substantially 

higher NO2 conversion particularly in a humid environment, highlighting the complex nature of 

the reaction.  
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Figure 5.8. (a-b) EPR spectra of DMPO-hydroxyl radical spin adducts produced from P25 and 

CNT-TiO2 catalysts in (a) aqueous dispersion (0.2 mg/mL) and (b) water containing ethanol (1%, 

v/v, 0.2 mg/mL) after 5 minutes of UV irradiation. (c) TGA profiles of P25 and CNT-TiO2 

catalysts obtained using a ramp rate of 5°C /min under air flow; (d) zoom-in version of (c) showing 

the temperature range of interest associated with desorption of physisorbed water. High-resolution 

XPS O 1s spectra of P25 (e) and CNT-TiO2 (f) catalysts. 

 



127 

 

In an aqueous environment, singlet oxygen reacts with DMPO to produce DMPO-O2
-, 

which immediately decomposes to hydroxyl radical adducts.52, 71 Signal intensity in an aqueous 

environment is therefore correlated to formation of superoxide radicals; however, they are not 

observed directly because of their fast decomposition. EPR signals of superoxide radicals 

generated in presence of ethanol are shown in Figure 5.8b. The complex EPR spectra was formed 

by the signal of hydroxyl radicals (same peak location as in Figure 5.8a) and the larger peak signal 

of superoxide radicals next to the hydroxyl radicals. A similar EPR spectrum of DMPO-superoxide 

adducts was shown by Jackson et al.72 This semi-quantitative analysis proposed that the signal 

intensity ratio of superoxide radicals to hydroxyl radicals is higher in CNT-TIO2 than in P25, 

indicating that the CNT-TiO2 photocatalyst can generate more superoxide radicals than P25. 

Furthermore, TGA data in Figure 8c shows significant disparity in the mass loss 

experienced by the photocatalysts, particularly at low temperatures (<130°C). For emphasis, the 

temperature range in Figure 5.9c where physisorption occurs is shown in Figure 5.8d. The greater 

mass loss experienced by CNT-TiO2 suggests the presence of high amounts of physisorbed water 

compared to P25. However, analysis of the high-resolution XPS O 1s peak (Figures 5.8e and 8f) 

reveals comparable OH fractions, indicating comparable amounts of chemisorbed water due to the 

absence of physisorbed water in the ultra-high-vacuum XPS analysis chamber. From the TGA and 

XPS data, it is clear the ratio of physisorbed-to-chemisorbed water is much higher on the surface 

of CNT-TiO2 compared to P25. Yang et al.73 demonstrated that improved DeNOx in humidity was 

directly correlated to this ratio of physisorbed-to-chemisorbed water. In agreement with our work, 

we observe significant improvement in DeNOx index for CNT-TiO2 photocatalyst in humid 

environment due to improved NO2 conversion. PL data (Figure D5.7) indicate that the CNT-TiO2 

photocatalyst has a significantly lower intensity, which may suggest slower charge 
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recombination.74, 75 It is important to note, however, that the suppressed PL spectra could have 

other causes, such as increased non-radiative recombination.74 

We therefore hypothesize that the CNT-TiO2 catalyst generates a greater amount of 

superoxide radicals, which experience increased stability and reactivity due to the presence of 

physisorbed water. The O2
•- radicals directly oxidize NO to NO3

-, effectively bypassing the 

generation of NO2.  

𝑁𝑂 + 𝑂2
•− → 𝑁𝑂3

−              (15) 

This reaction pathway would be present on the surface of P25 as well, but to a lesser extent 

as fewer superoxide radicals are generated; these radicals likely degrade more rapidly, partaking 

in limited oxidation of NOx due to the significantly lower amount of physisorbed water. In contrast, 

P25 appears to rely more heavily on NOx oxidation via hydroxyl radicals. A schematic 

representation of the role of CNTs in improving NO2 conversion on CNT-TiO2 surface in a humid 

environment is presented in Figure 5.9. Owing to the lower amounts of OH• radicals generated by 

CNT-TiO2, NO conversion is lower, particularly in a humid environment. NOx storage electivity 

on the CNT-TiO2 catalyst is higher, however, because a greater amount of NO is directly oxidized 

to nitrates via O2
•- radicals. The increased reactivity of superoxide radicals may result from more 

efficient use of the radicals generated due to their longer lifetimes and greater reactivity in the 

physisorbed water micro-environment. In this environment, it is also possible other ROS species, 

such as perhydroxyl radicals (HO2
•) and hydrogen peroxide (H2O2) may play a part in secondary 

reactions bypassing the traditional hydroxyl radical-assisted pathway.  
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Figure 5.9. Schematic illustration of the role of CNT in improving NO2 conversion on CNT-TiO2 

in a humid environment. The relatively higher adsorbed water content on CNT-TiO2 compared to 

the predominantly OH radical dominant oxidation of NOx on P25 is hypothesized to increase 

stability and activity of superoxide radicals. 

