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Abstract 

 A diesel engine has been utilized for a power source and/or electrical generator for more than one 

hundred years. On the other hand, the application of a diesel engine to other field has been considered 

in recent years. For instance, the utilization as a chemical reactor for the generation of syngas has been 

reported. In this study, a diesel engine was regarded as a combustion reactor to synthesize carbon 

nanomaterials such as carbon nanotube (CNT). CNT is quite promising nanomaterial because it 

possesses a number of outstanding physical/chemical properties. However, the applications using 

CNTs are limited even today due to its very high production cost. Flame process using a burner has 

been paid attention since not only CNTs but also the allotrope of CNT like carbon black and fullerene 

has been produced commercially in flame technique owing to its inherent characteristics such as easy 

scale-up and low investment cost. Similar features are provided for CNT formation process using a 

diesel engine. A diesel engine is an attractive system since simultaneous power generation and material 

synthesis can be achieved in one system, being expected that the CNT production cost is reduced in 

comparison with various conventional processes. Combustion reactions of injected fuel which 

provided adequate heat and carbon precursors were utilized for growing CNTs. Catalyst sources that 

were necessary for the synthesis of CNTs were also introduced into a reactor.  

 As a first step (Chapter 1), experimental conditions required for CNT formation in a diesel engine 

were examined when using a gas oil as base fuel. No CNT formation was observed when gas oil alone 

was employed even in the presence of catalyst sources. It was found that at least three conditions had 

to be satisfied for successful synthesis of CNTs, namely, (1) the introduction of catalyst precursor, (2) 

the usage of gas oil/ethanol mixing fuel, and (3) the addition of sulfur as an enhancer.  

 As a next step (Chapter 3), normal dodecane/ethanol mixing fuel was employed as base fuel in place 

of gas oil/ethanol because gas oil has very complicated compositions which makes some analyses 

difficult. Due to fixed compositions of fuel, the evaluation of the key factors such as combustion 

temperatures and gaseous species which contributed to CNT synthesis became possible. It was 

suggested that carbon monoxide affected CNT formation more strongly than a combustion temperature. 

Also, the analysis on catalytic nanoparticles revealed that sulfur seemed concentrated on iron catalyst. 

 Then, in Chapter 4, the impact of the molecular structure of fuel on CNT formation was investigated 

in the employment of fatty acid methyl ester (methyl laurate) and alcohol with long alkyl group (1-

decanol) besides normal dodecane. This activity was motivated because combustion characteristics 

and emission properties were affected by the chemical structure of fuel according to a number of 

preceding papers. The difference of results was observed when a volumetric percent of ethanol in 

initial fuel was low, while it became tiny along with an increase of an ethanol fraction. It was implied 

that this difference was probably interpreted by the amounts of carbon monoxide in an exhaust. Also, 

elemental analysis showed that the state of catalyst nanoparticles should not be oxidized one but the 

metallic one for the growth of CNTs. 
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 In-depth discussion on a promising CNT precursor and CNT growth mechanism/pathway was carried 

out through experimental, computational and modeling approaches (Chapter 5). Experimental 

approach employed an exhaust gas analysis, and combustion reactions were simulated in 

computational approach. The modeling of CNT growth reactions using CO, C2H4 and C2H2 as a carbon 

source were exploited based on several elemental reactions. All of them indicated that carbon 

monoxide might behave as a central role in CNT formation rather than other hydrocarbons like 

acetylene and ethylene. Also, it was suggested that fuel rich region was of advantage in forming 

gaseous carbon precursor and appropriate growth of catalyst nanoparticles. Given the combustion 

characteristics of a diesel engine, CNT synthesis might take place in fuel rich regions like the vicinity 

of fuel injection nozzle and/or the center of sprayed fuel.  

 In order to improve CNT productivity, the impacts of additional gaseous fuel were investigated 

(Chapter 6). H2, CH4 and C2H2 were selected as additional intake gas. A slight increase of CNT growth 

was found in the use of H2 and CH4, while CNT production was degraded in C2H2. This might be 

attributed to very high concentration of acetylene which deactivated catalysts at early reaction stage 

when C2H2 was employed as additive gaseous species. 

 Finally, in Chapter 7, the role of sulfur as a promoter in CNT growth was examined by means of 

chemical vapor deposition (CVD) process because the addition of sulfur was one of key factors for 

the successful CNT synthesis in a diesel system. In order to make analysis easier, CVD technique was 

employed. The introduction of sulfur significantly reduced the activation energy required for CNT 

growth which was revealed by Arrhenius plot. The shift of the rate-determining step in carbon 

diffusion process during CNT growth might take place in the presence of sulfur. According to some 

analyses on catalytic nanoparticles, it was suggested that the reduction of melting temperature of 

catalysts might occur, resulting in the enhancement of CNT synthesis. 

 In Chapter 8, overall summary obtained in this study and future works are described. 
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 About a diesel engine 

1-1-1 History of a diesel engine [1] 

 A diesel engine has been one of the most popular equipment that obtains driving force for various 

vehicles and/or generates power. Historically, the prototype of a diesel engine was developed by Dr. 

Diesel in Germany at the end of 19th century for the original use of heavy oil and vegetable oil. 

However, due to immature technology at the beginning, the utilization of a diesel engine was limited 

to ships and stationary equipment. From the early 1920’s, a diesel engine was advanced by means of 

technological innovations such as the practical use of a direct fuel injection system, commercial 

production of fuel injection pump and nozzle, and so on. As a result, the application of a diesel engine 

to auto trucks, automobiles and railroad vehicles was initiated. In the 1950’s and 1960’s, through the 

achievement of high pressurization of a fuel injection system and improvements of a combustion 

chamber, fuel efficient diesel engine with lower noise emerged. When supercharger which supplies 

compressed air to a combustion chamber was started to be installed in the 1980’s, the advantages like 

an increase of engine power output and a reduction of NOx emissions were provided. Since a diesel 

engine is currently available around the world as a power source, it possesses quite significant impact 

on world’s environments. Since we moved into the 21st century, strict regulations for environments 

have been implemented in especially developed countries. Accordingly, a lot of studies and researches 

on a diesel engine are continued, such as replacement of a conventional fossil fuel with alternative 

fuel, the attainment of a hybrid system with the combination of a diesel system and electrical power, 

and others.  

 

 

1-1-2 Basic of a diesel engine [1,2] 

 Both a diesel engine and gasoline engine generate power through the conversion from heat energy to 

mechanical energy via combustion of fuel inside a cylinder. The differences between a diesel engine 

and a gasoline engine are fuel used and an ignition system. As fuel, gasoline which is a mixture of a 

variety of hydrocarbons ranging from C4 to C10 is used for a gasoline engine, while gas oil and heavy 

oil whose carbon number is higher than C10 are used for a diesel engine. In general, gas oil is applied 

for automobiles and small-sized power generator, and heavy oil is for boilers and ships. Since the pre-

mixture of gaseous fuel and air is ignited via spark plug in a gasoline engine, it is called a spark ignition 

engine. On the other hand, liquid fuel is spayed into compressed air and ignited automatically in a 

diesel engine system, hence it is called a compression ignition engine. Due to differences of fuel 

compositions and an ignition system, combustion cycle is different with each other. Gasoline engine 

basically obeys Otto cycle which is constant volume cycle, but diesel engine does Diesel cycle which 

is constant pressure cycle. Figure 1-1 shows the comparison of Otto cycle and Diesel cycle. Of course, 

since these schematics are an ideal cycle, both constant volume cycle and constant pressure volume 
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cycle possibly coexist in actual combustion of a diesel engine. Regarding the net thermal efficiency in 

automobiles which is defined as the ratio of shaft power divided by the energy of fuel introduced into 

an engine system, a gasoline engine ranges 25~35 %, while a diesel engine has 35~45 %. There are 

mainly three reasons why higher efficiency is gained in case of a diesel engine. First reason is larger 

compression ratio which is defined as the ratio of the chamber volume before compression (bottom 

dead point) by the chamber volume after compression (top dead point). Basically, the higher 

compression ratio becomes, the higher thermal efficiency can be obtained. A gasoline engine has the 

limited compression ratio up to about 10 due to knocking, while the compression ratio of a diesel 

engine being free from knocking is possible up to 20. Second reason is that a diesel engine is operated 

under fuel lean condition (oxygen rich condition), leading to the reduction of cooling loss during 

combustion as a result of the suppression of temperature increase. Third reason is that a diesel engine 

is free from throttling valve which controls intake volume. By contrast, it is installed in a gasoline 

engine, resulting in the degradation of efficiency because of pumping loss. Accordingly, a diesel 

engine is regarded as an economically kind system in comparison with a gasoline engine. However, 

the bottleneck of a diesel engine is the trade-off correlation between the generation of particulate 

matters and that of NOx. This is described in a later section.  

 Here, the burning process in a diesel engine is mentioned. In case of a diesel engine with 4 stroke 

system, the combustion process consists of 4 steps, intake of fresh air, compression of introduced air, 

expansion as a result of fuel combustion, and exhaust of burned gas to an outside. The operation of 

each step is schematically displayed in Figure 1-2. In general, the operation which starts from intake 

and finishes by exhaust is defined as one engine cycle. In a diesel engine, liquid fuel is injected after 

intake air is compressed, then, auto ignition of fuel occurs. Burning processes of a typical diesel engine 

per one cycle are exhibited in Figure 1-3. Pressure inside chamber, heat release rate and needle valve 

lift are employed to describe the combustion characteristics. Combustion processes in a diesel engine 

are divided into four stages, ignition delay, premixed combustion, diffusion combustion, and 

afterburning, shown in Figure 1-3. Since the combustion in a diesel engine is inhomogeneous (cf. 

homogeneous in case of a gasoline engine), sprayed liquid fuel firstly has to be vaporized to form the 

mixture of air and fuel. Then, air-fuel mixture starts ignition by triggering partial oxidation reactions. 

Ignition delay is defined as the required time from an initiation of fuel spray to an ignition after which 

enormous heat is released. Pressure inside chamber is sharply increased owing to significant heat 

release after ignition starts. During this period, combustion properties are similar with premixed ones 

because a part of liquid fuel is vaporized and mixed with air until ignition begins. After that, diffusion 

combustion becomes dominant because ignited combustion occurs simultaneously with fuel injection 

and combustion properties are controlled by the diffusion rate of air and fuel. Even after fuel injection 

ceases, some of unburned fuel continue to react with oxygen. This period is called afterburning period. 

It should be noted that combustion properties in a diesel engine are susceptible to various factors, like 
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fuel compositions, impurities in fuel, the design of an intake and exhaust system, a fuel injection 

system, and others. Accordingly, these factors may affect emission properties from a diesel engine 

which are one of the largest concerns in a current engine study. 

 

 

1-1-3 Emissions from an internal combustion engine 

 An internal combustion engine (not to limited to a diesel engine) releases an effluent gas into 

atmosphere after combustion, and the exhaust gas potentially includes air pollutants such as NOx, 

unburned hydrocarbons, carbon monoxide, and particulate matter. Every country sets up regulations 

against emissions from an internal combustion engine in order not to make atmosphere poisoned. Thus, 

it is of importance to understand properties and the formation mechanism of combustion emissions. 

Here, descriptions about potential contaminants from a diesel engine are provided in the following 

sentence. 

① NOx [3,4] 

NOx is the abbreviation of nitrogen oxide mainly composed of NO, NO2 and N2O, and it is largely 

generated via reactions between N2 and O2 during combustion inside a cylinder. The formation 

mechanism of NOx can be divided into three categories according to its origin, thermal NOx, 

prompt NOx and fuel NOx. Thermal NOx is generated as a result of oxidation of air at high 

temperature usually larger than 1,800 K. Formation reactions of thermal NOx can be described 

by extended Zeldovich mechanism where N2 and O2 react with high activation energy. Prompt 

NOx is generated from N2 in air even at mild temperature like 1,000 K, but its pathways are 

different from those of thermal NOx. Prompt NOx is rapidly formed inside flame zone via HCN, 

N, and NH radicals through reactions between N2, CH, CH2, C radicals, etc. with relatively low 

activation energy. Fuel NOx can be generated when nitrogen atom is contained in fuel. In general, 

the content percentage of nitrogen in coal and heavy oil is approximately 0.2~3.4% and 0.1~0.4%, 

respectively. The conversion from nitrogen atom included in fuel to NO is quick independently 

on temperature. Countermeasures for reducing NOx have been taken to date, such as controlling 

combustion processes and removal of NOx in an exhaust by additives and/or catalysts.  

② Unburned hydrocarbons [3] 

Fuel which is composed of a variety of hydrocarbons is decomposed during oxidation reactions 

to form various low molecular weight hydrocarbons as intermediate products. When oxygen is 

locally too short to oxidize intermediate hydrocarbons or oxidation reactions cease due to 

quenching caused by rapid heat release and/or mixing air at low temperature, hydrocarbons 

remain unburned and are emitted outside. As countermeasures to suppress emissions of unburned 

hydrocarbons, the improvement of mixing air and fuel and/or a gradual decrease of temperature 
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for avoiding quench have been proposed. Moreover, an aftertreatment system of emission gas 

using catalysts is also carried out in automobiles.  

③ Carbon monoxide [3] 

Basically, causes and the formation mechanism of CO are almost same with those of unburned 

hydrocarbons. In general, because a diesel engine is operated under oxygen rich condition, 

emission of CO tends to be smaller than that from a gasoline engine.  