 

The discussion of the mechanism would be incomplete without addressing the difference 

in surface area. We believe the effect of surface area is minor relative to the superoxide radical 

generation and reactivity discussed above. Yang et al.73 demonstrated that two catalysts with very 

similar physisorbed-to-chemisorbed water ratios 
𝐻2𝑂

𝑂𝐻+𝐻2𝑂
 had comparable NO, NO2, and NOx 

conversion efficiencies despite having significantly different surface areas (59.9 m2/g vs. 321.1 

m2/g). We note that additional experiments with P25 indicated that there is a small effect of surface 

area on NO conversion, NOx storage selectivity, and DeNOx when total catalyst weight is increased 

(Figure D5.8). However, since there are no significant differences in NO conversion or total 

catalyst weight (Table D5.2) for P25 and CNT-TiO2, it is unlikely that surface area is playing a 

significant role in this case.  
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5.4 Conclusions 

This work demonstrates the outstanding DeNOx and NOx storage selectivity of CNT-TiO2 

photocatalysts under continuous flow under simulated conditions that will facilitate further 

removal of NOx from the waste stream of traditional flue gas treatment processes. While the CNT-

TiO2 catalyst significantly outperformed P25 at 50% RH and at higher initial NOx concentrations 

(500 and 1000 ppb), the trend was less noticeable at initial concentrations of 250 ppb and 100 ppb. 

Headspace distance was determined to be an important factor in the evaluation of catalyst 

performance, as too large of a distance resulted in mass transfer limitations, preventing NOx 

adsorption on the catalyst surface at a rate equivalent to the surface reaction. Further investigation 

of reactor headspace distance revealed that mass transfer limitations can convolute reaction results 

at a headspace distance greater than 3 mm, despite having significantly longer residence times. 

These results highlight the need to test for mass transfer limitations in photocatalytic reactor with 

different configurations including those designed to ISO standards. Comparison of fresh and 

recycled photocatalysts revealed CNT-TiO2 maintains performance at elevated humidity after long 

periods of shelf life, whereas P25 performance drops substantially from an already poor starting 

point. The significantly higher ratio of physisorbed-to-chemisorbed water on the surface of CNT-

TiO2 in comparison to P25 is used to rationalize the remarkable DeNOx performance observed 

with the former. This study offers a pathway for the utilization of hybrid photocatalysts for efficient 

removal of NOx downstream of industrial waste processing, which is expected to reduce the 

concentration of NOx released to the atmosphere. The process has the potential of complementing 

current technologies used for NOx reduction in flue gas and addressing industrial NOx pollution at 

ground zero. 
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Chapter 6 – Conclusions 

In this dissertation, studies involving controlled SWCNT growth via catalytic CVD and 

synergistic effects of CNT-TiO2 composites in photocatalytic oxidation of pollutants have been 

discussed. Insight into scalable growth of SWCNTs using FTS-GP as a precursor has been 

provided. Additional work was carried out to illuminate the role of Ru as a promoter of Co 

catalyst in the growth of small-diameter SWCNTs. Significant improvements in photocatalytic 

oxidation of VOCs in a batch reactor and NOx in a flow reactor system have been achieved 

using CNT-TiO2 composites. Based on the results and discussions, the main conclusions are 

summarized below. 

• During CVD growth of CNTs, FTS-GP generates water in situ via a reaction between 

H2 and the low-volume fraction of CO. Catalytic performance and the concentration of 

water formed during FTS-GP CVD experiments are sensitive to the decomposition 

temperature of FTS-GP, and maximum carpet heights are achieved at 750°C. 

Additional experiments conducted in ARES support our mechanistic rationale for the 

observed growth enhancement with FTS-GP CVD, which has the combined advantage 

of supporting on-site generation of water and having a high tolerance for high 

concentrations of water, making process optimization and scale-up promising. 

• The addition of 10% Ru to a 1-nm thick Co (Co-Ru) catalyst increases the selectivity 

of small-diameter SWCNTs, as calculated from Raman spectra collected using 532-nm 

and 633-nm laser excitations. In addition, Ru appears to stabilize catalyst particle size 

at elevated temperatures, as selectivity towards small-diameter SWCNTs is less 

temperature dependent for growth on Co-Ru compared to Co. The reduction in catalyst 

particle sintering has been attributed to an increase in cohesive energy in Co particles 
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when Ru atoms are included in the cluster, as calculated by DFT for 13-atom and 55-

atom clusters. These findings open the door for growth of small-diameter SWCNTs in 

conventional CVD systems and future applications requiring small-diameter SWCNTs. 

• The addition of only 1wt% MWCNTs to a TiO2 photocatalyst composite result in 

nearly double the degradation rate of acetaldehyde vapor. The observed catalytic 

enhancement is attributed to morphological differences caused by the presence of 

MWCNTs during TiO2 particle nucleation and change in surface chemistry of the 

photocatalysts. Further addition of MWCNTs results in lower photocatalytic 

performance, which is attributed to the agglomeration of CNTs during the 

hydrothermal process, as well as interference in the absorption of light by TiO2. 

• CNT-TiO2 photocatalyst demonstrates outstanding DeNOx and NOx storage 

selectivity under different conditions in a continuous flow reactor system when 

compared to P25, the standard photocatalytic material. CNT-TiO2 generates a greater 

amount of superoxide radicals compared to P25, which results in direct oxidation of 

NOx to nitrates. Headspace distance has also been highlighted to be an important 

factor in the evaluation of catalyst performance, as too large of a distance results in 

mass transfer limitations, preventing NOx adsorption on the catalyst surface at a rate 

equivalent to the surface reaction. 

This dissertation provides a deeper understanding into the growth of SWCNTs, both in 

terms of scalability and diameter control. It also provides insight into improved photocatalytic 

capabilities of CNT-TiO2 composite materials in the oxidation of gas phase pollutants. This 

knowledge is expected to provide a foundation for development of composite materials which can 

remove a variety of gas phase pollutants under real world conditions. 
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Chapter 7 – Future Work 

Recommendations for future work are as follow: 

• Perform growth experiments using Ru-promoted Co catalysts in a conventional 

CVD system using different gas precursors. 

• Investigate the role of Ru as a promotor on Fe catalysts for the high yield growth 

of small-diameter SWCNTs to establish the role of Ru as a promoter independent 

of chosen catalyst. 

• Introduce different VOC pollutants to a standard NOx experiment and monitor the 

simultaneous DeNOx performance with the oxidation of the VOCs, providing more 

realistic pollution conditions for photocatalysis as a remediation technique in the 

real world. 

• Fabricate CNT-TiO2 composite materials containing small diameter 

semiconducting SWCNTs and investigate the visible light photosensitization 

capability of the s-SWCNTs. Determine the ability of these composites to maintain 

high DeNOx performance while exposed to visible light, a necessary step for 

implementing photocatalytic coatings in the real world. 

• Perform DeNOx experiments in the absence of oxygen and/or in the presence of a 

hole scavenger in order to provide greater insight into the complex mechanism of 

NOx oxidation. 

• Explore the use of time resolved photoluminescence for further insight into 

photogenerated charge lifetimes on photocatalyst composites. Time resolved PL, 

when performed alongside EPR characterization, would provide detailed insight 

into the ability of a photocatalyst composite to generate radicals from incident 
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photons. Current assumptions made in the literature using standard PL 

characterization may be inaccurate, as reduced PL signal can be attributed to several 

factors besides suppression of electron-hole recombination, such as decreased 

generation of charges or increased rate nonradiative recombination.  
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Appendix A – Supplementary Information for Chapter 2 

 

Table A2.1. Predicted amount of water generated during FTS-GP CVD at different growth 

temperatures for different fractions of FTS-GP in the feed. 

 

 

*FTS-GP composition used in this study. 