④ Particulate matter (PM) [2,4] 

PM is defined as materials emitted from an internal combustion engine, including soluble organic 

fraction (SOF) which consists of unburned large molecular weight hydrocarbons and insoluble 

organic fraction (IOF) which is mainly made up of soot and sulfate (ash). Here, soot is the most 

interesting content for us because it is largely composed of elemental carbon. Soot cannot be 

ideally generated via complete combustion, however, it is potentially released by a shortage of 

air and/or quick cooling of flame. Primary particles of soot with a diameter of several tens of 

nanometers have the spherical structure that multiple graphite layers are irregularly piled up in 

the microscopic sense. The distance of graphite layer of soot is generally larger than that of ideal 

graphite (0.335 nm) due to the inclusion of other elements like hydrogen and oxygen present 

between layers. Primary particles coalesce each other to form aggregate which consists of several 

tens to several hundreds of primary particles. Although a lot of efforts have been devoted to reveal 

the mechanism of soot generation and growth, it remains a controversial item even today. 

Prevalent theory expresses that polycyclic aromatic hydrocarbon (PAH) such as naphthalene, 

pyrene and larger molecules is produced in gas phase through thermal cracking of fuel, and then 

an initial nucleation occurs as a result of condensation of PAH. Because the surface of soot 

particles is very reactive owing to the presence of a number of unpaired electrons, growth 

reactions between soot and active chemical species which is present around soot like acetylene 

and PAH make progress quickly (called surface growth). At the same time, soot nucleus collides 

with each other, resulting in particle enlargement (called coagulation). After soot growth, 

oxidation reactions by O and OH radicals takes place, leading to the reduction of soot amount. 

Soot amount emitted outside can be determined by not only growth reactions but also oxidation 

reactions. As the dependency of soot formation on temperature, soot is formed at temperature 

ranging from 1,000 K to 2,000 K, being maximum value at 1600 K according to the fundamental 

study using a burner system instead of an internal combustion system. This is because reactions 

via radicals cannot continue at low temperature while oxidation becomes in favor at high 

temperature. For the suppression of soot emission, it is important to mix air and fuel adequately 

in order to avoid locally fuel rich circumstance.  

 The typical dependence of NOx and soot on temperature and equivalence ratio (the ratio of 

fuel/air ratio in actual mixture divided by stoichiometric fuel/air ratio) is shown in Figure 1-4. 
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This relationship becomes quite important when considering an actual engine operation, in 

particular a diesel engine. Since in a diesel engine various equivalence ratios typically ranging 

from 0.4 to over 2.0 coexist even at one engine cycle, and corresponding adiabatic combustion 

temperature is higher than 1,500 K, this led us the trade-off correlation between soot formation 

and NOx generation. As a required condition for soot formation but no NOx generation according 

to this figure, fuel rich circumstance (generally higher than 2 as an equivalence ratio) and 

temperature larger than about 1,500 K should be satisfied. We believe that this perspective is 

qualitatively valid for the formation of carbon nanotubes in a diesel engine because main element 

in soot and carbon nanotube is carbon atom. 

 

 

1-1-4 Recent improvements of a diesel engine 

 Here, we present three examples of recent improvement achieved in a diesel engine especially for 

automobiles, namely exhaust gas recirculation (EGR), aftertreatment equipment and a common rail 

system. These provisions have been considered in order to control emissions and/or abide by various 

regulations. EGR is an emerging system where a part of an exhaust gas is recirculated to an engine 

intake line and combustion takes place after mixing it with fresh air. EGR is a technique that enables 

the reduction of NOx emission because of lowering the combustion temperature inside an engine. 

Aftertreatment equipment is dedicated to the removal of PM and NOx which are present in an exhaust 

gas from a diesel engine. Apparatus termed diesel particulate filter (DPF) which is composed of porous 

metal or ceramics is used for the elimination of PM. PM up to 90 % at most is collected by DPF. 

Regeneration operation where PM is burned by heating filter is regularly required in order to prevent 

clogging by PM. Aftertreatment equipment for reducing NOx is in practical use, e.g. selective catalytic 

reduction (SCR) and NOx storage catalyst. In SCR, ammonia which is produced from the reaction of 

injected urea pyrolysis selectively reduces NOx, and NOx conversion efficiency at approximately 

90 % is attained. NOx storage catalyst consists of two steps, lean-burn condition and rich-burn 

condition. In the former step, an engine is run under a normal operation and NOx is trapped on catalyst. 

Then, in the latter step, an engine is operated at fuel rich condition and NOx is purified by generated 

H2 and CO. A common rail system is an emerging technique used in a fuel injection system since 

middle of 1990’s. Typical configuration diagram of a common rail system is depicted in Figure 1-5 

[5]. In a common rail system, a fuel injection is adjusted by electrical control, being different from the 

conventional system where the fuel injection is controlled mechanically. A common rail system 

contains some main component parts, supply pump, common rail, injectors and engine control unit 

(ECU) as shown in Figure 1-5. Pressurized fuel by supply pump up to about 200 MPa at maximum is 

stored in common rail, then fuel is sprayed into a cylinder via injectors depending on the operational 

situation. Not only injection timing and duration but also each injection number and amount are 
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tailored through electronic control in ECU. Table 1-1 displays the comparison of controllable factors 

in a conventional fuel injection system and a common rail system. Drastic improvements of emission 

properties from an engine have been achieved by introducing a common rail system owing to enhanced 

flexibility of a fuel injection via electrical control. Our group sees this fact from another standpoint. It 

is suggested that a common rail system has large potential to accomplish an appropriate fuel injection 

system for the synthesis of nanomaterials like CNTs in a diesel engine. Therefore, we believe that a 

diesel engine is a promising reactor to produce CNTs. In this study, a conventional diesel engine 

controlled by a mechanical system without EGR, DPF, SCR and a common rail was employed because 

the viability of a diesel engine for material synthesis had to be examined and fundamental insights on 

CNT synthesis in the use of a basic diesel engine was mandatory as a first step.  

 

 

1-1-5 Applications of a diesel engine other than power sources 

 New applications of an internal combustion engine other than power sources have recently been 

proposed by taking advantages of its inherently dynamic high temperature/pressure system. Most 

intensively studied application is for the production of syngas by means of partial oxidation of methane 

in a gas engine without any catalysts. In these studies, the engine was treated as a chemical reactor, 

namely the engine reformer. Historically, attempts to use the engine reformer can be firstly found in 

U. S. patents by some companies such as Texas Co., Maschinenfabrik Augsburg, and Sun Oil Co. 

about half a century ago. These patents are expired at present. In 1960’s, Hiratsuka performed partial 

oxidation of natural gas using a spark ignition engine [6], and McMillian and Lawson also utilized a 

spark ignition engine [7]. From 1990’s, Karim et al. carried out partial oxidation of methane in a diesel 

engine where diesel fuel was used to trigger combustion [8 ,9 ,10 ]. Furthermore, numerical and 

modeling study on the production of syngas using a homogeneous closed compression ignition engine 

fueled with natural gas was performed for the optimization of experimental conditions [11,12]. The 

study by He et al. attained the production of CO/H2 mixture gas through a spark ignited engine using 

either natural gas or ethanol, but their study aimed to improve an engine operation with EGR, not to 

synthesize CO/H2 gas intentionally [13 ,14 ]. The group of Massachusetts Institute of Technology 

recently demonstrated partial oxidation of natural gas in a diesel engine with spark ignition and 

examined whether an engine reformer could be integrated into small-scale Gas-to-Liquids (GTL) 

plants as one system [15]. According to their description, not only syngas production but also other 

techniques like usage of hot effluent gas from an engine to heat the reactants, electric generation, 

operation of compressor etc. could be achieved in one system, providing economic advantages to 

small-scale GTL plants which did not employ an engine. In spite of some reports on syngas production 

by an engine, it is commonly operated at a high equivalence ratio up to 2.5 (fuel rich condition). 

Anderson et al. studied steam methane reforming in a variable volume reactor where H2 separation 
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membrane, adsorptive agent for CO2 and catalyst for reforming reaction were installed in a single 

reactor [16,17]. Although this system was far from an internal combustion engine in a strict sense due 

to no appearance of combustion reactions and quite slow piston speed, similar concept with studies 

regarding an engine as a chemical reactor was applied. Thanks to nice concept, they were able to 

acquire high purity hydrogen beyond equilibrium even at low temperature.  

 In this work, we regard a diesel engine as a reactor to synthesize carbon nanomaterials intentionally 

like carbon nanotube (CNT) together with generating power, and try to investigate the potential of it. 

To our knowledge, this is the first attempt to exploit a new process of material synthesis using a diesel 

engine. Our study is originally motivated by several researches where accidental synthesis of CNTs in 

an internal combustion engine was found for the purpose of warning about environmental and human 

health issues. Lagally et al. reported that CNTs and fullerene were contained in an exhaust gas in 

addition to PM when a spark-ignited engine was used in the absence of catalyst sources [18]. Jung et 

al. [19] and Swanson et al. [20] found that CNTs were emitted from a diesel engine fueled with diesel 

fuel when ferrocene which served as an iron catalyst source was added into fuel. According to the 

work by Jung et al, CNTs could only be observed in an exhaust gas in the presence of catalyst source 

in fuel, whereas emitted CNT amount was almost zero without catalyst sources. In their study, 

ferrocene concentration was 600 ppm by weight at a maximum, being too large for the inclusion of 

iron component in a normal engine operation accidentally. Hence, they claimed that CNT might be 

unable to be synthesized unless accidental incorporation such as mechanical wear or lube oil leakage 

occurred. The study by Swanson et al. provided additional information that the presence of both sulfur 

and ferrocene which acted as a promoter and catalyst source, respectively, significantly facilitated 

growth of CNT-like materials in comparison with the case in the presence of sulfur or ferrocene alone.  

 We believe that there are several advantages of a diesel engine as a chemical reactor. One of 

advantages is that reactions are completed instantly (usually within several miliseconds) under high 

temperature and pressure condition along with compression and combustion. As well as the utilization 

of high temperature and pressure environment, if rapid temperature and pressure decrease during 

expansion can be made use of for the cessation of reactions in a proper manner, it can become 

advantageous from the point of view of controllability.  

  

 

1-1-6 Possibility of carbon nanotube (CNT) formation in a diesel engine 

Here, let us discuss the possibility of CNT formation in a diesel engine. Initially, we would like to 

turn the spotlight on soot formation in a diesel engine because the main component of both CNT and 

soot is carbon. Soot formation mechanism in a diesel engine is already described in section 1-1-3. 

Morphology observations of particle matters emitted from a diesel engine without catalyst sources 

have been conducted by others, and may provide fruitful information [21 ,22 ,23 ,24 ,25 ]. Diesel 
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particulates observed by transmission electron microscopy (TEM) showed a chain-like agglomerates 

structure, which was composed of many spherical or near-spherical primary particles. In terms of 

engine operating conditions such as engine load, fuel type, and others, dominant contents of particulate 

matter could be varied, like soluble organic-fraction-rich particles and soot-rich particles. Particle 

matter morphology could be changed accordingly and it was revealed by TEM observations that the 

former showed nebulous morphology with unclear boundaries between primary particles but the latter 

showed more distinct and ordered structure. Actually, some characterization methods indicated that 

the latter possessed more graphitized structure compared with the former. Since CNT has a highly 

ordered structure with six-membered ring, one can expect that experimental conditions proper for the 

formation of soot-rich particles may be preferable for CNT growth. The possibility of CNT formation 

in a diesel engine is considered next. At least, three conditions have to be satisfied for CNT growth, 

namely the presence of heat, metallic catalysts and carbon precursor [26]. Heat can be provided via 

combustion of fuel. Catalyst precursors are able to be introduced into a cylinder through dissolution 

of ferrocene in fuel as done by Swanson et al. [20]. Taking account of intentional CNT synthesis in 

flame processes using a burner, carbon precursors such as ethylene, acetylene and carbon monoxide 

were usually employed [27,28]. Diesel fuel or its surrogate is pyrolyzed at high temperature to low-

molecular weight hydrocarbons like ethylene, acetylene, and so on [29,30,31]. Furthermore, since 

combustion properties in a diesel engine are inherently inhomogeneous, fuel lean regions and fuel rich 

regions are generated at the same combustion cycle. As stated in section 1-1-3, low-molecular weight 

hydrocarbons and carbon monoxide are likely to be formed at fuel rich regions during combustion 

owing to the shortage of oxygen. Therefore, if a part of these low-molecular weight hydrocarbons 

produced during combustion become a precursor for not only PAH but also CNTs, it is very probable 

that CNTs are synthesized during combustion in a diesel engine. 

 

 

 About carbon nanotube (CNT) 

1-2-1 Structures and types of CNTs 

 Carbon nanomaterials are one of the most intensively studied materials since its discovery such as 

fullerene [32] and carbon nanotube (CNT) [33,34], and a variety of applications using them have been 

proposed to date. Carbon materials show diverse structures according to its bonding type. For instance, 

in case of sp3 bonding, solid diamond with 3D structure is formed, while in case of sp2 bonding, 

graphite with laminated 2D structure is made up. When laminated graphite layers are peeled off to one 

layer, graphene is fabricated. Fullerene is the material that graphene layer is engineered to soccer ball 

like shape. When graphene is rolled up with concentric shape, it becomes CNT. CNT structure can be 

described by two fundamental vectors on graphene layer with 2 dimensions, termed chiral vector and 

translation vector. What is important is that some CNT physical properties like electrical conductivity 
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depend on chirality which is determined by the combination of chiral vector and translation vector. 