 

 

 

 

 

 

 

Temperature 

(°C) 

Water Generated (ppm) 

5% FTS-GP 10% FTS-GP* 20% FTS-

GP 

30% FTS-

GP 

650 96.2 386.5 1563.8 3544.1 

700 47.0 190.7 743.9 1878.8 

750 16.6 64.6 261.5 711.7 

800 9.1 34.6 141.2 322.6 
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Figure A2.1. SWCNT yield as a function of growth temperature in ARES. 
 

 

Figure A2.2. Post-growth Raman spectra (excitation wavelength 633 nm) collected from the 

ARES micropillars for SWCNT growth experiments performed using C2H4 (a) and FTS-GP (b)  

for varying amounts of H2O.  
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Figure A2.3. SWCNT yield and catalyst lifetime for different feedstocks and compositions in the 

absence of additional water at 825°C in ARES. 
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Appendix B – Supplementary Information for Chapter 3 

 

Table B3.1. Average values of the fitting parameters (ν and τ) from Figure 4. 
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Table B3.2. G-band integrated area and small-diameter SWCNT selectivity as functions of 

temperature for growth on Co and Co-Ru as shown in Figure 3.3. 
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Figure B3.1. Representative Raman spectra and peak fitting for SWCNTs grown on Co (a) – (b) 

and Co-Ru (c) – (d) using acetylene as the feedstock. For spectra acquired with 532 nm (a and c) 

excitation, the small-diameter SWCNT selectivity of Co in (a) is 0.293 (T = 750°), while the 

selectivity of Co-Ru in (c) is 0.485 (T = 770°). For spectra acquired with 633 nm laser (b and d), 

the small-diameter SWCNT selectivity of Co in (c) is 0.364 (T = 750°), while the selectivity of 

Co-Ru in (d) is 0.646 (T = 770°).   
 

 



147 

 

 

Figure B3.2. Relative frequency of RBM peaks obtained by averaging Raman data from 532 nm 

and 633 nm laser excitations shown in Figures 2(e) – (f) versus peak position using 20 cm-1 (a) 

and 50 cm-1 (b) brackets. 

 

 

 

 

 
Figure B3.3. Relative frequency of RBM peaks for Co (a-b) and Co-Ru (c-d) versus peak position 

using Raman data from 532 nm and 633 nm laser excitations at different growth temperature 

ranges. 

  



148 

 

 

Figure B3.4. Relative frequency of RBM peaks for growth on Co (a-b) and Co-Ru (c-d) versus 

peak position using ethylene, acetylene, and FTS-GP precursors. Data are shown for 532 nm and 

633 nm laser excitations. 

 

 

 

Figure B3.5. (a) – (b) Difference in selectivity towards small-diameter SWCNTs for the different 

feedstocks on Co and Co-Ru; data were calculated from Raman spectra acquired with 633 nm laser 

excitation. 
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B.1 Analysis of C1 and C2 values in Equation (1) 

𝜔𝑅𝐵𝑀 =
𝑐1

𝑑
+ 𝑐2                                        (1) 

Values for C1 and C2 in Equation 1 have been reported in the ranges of 210 - 260 for C1 and 0 

- 20 for C2.
1-6 Generally, larger C2 values correspond to larger interaction effects, such as interaction 

with dispersion fluid in the case of isolated tubes or tube-tube interactions in bundles.4, 5, 7 In the case 

of tube bundling, RBMs can shift as much as 8-12% relative to the RBM frequency of the isolated 

tube.6, 8 Kuzmany et al.6 presented a function for C2 (using C1 = 234) that is dependent on both SWCNT 

diameter and size of SWCNT bundle:  

𝐶2 =
𝑐(10.3𝑑−2.3)2.56

𝑑
(1 −

1

𝑁0.46)                                (2) 

where c is a scaling factor for tube-tube interaction (listed as 1) and N is the number of tubes in the 

bundle. Considering a SWCNT diameter of 1 nm and for bundles of relatively few tubes, C2 ≈ 10, 

whereas for infinitely large tube bundles, C2 = 20.5. In this work, we have assumed small tube bundles 

based on the SEM images as evidenced by SEM data; therefore, the average small-diameter SWCNT 

selectivity has been calculated using C1 = 234 and C2 = 10 (values discussed by Dresselhaus et al.5).  

Further analysis was carried out to investigate the impact of different values of C1 and C2 on 

the small-diameter SWCNT selectivity for Co and Co-Ru and the results are summarized in Figure S6. 