Furthermore, CNT can be categorized into three depending on the number of graphite layers, namely 

single walled CNT (SWNT), double walled CNT (DWNT), and multi walled CNT (MWNT). SWNT 

consists of only single graphene layer, DWNT comprises two graphene layers in its structure, and 

MWNT possesses multiple graphene layers larger than two. Figure 1-6 shows the structure of SWNT 

and MWNT. The growth of MWNTs does not necessarily require catalyst, while the presence of 

catalysts is generally crucial for synthesizing SWNTs. Sometimes, since SWNT shows quite distinct 

physical properties with MWNT, it is of significance to distinguish SWNT from MWNT according to 

some applications. As other CNT types which are not mentioned above, bamboo-like CNT and cap-

stacked CNT have been reported. These special CNTs normally have multiple graphene layers. Due 

to its unique structure, CNTs have significant superiority in characteristics such as mechanical property 

(tensile strength, elasticity, flexibility), electrical property (electron mobility), chemical property 

(inertness, corrosive resistivity), thermal property (heat transfer). 

 

 

1-2-2 Applications using CNTs 

 Because of its outstanding physical/chemical properties, a lot of applications using CNTs have been 

proposed to date. Among them, promising applications are introduced shortly as follows [35]. 

① Composite material  

Composite materials including CNTs have two types, one is a complex of ceramics and CNTs 

and another is that of resin and CNTs. The former can be classified into two configurations further, 

surface modifications of CNTs via ceramics and the introduction of CNTs into ceramics matrix. 

The former aims to improve performance of some devices such as photocatalyst, gas sensor and 

so on. The latter intends to increase mechanical strength and give electrical specifications by 

means of CNTs as a filler. A complex of resin and CNTs is expected to serve as an excellent 

material in mechanical reinforcement, heat release for the use of electrical equipment, 

construction materials and others. 

② Field emitter 

When strong electrical field is applied to solid surface, electron is released from the surface due 

to tunnel effect. Though very large electric field higher than 109 V/m is usually necessary for 

achieving field emission, the reduction of applied electrical field becomes possible if a protruding 

object is used as an emitter. By taking advantage of superior physical properties of CNTs such as 

large aspect ratio, good electrical conductivity, chemical stability and inertness etc., some devices 

using CNTs as a field emitter have been proposed until now, e.g. light source, displays for TV 

and electron source as small X-ray source. 

③ Material for battery electrode 
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The application of CNTs to lithium ion secondary battery, fuel cell and electric double layer 

capacitor (EDLC) is expected. As for lithium ion secondary battery, some usages have been 

proposed, for example, an electrode material instead of conventional activated carbon and 

additive for assisting electrical conductivity when activated carbon or alternative materials for it 

is used as an electrode material. With respect to fuel cell, CNT is a promising material as a catalyst 

support of Pt or Pt-Ru because it has capability of not only promoting charge/mass transport but 

also suppressing agglomeration of catalyst nanoparticles, contributing to the reduction of catalyst 

quantity used. Intriguingly, CNT with high defects shows high performance. Concerning EDLC, 

studies to employ CNT as a replacement of conventional carbon material by means of large 

specific surface area of CNT are continued.  

④ Electronics and photonics 

CNTs are expected to be applied for a number of devices in electronics technology. For instance, 

field effect transistor and thin-film transistor through the use of competent electron transport 

properties of CNT, a material as a trace in LSI circuit alternative to copper, transparent electrode 

as a substitution of currently prevalent indium tin oxide, and bio-sensor and gas sensor with high 

sensitivity. Also, a number of researches on applications to optical fiber laser and optical fiber 

communications with the assistance of optical features of CNT are put forward.  

⑤ Microelectromechanical system (MEMS)/Nanoelectromechanical system (NEMS) 

CNT is a promising candidate as a material for mechatronics devices in micrometer and/or 

nanometer size due to its special mechanical and electronic properties. CNT probe for scanning 

probe microscope and CNT oscillator for mass measurement have already been in practical use. 

Developments of other devices such as CNT motor and CNT radio are in progress.  

⑥ Gas storage 

Because CNT possesses large specific area and nano-sized pore, it has been paid attention as a 

material to store some kinds of gas like hydrogen and methane. Besides, it was demonstrated that 

CNT was able to be used for selective D2 separation against H2 due to the difference of adsorption 

properties. 

⑦ Medical application 

In recent years, studies for the purpose of in vivo use of CNTs are performed, in particular as a 

carrier in a drug delivery system (DDS) through a proper modification. DDS studies aimed at 

cancer treatment are current mainstream, but applications to other diseases are in expansion. 

Moreover, the composite material using CNT as a biomaterial is in consideration for the field of 

orthopedics because CNT has a strong compatibility with bone tissue. Also, studies to use CNT 

composite materials as a scaffolding in tissue engineering are actively carried out. 

 According to applications stated above, required CNT specifications and configuration structures 

differ from each other. Both SWNT and MWNT have been tried to be applied. As for the arrangement 
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of grown CNTs, vertically aligned CNTs on substrate are preferable for one application, but dispersed 

form is preferred in another application. In any case, it is of importance in commercial scale to produce 

CNTs with uniform length and diameter as much as possible in order to accelerate the implementation 

of applications using CNTs. 

 

 

1-2-3 Synthesis processes of CNTs and current drawbacks 

 Until now, four CNT growth processes have been mainly proposed, namely, arc discharge, laser 

ablation, chemical vapor deposition (CVD), and flame process. In the following sentence, let us review 

general characteristics of each synthesis process. 

① Arc discharge [36,37,38] 

In this process, arc discharge is generated between two carbon electrodes usually under He or Ar 

atmosphere. Carbon of anode is vaporized during discharge, resulting in the deposition on 

cathode and chamber wall. This deposition includes not only soot but also CNTs. It is possible to 

grow MWNT, DWNT and SWNT selectively by adjusting experimental conditions properly. 

Carbon electrode including catalyst metal is used for the synthesis of SWNT and DWNT, 

however, growth of MWNT generally requires no catalyst. Arc discharge has advantages such as 

relatively large CNT production, while it is difficult to control synthesis conditions and the purity 

of CNT in products is low.  

② Laser ablation [39,40] 

Carbon rod including metal which behaves as a catalyst is employed in this process. Carbon and 

metal atoms are evaporated by irradiation of laser at high temperature under blowing inert gas. 

The nucleation and growth of CNTs takes place in backward region where temperature ranges 

from 850 to 1,250 oC. High CNT yield is acquired via laser ablation process with small formation 

of other carbonaceous materials. However, mass production of CNT is quite challenging due to 

its productivity. 

③ Chemical vapor deposition (CVD) [41,42,43,44,45,46] 

CVD is most intensively studied among four processes. A variety of hydrocarbons such as 

methane, acetylene, ethylene, ethanol and carbon monoxide are employed as a carbon source and 

metal catalysts like iron, cobalt and nickel are frequently utilized for growing CNTs. Thermal 

CVD process is often carried out where temperature ranges from 600 to 1200 oC, while plasma 

enhanced CVD is also studied for the purpose of reducing growth temperature by microwave 

plasma and RF plasma. CVD technique is advantageous to mass production because apparatus is 

simple and scale-up is relatively easy. Furthermore, tuning conditions like a catalyst source, 

carbon source and reaction temperature enables us to grow SWNT, DWNT and MWNT 

selectively. Practically, mass production of CNTs has been achieved by some CVD methods 
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[47,48,49]. In particular, the production scheme for vapor growth carbon fibers proposed by Endo 

has provided the basis for current CNT commercial production processes [50]. Moreover, CVD 

processes can be usually divided into two categories according to growth region of CNTs. One is 

substrate growth process where CNTs are grown directly on solid substrate. In this process, 

catalysts are normally prepared on substrate before carbon sources are fed. The other is floating 

catalyst process where both carbon sources and catalyst sources are supplied at the same time, 

leading to CNT growth in gas phase. Here, let us mention the details of each method. 

A) Substrate growth process 

A variety of materials such as silicon, quartz, alumina etc. are employed as a substrate, and 

metal catalysts like Fe, Co and Ni are immobilized on it. Metal layer is often prepared by 

dip-coating or sputtering. Patterning of catalyst deposition is accomplished by using masks, 

resulting in area-selective growth of CNTs. The structure of CNTs, namely SWNT and 

MWNT, can be controlled by adjusting conditions like loading amounts of catalysts, CVD 

methodology (thermal decomposition or plasma enhanced), CVD temperature, CVD time, 

partial pressure of carbon source and so on. Furthermore, some groups try to synthesize 

CNTs by using porous materials like zeolite as a support for preventing catalytic particles 

from coagulating. CoMoCat process where cobalt and molybdenum are employed as 

catalyst sources and carbon monoxide is used as a carbon source has been commercialized 

as a representative of substrate growth process [49]. 

B) Floating catalyst process 

Because both carbon and catalyst sources are fed in gas phase, continuous production of 

CNT can be achieved in principle. As a catalyst precursor, metalocene such as ferrocene or 

pentacarbonyl like iron pentacarbonyl are frequently utilized due to its easy sublimation. 

This process also enables us to achieve selective synthesis of SWNT or MWNT through the 

optimization of synthesis conditions. The group of Smalley developed commercial 

production termed HiPco, in which carbon monoxide with high pressure (1~10 atm) and 

iron pentacarbonyl are employed [48].  

④ Flame process [51,52,53,54,55,56,57] 

In this method, a burner to generate flame is commonly employed. However, burner 

configurations and used catalysts are dependent on systems. The flame system mainly consists of 

two configurations dependent on how to supply fuel and oxygen, pre-mixed flame and diffusion 

flame. The former is the process where fuel and oxygen are pre-mixed before being fed to 

combustion field. The latter is the one that fuel and oxygen are supplied to a reactor separately. 

Both systems are employed for both SWNT and MWNT synthesis. Methane, ethylene, acetylene 

and ethanol were popular fuel, being supplied with inert gas like nitrogen as usual and hydrogen 

as a carrier gas in some cases. Also, there are two procedures to supply catalyst sources, one is 
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that catalyst sources like metalocene or metalpentacarbonyl are mixed with feed gas and then fed 

to a chamber, and the other is that metal substrate such as stainless steel is used as a catalyst. In 

general, flame process using a burner possesses several advantages like easy scale-up and low 

investment costs. Actually, there is a company, Nano-C, Inc., to produce CNTs commercially 

using the combustion process [58]. Moreover, carbon black and fullerene which are known as an 

allotrope of CNT have already been produced commercially using a burner flame process, and as 

a result the production cost has been significantly suppressed compared with conventional 

methods like arc discharge [ 59 , 60 ]. We believe this information stated above provides a 

motivation to study flame process further. The large difference between the flame method for 

carbon black/fullerene production and that for CNT production is whether catalysts for growing 

such a carbon material are included in feedstock or not. Flame process for carbon black and 

fullerene does not require catalysts while that for CNT does. Although the reduction of CNT 

production cost using flame processes has been expected, a great challenge is anticipated; the 

availability of carbon and catalyst sources still remains low. Figure 1-7 shows the typical 

schematic of an apparatus using a burner.  

Summary of each CNT production technique to describe both its general advantages and 

disadvantages is shown in Table 1-2. It should be noted that mass production has been achieved by 

CVD process at present. However, there are some problems in spite of high potentials of CVD process. 

The biggest problem is CNT production cost, in particular SWNT. The purchase price of SWNT 

remains over several hundreds of US dollars per one SWNT gram. Hence, the reduction of CNT 

production cost is still required even today. 

In this study, we regard a diesel engine as a combustion reactor to produce carbon nanomaterials in 

addition to power generation. As a result, a diesel engine is a potential candidate to produce CNTs 

with a low cost because a part of generated power is able to be used for CNT separation and 

purification processes. The concept of our idea is presented in Figure 1-8. 

 

 

1-2-4 Separation process of CNTs from impurities 

 After synthesis of CNTs, it is important to separate synthesized CNTs from impurities like 

carbonaceous materilas (soot) and catalytic nanoparticles [35]. Until now, three separation processes 

have been proposed, thermal treatment, oxidative treatment and centrifugal separation. Thermal 

treatment is used for the separation of carbonaceous materials. In this process, the relative difference 

of reactivity in CNTs and carbonaceous materials is utilized. CNTs are oxidized in air at higher than 

500 oC, while carbonaceous impurities are oxidized at around 200~350 oC. There is disadvantage that 

a part of CNTs are damaged in thermal treatment. Oxidative treatment is a process where acid solution 

such as sulfuric acid and/or nitric acid is employed for the removal of both soot and catalysts. In this 
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process, the relative difference of reactivity in CNTs and carbonaceous materials is utilized. Catalyst 

particles can be removed through the dissolution into acid solution. As a disadvantage of acid treatment, 

functional groups like –OH are formed on the CNT surface. Centrifugal separation where relative 

difference of density is used is applied for the removal of both carbonaceous impurities and catalysts. 

Firstly, samples are dispersed ultrasonically in the solution including surfactant agent, and then 

centrifugation is performed. After evaporation of both solution and surfactant agent, followed by low-

temperature heat treatment, the purification of CNTs is enabled. Centrifugal separation requires a 

number of steps for the purification of CNTs. These three separation processes are able to be applied 

for the separation of CNTs synthesized via a diesel engine. Since CNTs generated in a diesel engine 

has disorder graphite structure (shown in later chapter), it can be considered that the separation of soot 

from CNTs may become more difficult than CVD because the relative difference of oxidative 

reactivity between soot and CNTs is reduced. Also, since CNTs and soot/catalytic particles form an 

aggregate in a diesel engine (shown in later chapter), the removal of impurities may become hard even 

when centrifugal approach is employed.  