Using C1 = 214.4 and C2 = 18.7, as reported for isolated tubes by Telg et al.2, result in the same 

selectivity as C1 = 234 and C2 = 10. Assuming very large tube bundles whereby C1 = 234 and C2 = 

20.5, the small-diameter SWCNT selectivity decreases slightly; notice that the RBM peak at ~253 cm-

1 in the spectra obtained with the 633 nm excitation no longer contributes to the selectivity. Small-

diameter SWCNT selectivity calculations using C1 = 255 and C2 = 20 are also included in Figure S6 

to set a minimum bound, using values at the top end of the ranges presented by Maultzsch et al.4 Using 

these values (C1 = 255 and C2 = 20) removes the peak at 262 cm-1 in the spectra collected with 633 nm 
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excitation and the peak at 268 cm-1 in the spectra collected with 532 nm excitation from the small-

diameter SWCNT selectivity.  

Results in Figure S6 indicate that the small-diameter SWCNT selectivity on Co-Ru is 

significantly higher than on Co regardless of the values of C1 and C2 chosen. In addition, selectivity is 

less temperature dependent on Co-Ru compared to Co at all values of C1 and C2 examined. 

Furthermore, as more conservative values for C1 and C2 are chosen, the disparity in selectivity 

increases. For the values C1 = 234 and C2 = 10, the average selectivity of Co-Ru is nearly higher than 

that of Co by a factor of two. When C1 = 255 and C2 = 20, growth using Co-Ru results in selectivity 

three times that of Co. It is important to note that while no difference in selectivity is observed between 

the first and second values of C1 and C2, it is likely due to the use of 532 nm and 633 nm laser 

excitations, which are not in resonance with any RBMs between 233cm-1 and 244cm-1.9 The use of 

additional laser excitation wavelengths (such as 785nm and 1064nm) would likely result in a small 

decrease in selectivity between results in the first (C1 = 214.4 and C2 = 18.7) and second (C1 = 234 and 

C2 = 10) panels. 
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Figure B3.6. The effect of different C1 and C2 values on the average small-diameter selectivity at 

different growth temperatures for Co (a) and Co-Ru (b). (c) Average selectivity using the four sets 

of C1 and C2 values for Co and Co-Ru.   
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Figure B3.7. Data used in Figure 3 (c) separated to show small-diameter selectivity for growth 

performed with ethylene and acetylene as feedstocks: (a) data from 532nm Raman excitation; (b) 

data from 633nm Raman excitation. (c) Averaged data from spectra acquired using 532nm and 

633nm excitation. (d) Histogram of average selectivity across temperature ranges for Co and Co-

Ru catalysts. Error bars show standard deviations for the calculated average values. 
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Figure B3.8. Multi-excitation Raman spectra of SWCNTs grown on Co (a) and Co-Ru (b) 

catalysts using acetylene as the feedstock; the green shade highlights the small-diameter region 

(<1 nm).  

 

 

 

Figure B3.9. Selectivity data used in Figure 3 (c) separated based on their excitation wavelength: 

(a) 532 nm, and (b) 633 nm. 
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Figure B3.10. AFM images of as-deposited catalyst films and annealed in H
2
/Ar for 0 min (a and 

b), 3 min (c and d), 10 min (e and f), and 30 min (g and h) for Co (left panel) and Co-Ru (right 

panel). A plot of RMS roughness obtained from the images as a function of annealing time (i). 

Films were deposited on Si substrates and annealed in a regular hot-wall CVD. 
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Figure B3.11. Small-diameter selectivity of SWCNTs grown on IBS/e alumina-supported Co and 

Co-Ru catalysts for the different feedstocks as a function of temperature. (a) – (b) Selectivity 

calculated from Raman spectra acquired with 532 nm excitation. (c) – (d) Selectivity calculated 

from Raman spectra acquired with 633 nm excitation. 
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Figure B3.12. Heat plots illustrating the small-diameter SWCNT selectivity and G-band area 

(representing abundance of growth) versus temperature for growth on IBS/e alumina-supported 

Co and Co-Ru catalysts. Plots for growth using ethylene and acetylene on Co (a) and Co-Ru (b).  