 

 

 The objective in this study 

The purpose in this study is to synthesize CNTs intentionally as much as possible using a 

conventional diesel engine with mechanically controlled fuel injection system as a basic reactor. As 

was stated earlier, this is the first attempt to utilize a diesel engine for the intentional material synthesis 

process. Studies where an engine was employed as a reforming reactor strongly support our study 

because of good economic performance. The reduction of CNT production cost can be expected 

through taking advantage of generated power and effluent gas with high temperature. Firstly, it was 

demonstrated whether the formation of CNTs was possible in our diesel system. Then, we investigated 

the experimental condition suitable for CNT synthesis as a function of an engine load, compositions 

of starting fuel, the amount of catalyst source, introduction of additives, etc. Also, we attempted to 

elucidate key factors which contributed to CNT formation in a diesel engine because of the pioneering 

work that intentional synthesis of CNT is carried out by an internal combustion system. Moreover, 

identification of a promising CNT precursor was performed, and CNT growth path/synthesis 

mechanism was explored through a number of experimental/calculated approaches in order to increase 

CNT production. We evaluated and proposed the effect and role of a promoter like sulfur on CNT 

growth in the employment of CVD because the addition of a promoter was one of keys to succeed in 

synthesizing CNTs in a diesel engine which is described in final chapter and corroborates our results 

obtained in a diesel system.  
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Figure 1- 1 Comparison of a combustion cycle between (a) a gasoline engine and (b) a diesel 

engine. 

 

 

 

 

Figure 1- 2 Schematic of the operation of 4 stroke diesel engine. 
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Figure 1- 3 Combustion process per one cycle of a typical diesel engine. 

 

 

Figure 1- 4 The dependence of soot and NOx generation on equivalence ratio and temperature. 
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Figure 1- 5 Schematic representation showing overall view of a common rail system. 

 

 

 

Figure 1- 6 Structure of SWNT (left) and MWNT (right). 

 

 

 

Figure 1- 7 Typical schematic of flame process to produce carbon materials. 
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Figure 1- 8 Schematic of our concept to produce CNTs using a diesel engine. 

 

 

 

Table 1- 1 Comparison of fuel injection manner between conventional system and common rail 

system. 

 

 

 

Table 1- 2 Summary of CNT production methods and its characteristics. 

 
 

  

Fuel

Diesel engine

Generated power

Exhaust gas including CNTs

CNT synthesis

CNT separation unit

CNT free exhaust gas

CNT purification unit

CNTs

Catalyst 
source

Gas treatment unit

System Conventional system Common rail system

Control Mechanical control Electrical control

Sketch of fuel injection manner

Controllable factors • Injection timing
• Injection duration

• Injection timing
• Injection duration
• Injection number
• Injection amount

Method Advantage Disadvantage 

Arc discharge ・Production〇
・Variety〇

・Purity×
・Controllability△

Laser ablation ・Yield〇
・Purity◎

・Production×
・Price×

CVD ・Production◎
・Scale-up◎

・Price△
・Controllability△

Flame ・Scale-up◎
・Production◎

・Know-how△
・Controllability△
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Chapter 2.  CNT Synthesis Using Gas Oil as Fuel 
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 Background of this chapter 

Firstly, we employed gas oil (i.e. diesel fuel) as main fuel for operating an engine. Gas oil is one of 

the petroleum products produced through atmospheric distillation of crude oil and has a boiling point 

ranging from 180 to 350 oC, and consists of hydrocarbons whose carbon number ranges from 10 to 26. 

In Japan, Gas oil is manly utilized as fuel for an operation of a diesel engine in automobiles and 

generators. Besides gas oil, alcohol fuel such as ethanol and butanol was mixed with it since CNTs 

were unable to be synthesized by using gas oil alone. Alcohol fuel has received much attention recently 

because it can be produced from biomass processes and are expected to be used as a clean alternative 

fuel source for conventional fossil fuel. Practically, ethanol is mainly used as additives to gasoline for 

increasing octane number in many countries such as USA, Brazil, India, and others. Although ethanol 

has ever been utilized for spark-ignition engines for academic and practical purpose, attempts to apply 

it to a diesel engine have been launched recently because a low percentage mixing of ethanol with 

diesel fuel does not require any modification in a conventional diesel system. Actually, according to 

other works, an ethanol fraction in mixing fuel up to several tens of volume percentage could be 

allowed and an operation stability was not affected even in the use of gas oil/alcohol mixing fuel 

[61,62]. Furthermore, ethanol has been used as a feedstock for CNT growth in CVD methods and 

high-purity SWNTs were successfully synthesized [63,64,65,66]. Even in the flame process using a 

burner, CNTs were synthesized as well by supplying ethanol as feed gas [67]. These facts offer that 

ethanol becomes a strong candidate as a carbon source in our system. Moreover, ferrocene was added 

into mixing fuel as a catalyst source because catalyst sources were necessary for the formation of 

CNTs in a diesel engine [68,69]. Ferrocene is decomposed during combustion to release Fe atom, and 

then generated iron atoms collide with each other to form Fe nanoparticles which are expected to serve 

as a catalyst for the growth of CNTs. In this work, sulfur and molybdenum were also added as a 

promoter. According to some reports, sulfur is quite effective for the synthesis of carbon nanomaterials 

like carbon fibers [70 ,71 ] and CNTs [72 ,73 ] in a CVD process. Likewise, Mo promoted CNT 

production in floating catalyst CVD [74]. The purpose of this chapter is to investigate experimental 

conditions that can produce CNT in a diesel engine employing gas oil/ethanol as starting fuel.  

 

 

 Experimental methods 

 The diesel engine used in this study was a direct injection, 4-stroke cycle engine (KIPOR KDE.2.0E). 

We employed a diesel engine with mechanical control in a fuel injection system instead of that with 

electrical control. Main specifications of this engine are shown in Table 2-1. In this study, gas 

oil/ethanol mixing fuel was used instead of gas oil only because formation of CNT was observed only 

when mixing fuel was used. An ethanol fraction in fuel was changed from 0 to 40 volume% of total 

mixing fuel. Gas oil/ethanol mixing fuel was prepared by mixing gas oil (Idemitsu Kosan Co., Ltd., 
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JIS No.1) and ethanol (99.5+%, Wako Pure Chemical Industries, Ltd.) without any purification 

treatment before mixing. In order to prevent a phase separation, 4 volume % of 1-octanol (98.0+%, 

Wako Pure Chemical Industries, Ltd.) was added. This mixing fuel was used as a carbon source for 

CNT formation and a heat source. As a catalyst source, 10,000 ppm by mass of ferrocene (98.0+%, 

Wako Pure Chemical Industries, Ltd.) was dissolved in gas oil/ethanol mixing fuel. This amount was 

equivalent to ca. 3,000 ppm iron by mass. Molybdenum acetate dimer (98%, Sigma-Aldrich) was 

dissolved in mixing fuel so that an atomic ratio of Mo/Fe to be 0.01. Sulfur powder (97.0+%, Wako 

Pure Chemical Industries, Ltd.) was dissolved into fuel so that an atomic ratio of S/Fe to be 0-3.85. 

Since dissolution of sulfur in fuel was limited, S/Fe of 3.85 was nearly the upper limit in this research 

when ferrocene amount was 10,000 ppm by weight, and sulfur content in this condition was 

corresponding to about 7,000 ppm by weight. When sulfur was added more than this amount, 

undissolved sulfur could be confirmed. A fuel flow rate to an engine was controlled by an electronic 

governor actuator in order to keep a constant engine rotation number of approximately 3,000 rpm. An 

engine load was adjusted by varying the power of an external heater which was connected to an 

alternator coupled to the engine. The power of an external heater ranged from 0 kW to 1.05 kW in this 

chapter. For sampling, a part of an exhaust was introduced into a sampling gas line using a vacuum 

pump and a mass flow controller to collect particles and CNT from an exhaust on a membrane filter 

with mean pore size of 200 nm and filter diameter of 25 mm (ADVANTEC, K020A052A) or TEM 

grid (Okenshoji Co.). Sampling was started after an engine operation became stable. The flow rate to 

a sampling holder was fixed to be about 350 sccm by a mass flow controller and sampling duration 

time was 20 seconds through all measurements. Exhaust gas temperatures were measured by a 

thermocouple (Type K, sheath diameter of 1.0mm), which was located right behind the muffler. A 

schematic diagram of an experimental setup and a sampling system is shown in Figure 2-1. Produced 

CNTs were evaluated by means of field emission scanning electron microscopy (FE-SEM, JEOL JSM-

7500F) and transmission electron microscopy (TEM, HITACHI H-7650 Zero. A). For SEM analysis, 

samples were coated with a layer of Pt-Pd by ion sputtering (HITACHI E-1030, estimated thickness: 

2-3 nm). Energy dispersive X-ray (EDX) analysis was conducted by high-resolution transmission 

electron microscopy (JEOL JEM-2010F) in order to elucidate chemical compositions of emitted 

particles. 

 

 

 Results and discussions 

 In this work, CNT formation could not be observed in any cases in the absence of ferrocene in fuel. 

This trend is consistent with the study by Jung et al. [68] although iron loading is different with each 

other. Therefore, in the following paragraph, we pick up results under the condition of ferrocene 

presence only.  
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2-3-1 Effect of an ethanol fraction in fuel 

 Figure 2-2 shows SEM and TEM images of carbon products collected on a sampling holder when 

the ethanol fraction in mixing fuel was varied from 20 volume% to 40 volume%. It should be noted 

that almost no CNT was synthesized at an ethanol fraction lower than 20 volume% and a diesel engine 

could not be operated at an ethanol fraction higher than 40 volume%. For these measurements, an 

atomic ratio S/Fe of 2.75 was employed. Formed CNTs are indicated by arrows in SEM micrograph. 

Exhaust gas temperature in an ethanol fraction of 20 volume%, 30 volume%, and 40 volume% was 

232, 301, and 336 ºC, respectively. It is clear from SEM images in Figures 2-2 (a)–(c) that CNT 

production was increased sharply when an ethanol fraction in fuel reaches to 30 and 40 volume%. 

According to preceding investigations, suppression of soot emissions could be confirmed by using gas 

oil/alcohol blended fuel in experiments [61] and in computational simulations [62] in comparison with 

the use of gas oil only. A tendency to inhibit soot may be desirable for CNT formation because catalysts 

deactivation by carbonaceous materials which hinder CNT growth is avoided. Figure 2-3 is a TEM 

image under the same experimental condition with Figure 2-2 (c) but shows the agglomerate. This 

agglomerate consists of soot and iron particles which show a darker color than soot and are 

incorporated in soot. It is known in the CNT growth study that catalyst particles lose their catalytic 

activity when they are encapsulated by carbonaceous materials like soot, so a similar situation may 

occur in our experiments. Some iron particles that can avoid catalyst deactivation may contribute to 

CNT growth. What is important in Figure 2-2 is that a high ethanol fraction in fuel may bring about 

the environment proper for CNT formation. EDX analysis was carried out for the points that are 

indicated in Figure 2-3 (a), and the results are shown in Figures 2-3 (b) and (c). Because Figure 2-3 

(b) is for a carbonaceous-rich point, the dominant element was carbon but small amounts of O, Fe, Si, 

and S could be detected. On the other hand, an increased Fe peak intensity could be exhibited in Figure 

2-3 (c), since the iron particle coated by carbonaceous material was examined. Besides Fe, peaks 

attributed to C, O, Si, and S were detected. Detection of C, O, S, and Fe is reasonable because these 

elements are included in feedstock and/or feed gas to a diesel engine, while Si is not contained in such 

a feed material. It may be probable that Si may be derived from lubricant oil. Other peaks that are not 

labeled in Figures 2-3 (b) and (c) stem from Cu, which is used as the framework of TEM grid. CNTs 

observed in this work have a diameter of about 10–25 nm (average diameter: 18.9 nm, maximum 

diameter: 25.0 nm, minimum diameter: 11.5 nm) and a length of more than several hundreds of 

nanometers, sometimes more than 1 µm. Based on the estimation using several SEM images, the 

average, maximum, and minimum lengths were 630, 1170, and 240 nm, respectively. The total 

analyzed number of CNT for an evaluation of average diameter and length was 25. Histogram of CNT 

outer diameter and CNT length is presented in Figure 2-4. Due to its large diameter, it can be deduced 

that synthesized CNTs were MWNT. Synthesized CNT diameters in this work are very similar to those 
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synthesized in other diesel engine systems [68,69]. On the other hand, CNT length is relatively longer 

than that in preceding researches. Here, let us consider the suitability of CNT length synthesized by a 

diesel engine for some applications. Required CNT length strongly depends on applications, and it 

ranges from several hundreds of nanometers to several hundreds of micrometers. Based on the average 

CNT length in a diesel engine (about 600 nm) and the assumption that CNT growth rate is independent 

on an engine rotation speed, average CNT length can reach from 360 nm to 3.6 µm if an engine rotation 

speed can arbitrarily be altered from 500 rpm to 5,000 rpm (currently 3,000 rpm). This means that 

CNTs synthesized via a diesel engine are limited to a part of applications such as secondary lithium 

battery, catalyst support, and others. Based on a rough estimation using SEM photographs, the CNT 

productivity and yield in this work were 9.3 × 10−3 g/hr and 9 ppm by injected fuel weight, respectively, 

on the assumption that CNT-like material mass density was 1.35 g/cm3. Furthermore, we investigated 

the number fraction of CNT based on TEM images, and it was calculated to be approximately 3% at 

most. We suppose in this estimation that agglomerates were regarded as one particle. Thus, actual 

number fraction of CNT in an exhaust gas might be smaller than this estimated value. For this analysis, 

total 390 particles were analyzed.  

 

2-3-2 Effect of sulfur amount 

 The impact of sulfur on CNT formation was investigated by varying an atomic ratio S/Fe from 0 to 

3.85. For these measurements, a mixture of 80 volume% of gas oil and 20 volume% of ethanol was 

employed. TEM images are shown in Figure 2-5 (a) as a function of an atomic ratio S/Fe in mixing 

fuel. Exhaust gas temperature when the S/Fe ratio was 0, 0.11, 0.55, 2.75, and 3.85 was 373, 384, 304, 

232, and 219 ºC, respectively. Figure 2-5 (a) indicates that no CNT is observed and agglomerate 

instead of CNT is collected on a sampling holder when the S/Fe ratio is 0 and 0.11. However, CNT 

formation in addition to agglomerate is observed when the S/Fe ratio is equal to or higher than 0.55. 

It should be noted that TEM image at S/Fe of 0.55 shows that CNT-like material is put on the collodion 

film, which is a part of the TEM grid. Figure 2-5 (b) is an SEM photograph when the S/Fe ratio is 0 

and shows agglomerates composed of a number of particles without CNT. Analogously to Figure 2-3, 

these agglomerates may be constructed by carbonaceous material like soot and iron particles. 

Moreover, SEM micrograph at S/Fe = 0.55 in mixing fuel is also displayed in Figure 2-5 (c) for 

reference, where CNT formation was observed as indicated by an arrow. This experimental result 

suggests that the presence of sulfur may be one of key factors for success in CNT synthesis, and this 

tendency is coincident with the study by Swanson et al [69]. Effects of sulfur addition on promoted 

CNT formation were seen in CNT or carbon fibers synthesis through CVD processes, like lowered 

adhesion energy between Fe and C [73], the prevention of catalyst deactivation by carbonaceous 

materials [70], and/or the reduction of catalyst melting temperature [71]. The real role of sulfur on 

CNT growth is controversial even today, but we tried to elucidate effects of sulfur on CNT synthesis 
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in later chapter.  

The summary table which shows our experimental trials and its outcomes is presented in Table 2-2, 

where experimental conditions leading to CNT formation and/or no CNT formation are summarized. 

It is apparent that mixing of ethanol and the addition of sulfur which both exceeded a certain value 

were essential in growing CNTs successfully. The trend in Table 2-2 may be versatile even in the 

employment of other engine load, such as 1.65 kW.  

 Here, let us shortly discuss CNT growth mechanism in a diesel engine. Promising CNT precursors 

such as acetylene, ethylene and carbon monoxide may be produced during combustion as a result of 

pyrolysis of fuel, especially in fuel rich regions. At the same time, iron particles used for CNT growth 

catalysts can be formed through decomposition of ferrocene. Hence, the potential mechanism for CNT 

formation in a diesel engine is that CNT precursors and iron particles produced during combustion 

meet with each other, and then CNTs grow like CVD processes. Of course, some iron particles are 

oxidized, while the other maintain a metallic state, leading to catalytically growing CNTs. In-depth 

discussions on CNT growth mechanism are carried out in Chapter 5. 

 

 

 Summary of this chapter 

In this chapter, we investigated preferable conditions for CNT growth during internal combustion in 

a diesel engine by employing gas oil/ethanol mixing fuel with ferrocene as catalyst precursors and 

sulfur/molybdenum as a promoter. Remarkable points were acquired as follows. 

� Following three conditions have to be satisfied at the same time for the successful synthesis of 

CNTs: high ethanol fraction in mixing fuel, high sulfur loading, and the presence of catalyst 

sources in fuel. If at least one of these three conditions was not satisfied, almost no CNT could 

be observed in an exhaust gas.  
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Figure 2- 1 Schematic diagram of an experimental setup and a sampling system 

 

 

 

Figure 2- 2 SEM and TEM images (inserted) of carbon materials collected on a sampling holder. 

(a) Mixture of 80 volume% gas oil and 20 volume% ethanol. (b) Mixture of 70 volume% gas oil 

and 30 volume% ethanol. (c) Mixture of 60 volume% gas oil and 40 volume% ethanol. 

Synthesized CNTs are indicated by arrows in SEM images in (a), (b), and (c). An atomic ratio of 

S/Fe in mixing fuel was 2.75. 
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Figure 2- 3 (a) High-resolution TEM image showing the aggregation consisting of soot and iron 

particles in the absence of CNT in the case of a mixture of 60 volume% gas oil and 40 volume% 

ethanol. (b, c) EDX analysis results pointed out in (a). 

 

 

 

 

Figure 2- 4 Histogram of (a) CNT outer diameter and (b) CNT length when gas oil/ethanol 

mixing fuel was used.  
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Figure 2- 5 (a) TEM images of synthesized carbon materials when the S/Fe ratio was varied from 

0 to 3.85. SEM images (b) without sulfur (S/Fe = 0) and (c) with sulfur (S/Fe = 0.55) as a reference. 

Fuel condition was gas oil (80 volume%)/ethanol (20 volume%). 
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Table 2- 1 Specifications of the diesel engine used in this work. 

Model KIPOR KDE.2.0E 

Number of cylinder 1 

Fuel injection Direct injection 

Number of stroke 4 

Diameter (mm) × stroke (mm) 70 × 55 

Cylinder volume (cm3) 211 

Compression ratio 20 

Rated power 2.5 kW at 3,000rpm 

 

 

 

 

Table 2- 2 Summary of experimental results performed in this chapter. 

 

  

0 5 20 30 40

0 × - × - -

0.11 - - × - -

0.55 × × ○ ○ ○
2.75 - - ○ ○ ○
3.85 - - ○ - -

×: No CNT formation

○: CNT formation

- : No measurement

Ethanol volume percent (%)
S/Fe in mixing fuel (-)
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Chapter 3.  CNT Synthesis Using n-Dodecane as Fuel 
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 Background of this chapter 

In Chapter 2, it was revealed that MWNTs could be synthesized when both of a sulfur addition and 

a high ethanol fraction in fuel were satisfied. However, detailed analysis has not been done in gas oil 

system. An evaluation such as combustion temperature was quite difficult in gas oil because it has 

complicated compositions due to inclusion of a lot of substances like normal alkanes, branched alkanes, 

cycloalkanes, alkenes, and aromatics. This complicated composition makes it difficult to estimate a 

combustion temperature in a chamber from enthalpy balance and to discuss the reaction mechanism. 

Since fixed fuel composition is favorable for estimating a combustion temperature, normal dodecane 

(n-dodecane) is employed as main fuel in this chapter instead of gas oil.  

N-dodecane has been used as a model fuel of commercial transport fuel such as jet fuel and diesel in 

order to mimic physical and chemical properties of real fuel. The oxidation reaction pathway of n-

dodecane has been explored widely and elucidated that n-dodecane is a potential candidate to represent 

the paraffin class in transportation fuel [75,76,77,78]. Also, ethanol is utilized as fuel in this study 

besides n-dodecane because preferable outcomes were brought about in Chapter 2. Thus, n-

dodecane/ethanol mixing fuel is employed as heat and carbon sources for CNT growth in this chapter.  

One of main purposes in this chapter is to determine the mean adiabatic combustion temperature in 

a chamber of a diesel engine when an ethanol fraction in fuel and an engine load are varied as 

experimental parameters. For the evaluation of a mean adiabatic combustion temperature, the mass 

balance of oxygen between the inlet and outlet of an engine is carried out by analyzing the composition 

in an exhaust gas through gas chromatography. Then, a mean adiabatic combustion temperature is 

calculated using the enthalpy difference between the inlet gas and outlet gas, and details are expressed 

in an experimental section. After an estimation of a mean adiabatic combustion temperature, the 

correlation between experimental conditions showing CNT formation and combustion properties such 

as a mean adiabatic combustion temperature and exhaust gas composition is described. 

 

 

 Experimental methods 

The diesel engine used in this chapter is the same with the one in Chapter 2. N-dodecane/ethanol 

mixing fuel was prepared by mixing n-dodecane (99.0+%, Wako Pure Chemical Industries, Ltd.) and 

super dehydrated ethanol (99.5+%, Wako Pure Chemical Industries, Ltd.). An ethanol fraction in 

mixing fuel was altered from 0 volume% to 50 volume%. In order to prevent a phase separation, 4 

volume% of 1-octanol (98.0+%, Wako Pure Chemical Industries, Ltd.) was added into mixing fuel. 

As a catalyst source, 200 ppm, 1,000 ppm and 5,000 ppm by mass of ferrocene (98.0+%, Wako Pure 

Chemical Industries, Ltd.) were dissolved in n-dodecane/ethanol mixing fuel. It should be noted that 

the upper limit of ferrocene solubility in mixing fuel restricted us to dissolve ferrocene higher than 

5,000 ppm by weight in this study. Additionally, molybdenum acetate dimer (98%, Sigma-Aldrich) 
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and sulfur powder (97.0+%, Wako Pure Chemical Industries, Ltd.) which played a promoter for CNT 

synthesis were dissolved into fuel so that an atomic ratio of Mo/Fe and S/Fe to be 0.01 and 2.2, 

respectively. When ferrocene concentration was reduced to 200 ppm or 1,000 ppm, the contents of 

molybdenum and sulfur in mixing fuel were identical with Mo/Fe = 0.01, S/Fe = 2.2, respectively, on 

the basis of 5,000 ppm as ferrocene concentration. An engine load was provided by an external heater 

and its load was varied from 0 to 1.65 kW. A summary of experimental conditions in this research 

appears in Table 3-1. Sampling duration and sampling method of carbon materials are identical with 

those in Chapter 2. Gas chromatograph (Shimadzu Ltd., GC-8A) with a gas sampling system was used 

to detect the composition of an exhaust gas. SHINCARBON ST (Shimadzu Ltd.) was installed in gas 

chromatograph as a packed column to separate O2, CO and CO2. These species eluting from a column 

were sensed by a thermal conductivity detector (TCD) using He as a carrier gas. Overall diagram of 

experimental setup is shown in Figure 3-1. Absolute mole amount of O2, CO and CO2 in an exhaust 

gas was estimated by carrying out the mass balance of oxygen between the inlet and outlet of an engine. 

For implementing mass balance calculation, it was assumed that inlet air was atmospheric ideal gas at 

a temperature of 15 oC and an intake air volume per one engine cycle was equal to a cylinder volume. 

Moreover, a hypothesis was also provided that oxidized products from mixing fuel were only CO, CO2 

and H2O, and the formation of aldehyde like acetaldehyde or formaldehyde or other low molecular 

weight hydrocarbons was ignored. The mixing fuel amounts which were oxidized through combustion 

could be calculated using the mole amount of CO and CO2 at an outlet. An intake fuel amounts per 

one engine cycle were estimated by measuring fuel consumption rate and revolutions per minute in 

each experiment. Then, the conversion of mixing fuel and the yield of CO and CO2 from intake mixing 

fuel were calculated. Conversions for three different fuel components, normal dodecane, ethanol and 

1-octanol, were considered to be equal. After gas compositions of an inlet and outlet of an engine were 

determined, the enthalpy difference between an inlet and outlet could be obtained. A mean adiabatic 

combustion temperature inside a cylinder could be estimated by satisfying the above enthalpy 

difference. For calculating a mean adiabatic combustion temperature, some additional assumptions 

were provided as follows. Firstly, a gas composition inside an engine chamber was uniform. As a 

second one, other reactions such as nitrogen oxidation or thermal dissociation of steam did not take 

place during combustion. Actual combustion temperature would be lower than the above estimated 

temperature due to heat release from a combustion chamber wall to an atmosphere. However, it is 

quite helpful to utilize the above estimated adiabatic temperature for evaluating CNT growth inside a 

diesel engine. Several cautions should be taken care of when mean adiabatic combustion temperatures 

estimated through above procedure are used for discussions. Mean adiabatic combustion temperature 

in our method may be unable to eliminate inaccuracy because combustion region and non-combustion 

region are not separated. Since combustion temperature inside sprayed fuel generally gets up to about 

2,000 K, large differences of combustion temperature between in our approach and in sprayed fuel 
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may be generated. Hence, there is the possibility that we underestimate the importance of the 

contribution by combustion temperature to CNT growth. When the pressure behavior inside a cylinder 

is measured during an engine operation, it is possible to evaluate the local flame temperature through 

the method using the two-region model which consists of burned gas region and unburned air region 

[79]. These advanced quantitative approach shall be carried out in future by tracking the pressure 

behavior inside a cylinder. Produced CNTs and other carbon materials were evaluated by means of 

field emission scanning electron microscopy (FE-SEM, JEOL JSM-7500F) and transmission electron 

microscopy (TEM, HITACHI H-7650 Zero. A). Energy dispersive X-ray (EDX) analysis was carried 

out to study catalyst particles in detail through scanning transmission electron microscopy (HITACHI 

SU9000) equipped with EDX detector. For EDX analysis, the same TEM grid sample used in TEM 

observations was employed. Raman spectra (JASCO NRS-4100, 532 nm diode laser) of a sample was 

obtained without any purification treatment of a sample. In order to avoid the detection of information 

originated from a sampling filter itself, Pt-Pd sputtering was performed on a sampling filter before 

collecting carbon materials. We confirmed that sputtering suppressed our concern and did not disrupt 

signals stemmed from carbon structures emitted from an engine. 

 

 

 Results and discussions 

3-3-1 Observation results 

The impact of ferrocene content on CNT formation was examined by varying it from 200 ppm to 

5,000 ppm by weight. Besides SEM and TEM micrographs, the histogram of CNT outer diameters 

was prepared as well in Figure 3-2. For these measurements, mixing fuel of n-dodecane (55 

volume%)/ethanol (45 volume%) including Mo and S at 1.65 kW as an engine load was employed. 

When ferrocene concentration becomes low (200 ppm), no CNT formation was observed. In place of 

CNT, particulate matters which primarily consisted of soot and iron-based particles were found. With 

the increase of ferrocene content in mixing fuel (1,000 ppm and 5,000 ppm), CNTs were started to be 

formed as indicated by arrows in SEM images, and larger CNT production was obtained at 5,000 ppm. 

However, histogram at 1,000 ppm showed that thinner CNT diameter, namely the improved 

distribution of CNT outer diameter, was gained in comparison with 5,000 ppm. Since we put weight 

on CNT production rather than the uniformity of CNT diameter, ferrocene amounts of 5,000 ppm were 

employed in later experiments.  

Figure 3-3 shows typical SEM and TEM images when an ethanol fraction was varied. An ethanol 

fraction in mixing fuel in Figure 3-3 (a), (b) and (c) was 20, 40 and 50 volume%, respectively. For 

these measurements, an engine load was fixed to be 1.05 kW. Growth CNTs are indicated by arrows 

in SEM pictures. At an ethanol fraction of 20 volume%, a lot of aggregation which consists of small 

catalyst particles or soot could be observed instead of CNT observation. When an ethanol fraction in 
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fuel reached 40 volume%, the formation of CNT started to be observed but produced CNT number 

was still small. When an ethanol fraction in fuel was further enlarged up to 50 volume%, produced 

CNT number was further incremented. The dependence of CNT synthesis on an ethanol fraction in 

fuel is similar with that found in gas oil system. Produced CNT had a diameter ranging from several 

nanometers to less than twenty nanometers. Wall thickness can be calculated from the difference 

between an outer diameter and an inner diameter of tubes by means of TEM images, and the result 

shows it has more than one nanometer which is larger than ideal graphene interlayer distance (0.335 

nm). This supports the idea that synthesized CNT in this study is MWNT.  

Figure 3-4 shows typical SEM and TEM images when an engine load was varied while an ethanol 

fraction was kept at 45 volume%. An engine load in Figure 3-4 (a), (b) and (c) was 0 kW, 1.05 kW and 

1.65 kW, respectively. CNTs could be observed on a sample filter in all conditions. A diameter of 

synthesized CNTs reached several nanometers, thus CNT type was considered as MWNT. Produced 

MWNT number was increased with growing an engine load. Based on the SEM image of Figure 3-4 

(c), the CNT productivity and yield in this study were estimated to be 2.2 × 10-3 g/h and 3 ppm by 

injected carbon weight, respectively, on the assumption that CNT mass density was 1.35 g/cm3. The 

mass-basis yield of CNT using n-dodecane is smaller than that in gas oil because thicker CNTs were 

synthesized in a gas oil system although the number of grown CNTs is identical with each other. The 

CNT selectivity for impurities like soot or catalyst particles was also estimated to be 6% on the basis 

of occupied domain.  

Raman spectrum with n-dodecane (55 volume%)/ethanol (45 volume%) at 1.05 kW is displayed in 

Figure 3-5 (a). This condition showed CNT synthesis. As a reference, Raman spectrum under the 

condition which showed no CNT growth is also presented, Figure 3-5 (b). Figure 3-5 (a) indicates 

sharp G peak and relatively weak D peak which are stemmed from an ordered graphite structure with 

six membered ring and a disordered/defective graphite structure, respectively. The intensity ratio of G 

peak and D peak which is frequently utilized as a criterion for evaluating the crystallinity of graphite 

structure is approximately 5. On the other hand, the shape of Raman spectrum in Figure 3-5 (b) 

resembles that stemmed from typical soot emitted from a diesel engine in preceding articles [80,81]. 

Hence, it is probable that sharp and strong G peak against D peak in Figure 3-5 (a) is attributed to the 

presence of CNTs.  

In order to gain information on iron particles, EDX analysis was carried out as shown in Figure 3-6. 

Analyzed sample was the one that an ethanol fraction was 45 volume% and an engine load was 1.65 

kW. Iron catalyst particle which seems to contribute to CNT synthesis is marked by an arrow. 

According to this elemental mapping, CNT is grown from a metallic iron nanoparticle not from 

oxidized ones in spite of oxidized atmosphere during combustion because catalyst particle 

encapsulated by carbon layers did not include oxygen. Figure 3-6 also shows that sulfur seemed to be 

concentrated on the iron particle which grew CNT rather than the ones which did not grow CNT. Also, 
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as an interesting tendency, the region which reflects strong O intensity does not overlap that of sulfur 

intensity. This fact implies that sulfur played a crucial role in CNT synthesis in our system as indicated 

in Chapter 2.  

 

3-3-2 Gas compositions in an exhaust and mean adiabatic combustion temperature 

 Figure 3-7 (a) and (b) show variations of the mole amount of CO and CO2 per one engine cycle which 

were detected at the engine outlet, respectively, when an ethanol fraction in fuel and an engine load 

were altered. It can be seen from Figure 3-7 (a) that no or almost no CO was detected at an ethanol 

fraction below 20 volume%, but it gradually increased with growing an ethanol fraction. This tendency 

that larger amounts of CO are emitted at a high ethanol concentration in fuel can be acceptable taking 

into consideration several reports by other researches. As Curran et al. pointed out, C-O bond in the 

oxygenated compounds is very strong and prone to remain connected during combustion [82 ]. 

According to the low temperature (800 K) oxidation of ethanol proposed by Mittal et al., a path to 

form CO via the formation of acetaldehyde or formaldehyde is one of the major reaction routes [83]. 

Meanwhile, when CO amounts at the same ethanol fraction in fuel is compared, larger CO was 

obtained at a higher engine load as significantly indicated in an ethanol fraction of 45 volume%. It is 

well known that formation of CO is facilitated in the fuel rich regions due to incomplete combustion. 

Since injected quantity of fuel is increased along with increasing an engine load shown in Figure 3-7 

(c), it is probable that a fuel rich region is extended, especially in the vicinity of the fuel injection 

nozzle. As a consequence, larger CO amounts might be produced when an engine load was increased. 

Since the rotation number per one minute is around 3,000 rpm almost irrespective of experimental 

conditions in our diesel engine, Figure 3-7 (c) provides the indirect information about fuel 

consumption rate per unit time. For instance, fuel injection rate of 1.37 × 10-2 (mL/1-cycle) is equal to 

1.23 (L/h) when an ethanol fraction is 45 volume% and an engine load is 1.05 kW. The behavior of 

CO and CO2 emission in an exhaust resembles each other, namely, they are enlarged with the increase 

of both an ethanol fraction in fuel and an engine load.  

 Mean adiabatic combustion temperatures in each experimental condition which were estimated by 

means of CO and CO2 mole amounts in an exhaust gas are shown in Figure 3-7 (d). The behavior of a 

mean adiabatic combustion temperature resembles especially that of CO2 in Figure 3-7 (b) through all 

the conducted experiments. The contribution of CO to a combustion temperature is minor in 

comparison with that of CO2 because amounts of CO in an exhaust gas is one order smaller than those 

of CO2 and reaction enthalpy to form CO from feedstock fuel is about 280 kJ/mol lower than that to 

form CO2 under the standard condition. A combustion temperature is one of the most critical 

parameters for CNT growth. Actually, Figure 3-3 and Figure 3-4 tend to present a large fraction of 

CNT under an experimental condition with a high adiabatic combustion temperature.  

 As well as adiabatic combustion temperatures, other experimental results to determine an engine 



41 
 

performance were exhibited in Figure 3-8. These items were calculated based on gas compositions in 

an exhaust as a function of an engine load and an ethanol concentration in mixing fuel. Figure 3-8 (a) 

is the variation of thermal efficiency, where it is defined as the ratio of an engine load provided by an 

external heater to actually introduced heat calculated by lower heating value of mixing fuel. Thermal 

efficiency was reduced with the increase of an ethanol fraction, but it became improved when a higher 

engine load was provided. Figure 3-8 (b) shows the dependence of an average equivalence ratio on an 

ethanol content in fuel and an engine load. An equivalence ratio was estimated on the basis of measured 

fuel injection rate and intake air volume. The behavior of an equivalence ratio resembles that of CO2 

amount in an exhaust and adiabatic combustion temperature shown in Figure 3-7. Although all 

conditions were operated under fuel lean circumstance (smaller than 1.0) as a whole, an equivalence 

ratio increased when an engine load and an ethanol contents became large, meaning that local fuel rich 

regions were extended. Figure 3-8 (c) displays the variation of fuel conversion to CO and CO2 which 

is calculated on the assumption that components included in mixing fuel possess the equal conversion. 

Fuel conversion is primarily enlarged at a high load, but it is less dependent on an ethanol fraction at 

the same engine load. It should be noted that actual fuel conversion has to be slightly higher than the 

ones presented in Figure 3-8 (c) because the conversion from fuel to soot or hydrocarbons other than 

CO and CO2 was not taken into account. 

 

3-3-3 Discussions 

 SEM and TEM analysis was carried out for all samples in order to evaluate the presence of CNTs on 

filter. According to its observations, each experimental condition was divided into two categories as 

follows. One is that no CNT could be observed and another is that CNT could be observed. The 

distinguishing line which separates the regions for CNT formation and no CNT formation is indicated 

in Figure 3-7. It is confirmed that the growth of CNT was found when an ethanol fraction in fuel was 

equal to or higher than 30 volume%. It is implied from these results that ethanol strongly affects CNT 

growth in a diesel engine directly or indirectly.  

 One of notable effects when an ethanol fraction became high was that mixing fuel injection rate into 

a chamber was increased (Figure 3-7 (c)), resulting in an increase of CO2 emission in Figure 3-7 (b) 

and a higher adiabatic combustion temperature in Figure 3-7 (d). In particular, the latter is important. 

From the standpoint of the effect of a combustion temperature on CNT synthesis, there was a tendency 

to be rise in formed CNT number at a higher combustion temperature as seen in Figure 3-3 and Figure 

3-4. According to preceding reports, a temperature corresponding to the region of massive CNT 

synthesis was 1,500–1,800 K [84 ] and 1,400–1,600 K [85 ] in flame process, and about 1,200 oC 

[86,87] in CVD process, which were close to the combustion temperature (1,150 oC) at an ethanol 

fraction of 50 volume% and an engine load of 1.05 kW in our study where a number of CNTs was 

grown. Another effect observed when an ethanol fraction became high was that CO emission in an 
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exhaust was increased as indicated in Figure 3-7 (a). According to some preceding papers, CO has 

been utilized as a feedstock [88,89,90] or one of the main precursors [85,91] for CNT formation. 

Hence, it may be reasonable to consider that a higher combustion temperature and/or larger CO 

amounts would be the essential reason for increasing CNT number when an ethanol fraction became 

large. In order to compare the significance of these two factors, Figure 3-9 was prepared, where the 

relationship between them is shown. The region of CNT formation and no CNT formation can be 

clearly distinguished by the vertical line which intersects the horizontal axis into two CO amount zones. 

On the other hand, such a distinguishing is impossible by the horizontal line which intersects vertical 

axis into two temperature zones. It seems to be obvious in this figure that CNT synthesis in a diesel 

engine is allowed when CO emission in an exhaust surpasses a certain value. These results suggest 

that whether CNT growth can be achieved in a diesel engine or not is strongly governed by CO 

amounts produced during combustion in an engine, and a mean adiabatic combustion temperature has 

less impact on CNT growth. Although CO is inferred to be a promising CNT precursor in our system, 

we recognize that other chemical species such as acetylene [92,93,94] and/or ethylene [95,96,97] may 

be able to synthesize CNTs according to some reports. Actually, we cannot rule out this possibility 

because oxidation reactions of n-dodecane [76,78] and ethanol [98,99] produce acetylene and ethylene 

during combustion. However, detailed discussions to compare the importance in CNT growth are 

carried out in a later chapter.  

 

 

 Summary of this chapter 

In this chapter, we attempted to synthesize CNTs in a diesel engine by replacing gas oil with n-

dodecane as main fuel in order to perform detailed analysis including the estimation of a mean 

adiabatic combustion temperature in a cylinder on the basis of oxygen mass balance and heat balance 

at an inlet/outlet of an engine. Remarkable points in this chapter were acquired as follows. 

� Through SEM/TEM observations in each experimental condition, it was found that CNTs were 

prone to be synthesized when an ethanol content in mixing fuel and an engine load were enlarged. 

This may be because higher combustion temperatures and larger emissions of carbon monoxide 

were achieved. 

� It was suggested via EDX analysis that the catalytic particle contributing to CNT growth was 

metallic state rather than oxidized one.  

� It was implied that the formation of CNTs in a diesel engine was strongly correlated with CO 

emission rather than a combustion temperature because the distinguishing line separating CNT 

growth condition and no CNT growth condition could be drawn against CO amounts. 

 

  



43 
 

Figure 3- 1 Schematic diagram of an experimental setup. The same engine with that in Chapter 

2 was employed. The sketch of gas chromatograph is added. 

 

 

Figure 3- 2 SEM photograph and corresponding histogram of CNT outer diameter as a function 

of ferrocene concentration in mixing fuel. Ferrocene concentration is (a) 200 ppm, (b) 1,000 ppm 

and (c) 5,000 ppm by weight. TEM images are inserted in each SEM image for a reference. 

Mixing fuel of n-dodecane (55 volume%)/ethanol (45 volume%) including Mo and S at 1.65 kW 

as an engine load was employed.   
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Figure 3- 3 Typical SEM and TEM images when an ethanol fraction in fuel was varied, (a) 20 

volume%, (b) 40 volume% and (c) 50 volume%. An engine load was 1.05 kW for all samples. As 

a reference, mean adiabatic combustion temperature in (a), (b) and (c) was 520, 670 and 1,150 

oC, respectively. 

 

 

Figure 3- 4 Typical SEM and TEM images when an engine load was varied, (a) 0 kW, (b) 1.05 

kW and (c) 1.65 kW. An ethanol fraction was 45 volume% for all samples. As a reference, mean 

adiabatic combustion temperature in (a), (b) and (c) was 460, 780 and 1,060 oC, respectively. 
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Figure 3- 5 Raman spectra under the condition which shows (a) CNT growth and (b) no CNT 

growth. (a) n-dodecane (55 volume%)/ethanol (45 volume%) at 1.05 kW using ferrocene 5,000 

wt ppm and Mo/S (Mo/Fe = 0.01, S/Fe = 2.2). (b) gas oil 100 volume% at 1.05 kW without any 

additives.  

 

 

 

Figure 3- 6 EDX analysis for investigating the chemical state of catalyst particles under 45 

volume% as an ethanol fraction and 1.65 kW as an engine load. 
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Figure 3- 7 Experimental results using gas chromatograph when an ethanol fraction in fuel and 

an engine load were varied. (a) CO mole amount in an exhaust gas, (b) CO2 mole amount in an 

exhaust gas, (c) mixing fuel injection rate and (d) mean adiabatic combustion temperature in an 

engine chamber.  
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Figure 3- 8 Variation of evaluations items calculated by gas compositions in an exhaust as a 

function of an ethanol content in mixing fuel and an engine load. (a) thermal efficiency, (b) 

equivalence ratio and (c) fuel conversion. 

 

 

Figure 3- 9 Relationship between CO amount in an exhaust and adiabatic combustion 

temperature. 
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Table 3- 1 Summary of experimental conditions in this chapter. 

Fuel  Normal dodecane (balance) + Ethanol (0–50 volume %) 

Catalyst  Ferrocene: 5,000 ppm by weight 

 Molybdenum acetate dimer: Mo/Fe = 0.01 

 Sulfur powder: S/Fe = 2.2 

Engine load  0, 0.60, 1.05, 1.65 kW 
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Chapter 4.  Effects of Fuel Type on CNT Synthesis 
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 Background of this chapter 

 The applications of alternative fuels such as fatty-acid methyl ester (FAME) instead of conventional 

diesel fuel for a diesel engine operation have been studied in recent years because of its renewable 

ability or the necessity for preventing global warming [100,101,102,103]. It is well known that FAME 

is vegetable-origin fuel and regarded as biodiesel. Merits of employing vegetable-origin fuel are, for 

examples, cleaner emissions from its combustion, the reduction of CO2 by carbon-neutral through 

combining water and CO2 by photosynthesis and consuming by combustion, similar properties with 

diesel fuel such as cetane number, and so on [104]. Since raw vegetable oils cannot be utilized for a 

present diesel engine, they have to be converted to FAME. FAME can be produced from not only a 

wide variety of vegetable oils, but also diverse animal fats and waste grease by means of a 

transesterification reaction usually with methanol. Depending on the area and oil feedstock, typical 

compositions of biodiesel are different with respect to one another [104,105,106]. For instance, methyl 

linoleate (C19H34O2) is a dominant compound from soybean oils in USA, methyl oleate (C19H36O2) is 

most included in case of rapeseed oils in Europe, methyl palmitate (C17H34O2) and methyl oleate are 

primary constituents from palm oils in Southeast Asia, and methyl laurate (C13H26O2) consists mainly 

of biodiesel when coconut oils are used as a feedstock in Philippines. Of course, the mixture of several 

FAMEs with different carbon number is applied to an actual engine operation. In any case, due to its 

simple production process and an intensive expectation as an alternative fuel, emission properties or 

oxidation pathways when FAME was employed as fuel have been explored by a lot of research groups 

with the application for an actual engine in mind [106,107 ,108 ]. Not only FAME but also other 

candidates such as normal alkane and alcohol have been attempted for a diesel engine operation in 

laboratory scale until today [109,110]. In Chapter 3, we utilized n-dodecane as one of fuel, but normal 

alkanes larger than heptane (C8H18) are able to be viable in a diesel engine operation. In practice, 

combustion properties and/or emission properties of normal alkanes have been intensively studied 

[111,112]. Although investigations of alcohol with large carbon chain for the use of a diesel operation 

is very few when compared with normal alkane and FAME, Julis and Leiter reported recently that 1-

octanol (C8H18O) could be synthesized effectively via an outstanding catalyst from acetone and 

furfuran which is known as a biomass-derived material [113]. Along with that, the study to use 1-

octanol or 1-decanol (C10H22O) as diesel fuel has been begun [109,114], and thus it can be expected 

that articles dealing with long chain alcohol are going to be increased more in future. Here, let us 

review comparative studies where effects of fuel types with different chemical structures on 

combustion/emission properties were investigated. Jakob et al. reported emissions from a diesel engine 

when n-decane or 1-decanol was utilized and their experiments showed that emissions of carbon 

monoxide and unburned hydrocarbons were larger in 1-decanol than those in n-decane [114]. 

Kerschgens et al. investigated the impact of the fuel chemical structure on combustion in a diesel 

engine and exhibited that shorter ignition time was obtained in n-octane than that in 1-octanol, and 
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higher amounts of carbon monoxide and unburned hydrocarbons at an engine outlet were measured in 

1-octanol than those in n-octane [109]. The study by Cai et al. evaluated the ignition delay time in a 

high-pressure shock tube, in which similar ignition delay times were observed between n-octane and 

1-octanol at high temperature (> 1,000 K) but it became shortened in case of n-octane at temperature 

below 1,000 K [115]. Shen and coworkers measured the ignition delay time of normal alkane ranging 

from heptane to tetradecane (C14H30), indicating that an ignition time was independent on fuel carbon 

number [111]. Witkowski et al. evaluated sooting properties of methane, n-heptane and n-tetradecane 

using a laminar diffusion flame burner and the sooting tendency was increased along with increasing 

carbon number included in its molecular structure [112]. Pinzi et al. reported that when methyl ester 

was employed for a diesel engine operation instead of ordinary diesel fuel, PM emissions from an 

engine were decreased [100]. Moreover, they used several methyl esters whose carbon numbers ranged 

from 12 to 18 and found that emissions of carbon monoxide, unburned hydrocarbon and PM were 

monotonously incremented with the increase of carbon number included in its molecular structure 

[100]. The study by Feng et al. presented interesting comparative information that soot volume 

produced from methyl ester was lower compared to the corresponding normal alkane in atmospheric 

pressure non-premixed flame [108]. Saggese and coworkers provided kinetic modeling for biodiesel 

combustion where similar ignition delay time under a stoichiometric condition was observed 

irrespective of constituent carbon numbers if methyl ester was saturated [105]. Herbinet et al. 

suggested that the production rate of CO and CO2 from methyl ester at low temperature (ca. 800 oC) 

was larger than that from normal alkane [107]. Since combustion and emission properties are strongly 

dependent on the fuel chemical structure as seen above, it is plausible to consider that such differences 

may influence CNT growth in a diesel engine. As an observed tendency, when oxygen-containing fuel 

like methyl ester and alcohol is used, larger emissions of CO and unburned hydrocarbons are generated 

but there is less difference in combustion properties.  

 The synthesis of carbon nanomaterials like CNT and graphene from natural or wasted hydrocarbons 

as a carbon source is one of the hot topics in recent years. In place of conventional carbon feedstock 

such as methane, ethylene, toluene, etc. which are produced from fossil fuel, many processes utilizing 

alternative materials like natural hydrocarbon or industrial carbonaceous waste has been proposed to 

date [116]. As examples of CNT synthesis, camphor [117,118,119], turpentine oil [120], eucalyptus 

oil [121], palm oil [122], jatropha derived biodiesel [123], castor oil [124], sesame oil [125] and others 

were studied in laboratory stage. In these reports, the technique to carry out CVD process with CNT 

growth on substrates has been employed. On the other hand, one of characteristics in our method is to 

use a diesel engine for the synthesis of CNTs where renewable hydrocarbons such as FAME and 

ethanol are employed as heat and carbon source. 

 In this chapter, we employed three types of fuel for a diesel engine operation: mixture of methyl 

laurate as FAME and ethanol, mixture of 1-decanol as long chain alcohol and ethanol, and mixture of 
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n-dodecane as normal alkane and ethanol. Then, we tried to examine how the chemical structure of 

fuel affected the CNT growth in a diesel engine. 

 

 

 Experimental methods 

The diesel engine and sampling system for products are identical with that described in Chapter 3. 

As main fuel, n-dodecane (99.0+%, Wako Pure Chemical Industries, Ltd.), methyl laurate (98.0+%, 

Wako Pure Chemical Industries, Ltd.) and 1-decanol (>98.0%, Tokyo Chemical Industry Co., Ltd.) 

were employed. The chemical structure of each fuel is shown in Figure 4-1. Super dehydrated ethanol 

(99.5+%, Wako Pure Chemical Industries, Ltd.) was mixed with main fuel and an ethanol fraction was 

changed from 0 volume% to 40 volume% for methyl laurate and 1-decanol and from 0 volume% to 

50 volume% for n-dodecane. In order to prevent a phase separation, 4 volume% of 1-octanol (98.0+%, 

Wako Pure Chemical Industries, Ltd.) against mixing fuel was added in case of n-dodecane. No phase 

separation was observed in the use of methyl laurate and 1-decanol even when ethanol was mixed. As 

a catalyst source, 5,000 ppm by mass of ferrocene (98.0+%, Wako Pure Chemical Industries, Ltd.) 

was dissolved in mixing fuel. Additionally, molybdenum acetate dimer (98%, Sigma-Aldrich) and 

sulfur powder (97.0+%, Wako Pure Chemical Industries, Ltd.) which played a promoter for CNT 

synthesis were dissolved into fuel so that an atomic ratio of Mo/Fe and S/Fe to be 0.01 and 2.2, 

respectively. An engine was operated under a load ranging from 0 kW to 1.65 kW. A summary of 

experimental conditions in this chapter is presented in Table 4-1. The impacts of differences in the fuel 

chemical structure were evaluated by means of field emission scanning electron microscopy (FE-SEM, 

JEOL JSM-7500F) and transmission electron microscopy (TEM, HITACHI H-7650 Zero. A). For 

analyzing CNT structure in detail, high-resolution transmission electron microscopy (HR-TEM, JEOL 

JEM2010F) was used. An elemental analysis of our samples was performed using energy dispersive 

X-ray analysis (EDX) equipped with JEM-2010F. Two types of gas chromatograph (Shimadzu Ltd. 

GC-8A) were adopted to detect compositions of an exhaust gas. One is thermal conductivity detector 

(TCD) equipped with SHINCARBON ST (Shimadzu Ltd.) as a packed column for detecting O2, CO, 

CO2 in an exhaust gas. The other is flame ionization detector (FID) equipped with Unipak S (GL 

Sciences Inc.) as a packed column for detecting C1–C3 hydrocarbons, namely CH4, C2H2, C2H4, C2H6, 

C3H4, C3H6 and C3H8. Mean adiabatic combustion temperature inside a cylinder was estimated in the 

similar manner as described in Chapter 3. Through these approaches, we evaluated effects of fuel type 

on CNT synthesis in a diesel engine.  

 

 

 Results and discussions 

4-3-1 Gas compositions of an exhaust gas 
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 The emissions of CO2 and CO in an exhaust gas evaluated via a TCD system are shown in Figure 4-

2 (a) and (b), respectively, when an ethanol fraction and an engine load are varied. Variations of a 

mean adiabatic combustion temperature inside a chamber calculated by means of CO and CO2 

amounts are displayed in Figure 4-2 (c). It is obvious from these figures that larger CO and CO2 

amounts in an exhaust tend to be acquired in case of methyl laurate and 1-decanol based fuel at an 

ethanol concentration lower than 40 volume% when compared at the same engine load. For instance, 

at an ethanol fraction of 40 volume% and an engine load of 1.65 kW, mixing fuel based on methyl 

laurate and 1-decanol produces larger amounts of CO and CO2 than n-dodecane blended fuel. The 

emissions in n-dodecane system catch up with those in methyl laurate and 1-decanol when an ethanol 

fraction in fuel increases larger than 40 volume%. The distinguishing line which separates CNT growth 

conditions and no CNT growth conditions based on SEM and TEM observations conducted for all 

samples is inserted in Figure 4-2. Such a line can be very clearly inserted against CO amounts in an 

exhaust, suggesting that CO may be more important for CNT growth in a diesel engine than CO2 

amounts and/or adiabatic combustion temperatures, which is consistent with the implication in Chapter 

3.  

 Figures 4-3 (a), (b) and (c) exhibit total C1–C3 hydrocarbon amounts in an exhaust per one engine 

cycle, ethylene amounts in an exhaust and acetylene amounts in an exhaust, respectively, when an 

ethanol content in fuel is varied. Since the importance of ethylene and acetylene in CNT synthesis as 

a promising precursor is well recognized, their behavior is picked up specially. Figures 4-3 (a)–(c) 

show a similar tendency with each other, that is to say, emissions in an exhaust gas are boosted 

suddenly when an ethanol fraction surpasses a certain value. In case of mixing fuel based on 1-decanol, 

a sharp jump is achieved at an ethanol fraction larger than 15 volume%. On the other hand, such a 

sharp jump can be observed at a higher ethanol fraction over 40 volume% when n-dodecane/ethanol 

mixing fuel is used. Methyl laurate based fuel shows an intermediate propensity between 1-decanol 

and n-dodecane. The increase of emitted amounts of low molecular hydrocarbons found in Figure 4-

3 resembles the trend of CO and CO2 shown in Figure 4-2. However, the distinguishing line which 

separates CNT growth conditions and no CNT growth conditions cannot be drawn against any low 

molecular hydrocarbon, whose tendency is different from that in CO amounts in Figure 4-2 (b).  

 Figure 4-4 shows the dependence of fuel injection rate, thermal efficiency, mean equivalence ratio 

and fuel conversion on experimental parameters (fuel type, an ethanol concentration in mixing fuel 

and an engine load). In Figure 4-4 (a), the variation of fuel injection rate which is measured via 

experiments is displayed. Injection rate is increased with the increase of an ethanol content and an 

engine load irrespective of fuel type. The order of injection rate becomes 1-decanol ≈ methyl laurate 

> n-dodecane when compared at the equal ethanol fraction. Figure 4-4 (b) shows the variation of 

thermal efficiency which is defined in a similar manner in Chapter 3. Thermal efficiency is deteriorated 

when an ethanol fraction becomes large, however, it is improved at a high engine load. These 
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tendencies are common in all fuel. In general, the order of thermal efficiency offers n-dodecane > 

methyl laurate ≈ 1-decanol when compared at the same ethanol fraction and engine load. The 

dependence of an average equivalence ratio at an engine inlet basis is shown in Figure 4-4 (c). The 

way to calculate equivalence ratio is the same with that described in the previous chapter. We can 

confirm the propensity that mean equivalence ratio inside a cylinder is made large in the order 

corresponding to 1-decanol, methyl laurate and n-dodecane when compared at the equal ethanol 

fraction/engine load. Figure 4-4 (d) is the variation of mixing fuel conversion which is calculated 

similarly in Chapter 3. Higher fuel conversion is presented in case of methyl laurate, but this 

suggestion is not explicit. 

 

4-3-2 SEM/TEM images of synthesized CNTs 

 SEM and TEM micrographs of carbon materials produced from three different main fuel at an ethanol 

fraction of 20 volume% and an engine load of 1.65 kW are displayed in Figure 4-5. TEM images are 

inserted in SEM images, and observed CNTs are indicated by arrows in SEM photographs. Soot and 

iron-based nanoparticles covered by carbonaceous materials were found instead of CNT formation in 

n-dodecane, while methyl laurate and 1-decanol based fuel showed slight CNT formation although a 

large amount of soot and iron particles were observed as well. Even when CNT was observed, soot 

and/or iron nanoparticles which did not contribute to CNT growth were attached on CNT. As indicated 

in Figure 4-2, an experimental condition with a low ethanol content in fuel like 20 volume% is located 

on the boundary to separate CNT growth region and no CNT growth region. It should be noted that 

both methyl laurate and 1-decanol based fuel produce larger CO amounts than n-dodecane according 

to Figure 4-2, while methyl laurate and n-dodecane based fuel show little difference but 1-decanol 

based fuel generates higher emissions of low molecular hydrocarbons at corresponding conditions as 

shown in Figure 4-3. Taking into account SEM/TEM micrographs and measured gas data, it is 

suggested that CO contributed more strongly to CNT formation in a diesel engine. In-depth discussions 

on an influential CNT precursor in our system are carried out in Chapter 5.  

 The number of formed CNT was increased regardless of fuel type when an ethanol fraction in fuel 

became high as shown in Figure 4-6. In case of n-dodecane, the mixture of n-dodecane 55 volume% 

plus ethanol 45 volume% was selected, while 65 volume% main fuel blended with ethanol of 35 

volume% was adopted in methyl laurate and 1-decanol system. These three conditions possess almost 

similar CO amounts in an exhaust gas of ca. 7 × 10−5 mol/1-engine cycle, but an adiabatic combustion 

temperature at 1-decanol condition has 990 °C which is 150 °C lower than that of n-dodecane and 

methyl laurate case. The quantity of formed CNTs in Figure 4-6 was increased in all three conditions 

in comparison with the one at a low ethanol fraction in Figure 4-5. Further increase of an ethanol 

content in fuel did not cause any acceleration of CNT synthesis, and to make matters worse an 

additional increasing led to an unstable engine operation. Figure 4-6 includes histogram of synthesized 
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CNT outer diameters under corresponding conditions with SEM and TEM images. Three conditions 

show relatively similar propensity that maximum peak of an outer diameter appears from 4 nm to 8 

nm and not negligible amounts of large diameter over 10 nm are produced. An average diameter was 

estimated to be 7.5 nm, 6.5 nm and 6.5 nm for n-dodecane, methyl laurate and 1-decanol based fuel, 

respectively. Although an average diameter formed from n-dodecane based fuel indeed possesses 

slightly larger value compared with the other two cases, its difference is tiny. The reasons why similar 

experimental results were given at a high ethanol fraction in fuel may be because CO amounts 

contained in an exhaust were almost equal with each other. With the increase of an ethanol 

concentration in fuel, CO emissions from n-dodecane/ethanol mixing fuel catch up with those from 

mixing fuel of methyl laurate or 1-decanol with ethanol. This is because ethanol is likely to generate 

CO due to strong C-O bond [126]. Also, the kinetic model of ethanol oxidation shows that ethanol 

tends to mainly produce CO via the formation of aldehyde during combustion, and less C2H4 and C2H2 

are formed compared with CO [127,128]. Then, CNT production becomes less affected by fuel type 

at a high ethanol fraction. On the other hand, at a low ethanol content in fuel, methyl laurate and 1-

decanol are likely to produce more CO than n-dodecane due to the presence of oxygen atom in their 

molecular structure [107,109]. Consequently, whether CNT is formed or not in a diesel engine at a low 

ethanol fraction depends on fuel chemical structures because CO which is primarily produced from 

methyl laurate and 1-decanol is expected to play a significant role in CNT growth. Further 

considerations on the CNT growth mechanism in our system are provided in Chapter 5.  

 

4-3-3 HR-TEM images and elemental analysis of catalysts 

 In order to acquire more detailed information on as synthesized CNTs, HR-TEM analysis was carried 

out for samples using n-dodecane, methyl laurate and 1-decanol. The experimental conditions for HR-

TEM were consistent with those in Figure 4-6. Figure 4-7 exhibits HR-TEM pictures. Single-walled 

carbon nanotube (SWNT) could be observed among synthesized CNTs, but it was quite rare, Figure 

4-7 (a). On the contrary, multi-walled carbon nanotubes (MWNTs) occupied a major portion of 

synthesized CNTs irrespective of a fuel type as shown in Figure (b)–(d). MWNTs prepared in these 

conditions undoubtedly possessed multiple layers, but it was difficult to count with accuracy because 

they showed the unclear and irregular structure. Such a defective structure might be induced by oxygen 

which was present in a cylinder and might attack carbon network during or after carbon layer formation. 

These TEM micrographs also show iron-based particles attached or included in CNT side wall which 

are observed frequently during HR-TEM evaluation. 

 In order to obtain elemental information about iron-based particles, EDX analysis was performed. 

The experimental conditions considered for EDX analysis were the same with the ones in Figure 4-7, 

but for comparison purpose, data obtained from n-dodecane (80 volume%)/ethanol (20 volumes%) 

mixing fuel with 1.65 kW where no CNT growth was observed was added. Figure 4-8 (a) is an 
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exemplary TEM photograph showing EDX point and its EDX spectra for estimating elemental ratio. 

Average O/Fe atomic ratio through randomly picked-up several iron-based particles is displayed in 

Figure 4-8 (b). It is clear from Figure 4-8 (b) that CNT growth conditions showed lower O/Fe ratio 

after combustion reactions than that without CNT growth, i.e. n-dodecane (80 volume%)/ethanol (20 

volume%) mixing fuel, and among CNT growth conditions there were not large differences in O/Fe 

ratio. According to preceding studies, both metallic iron and oxidized iron are capable of catalytically 

growing CNTs. Nasibulin et al. [129], Teblum et al. [130] and Wen et al. [131] argued that metallic 

iron particles had higher activity for CNT growth than iron oxide particles in CVD technique and 

flame process. In contrast, Sato et al. [132] and de los Arcos et al. [133] indicated that iron oxide 

catalysts promoted CNT growth in CVD system, and Unrau et al. [134] considered that FeO particles 

played a dominant role in growing SWNT in flame process. Moreover, even when iron oxide, for 

example Fe2O3, was used as a catalyst feedstock, it was reduced during CNT growth to metallic iron 

or Fe3C [132,135,136]. Some researchers consider that such reduced metallic iron particles exhibited 

catalytic function for carbon material growth [132,137]. Hence, following scenario is plausible to take 

place. Once metallic iron is formed from raw iron oxide, it may catalytically grow CNTs, keeping 

metallic state till the end of reaction time. Similar phenomena could be observed in aerosol studies to 

evaluate effects of iron additives into fuel on characteristics of particulate emission from flames, where 

metallic iron particles were observed at the exit in addition to iron oxide particles in spite of the 

presence of oxygen [138,139]. The reduction of iron oxide to metallic iron may proceed in a similar 

way to the well-known blast furnace reactions, namely iron oxide reacts with solid carbon or carbon 

monoxide to form iron [140]. According to reactions in blast furnace, some particles in aerosol are 

reduced from oxidized state to metallic state and then emitted maintaining metallic state. Our 

experiments might undergo similar reactions because an operation temperature in blast furnace ranging 

from several hundreds to over one thousand Celsius resembles adiabatic combustion temperatures in 

our study. Therefore, metallic iron particles produced through reduction reactions might exhibit 

catalytic ability for CNT growth when considering above preceding studies and experimental results 

presented in Figure 4-8. During CNT formation, metallic state was maintained to some degree because 

carbon layers surrounding such particles might prevent oxidizer from accessing to catalyst particles. 

On the other hand, oxidized iron particles without experiencing reduction processes and/or other 

particles which underwent reoxidation reactions immediately after reduction might not contribute to 

CNT growth. 

 

 

 Summary of this chapter 

 In this chapter, we attempted to investigate and evaluate impacts of the chemical structure of fuel 

on CNT growth in a diesel engine. Three different types of fuel, i.e. normal dodecane (n-dodecane), 
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FAME (methyl laurate) and alcohol (1-decanol), were employed as main fuel. Remarkable points are 

listed as follows. 

� At a low ethanol content (e.g. 20 volume%), CNT could be grown in case of mixing fuel using 

methyl laurate and 1-decanol, while n-dodecane system did not show any CNT growth. At a high 

ethanol fraction, CNT production was facilitated and there was almost no difference in CNT 

production between fuel type.  

� The behavior of CNT growth in different fuel type may be able to be interpreted by the 

contribution of CO amounts in an exhaust. Higher CO emissions could be obtained from methyl 

laurate and 1-decanol than from n-dodecane at a low ethanol content. On the other hand, at a 

large ethanol fraction, CO amounts became similar because it could be produced mainly from 

ethanol, resulting in very less difference in CNT production.  

� According to HR-TEM evaluation, SWNT was rarely formed while majority of synthesized 

CNTs was MWNT irrespective of fuel conditions. Carbon layers consisting of CNTs were 

damaged probably due to oxygen. 

� EDX analysis of iron nanoparticles showed that lower O/Fe atomic ratio was obtained in case of 

CNT growth condition. Based on various preceding papers, it is implied that metallic iron 

particles contributed to CNT growth in our study. 
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Figure 4- 1 Chemical structure of main fuel used in this chapter for a comparison study. 

 

 

Figure 4- 2 Variations of (a) CO amount in an exhaust gas, (b) CO2 amount in an exhaust gas 

and (c) mean adiabatic combustion temperature when main fuel, an ethanol fraction and an 

engine load were changed. The uniform color was used for the same main fuel and the uniform 

shape was used for the same engine load. 
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Figure 4- 3 Variations of (a) total C1–C3 hydrocarbon amount in an exhaust gas, (b) ethylene 

amount in an exhaust gas and (c) acetylene amount in an exhaust gas when main fuel and an 

ethanol fraction in fuel were changed.  
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Figure 4- 4 Variation of evaluations items calculated by gas compositions in an exhaust when 

experimental conditions (fuel type, ethanol content, engine load) were changed. (a) fuel injection 

rate. (b) thermal efficiency. (c) equivalence ratio. (d) fuel conversion. The definition and 

estimation procedure of thermal efficiency, equivalence ratio and fuel conversion were identical 

with those in Chapter 3. 
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Figure 4- 5 Typical SEM images with inserted TEM images of synthesized CNTs when main fuel 

was varied while an ethanol fraction (20 volume%) and an engine load (1.65 kW) were identical. 

(a) n-dodecane (80 volume%)/