Plots for growth using FTS-GP on Co (c) and Co-Ru (d).  
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Figure B3.13. (a) Plots of average selectivity towards small-diameter SWCNTs on IBS/e alumina-

supported Co and Co-Ru catalysts versus growth temperature: (a) data acquired with 532nm 

excitation; (b) data acquired with 633 nm excitation. (c) Average selectivity for combined data 

acquired with 532 nm and 633 nm excitations. (d) Histogram of average selectivity across 

temperature ranges for Co and Co-Ru catalysts. Error bars show standard deviations for the 

calculated average values. 
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Figure B3.14. Data adapted from Figure S8 to compare average small-diameter SWCNT 

selectivity for growth with ethylene and acetylene on Co and Co-Ru catalysts supported on IBS/e 

alumina: (a) data acquired with 532 nm excitation; (b) data acquired with 633 nm excitation. (c) 

Average selectivity for combined data acquired with 532 nm and 633 nm excitations. (d) 

Histogram of average selectivity across temperature ranges for Co and Co-Ru catalysts. Error bars 

show standard deviations for the calculated average values. 
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Appendix C – Supplementary Information for Chapter 4 

 

Table C4.1. Summary of phase composition of photocatalysts: calculated ratio of anatase 

and rutile determined from Equation 1 and the phase composition determined via RIR 

method. 

 

“The Reference Intensity Ratio (RIR) is a general, instrument-independent constant for 

use in quantitative phase analysis by the X-ray powder diffraction internal standard method.”1 

 

 

Figure C4.1. Raman spectra of TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-5% using 514 nm 

laser excitation.  
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Figure C4.2. Adsorption-desorption isotherms of TiO2, TiO2/MWCNT-1%, and TiO2/MWCNT-

5% photocatalysts. 
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Figure C4.3. UV-Vis absorbance spectra of TiO2, TiO2/MWCNT-1%, TiO2/MWCNT-5%, and 

P25 as a reference sample.  
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Appendix D – Supplementary Information for Chapter 5 

 

 

 

 

Figure D5.1. (a) An SEM image of CNT-TiO2 microstructure. (b) XRD profiles of individual 

CNT-TiO2 batches prior to mixing. (c) Raman spectra confirming the presence of the crystal 

phases observed in XRD. 
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Figure D5.2. Optical microscopic images and N2 adsorption-desorption isotherms for P25 and 

CNT-TiO2 catalysts. 
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Table D5.1. Thickness measurements for P25 and CNT-TiO2 catalyst films using optical 

microscopy. 

 

 
 

Table D5.2. Total catalyst mass for P25 and CNT-TiO2 catalyst films. 
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Table D5.3. Relative NO, NO2, and NOx degradation percentages for P25 and CNT-TiO2 catalysts 

at different humidity levels, shown in Figure 4. 
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Table D5.4. Relative NO, NO2, and NOx degradation percentages for P25 and CNT-TiO2 catalysts 

at different initial concentration for a) 50% and 10% relative humidity, shown in Figure 5. 
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Figure D5.3. Absolute (a-b) and relative (c-d) humidity of major cities across the globe and in the 

US specifically. Temperature data used to convert relative humidity to absolute values has been 

included in (e-f). 
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Figure D5.4. NO conversion and NOx storage selectivity for both P25 and CNT-TiO2 as a 

function of initial NOx concentration for low humidity (a) and (c) as well as high humidity (b) and 

(d). These figures show that NO conversion is dependent on initial concentration. 
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Figure D5.5. NO conversion and NOx storage selectivity for both P25 and CNT-TiO2 as a 

function of reactor headspace for low humidity (a) and (c) as well as high humidity (b) and (d). 

These figures show that NO conversion is highly dependent on reactor headspace, with a maximum 

conversion occurring at 5mm. 
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Figure D5.6. EPR results for P25 and CNT-TiO2 using (a) 0.2 mg/mL SDS surfactant and 15 

minutes of sonication time. Results indicate that SDS does not contribute to the DMPO-OH radical 

measurement. Figure (b) shows EPR results without the addition of SDS. Figure (c) shows EPR 

results using SDS and long sonication times (120 minutes). 
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Figure D5.7. Photoluminescence spectra of P25 and CNT-TiO2 catalyst powders. 
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Figure D5.8. (a) NO conversion, storage selectivity, and (b) DeNOx of catalyst films containing 

different amounts of P25. (c) low magnification images of the respective catalyst films. 

 

 

 


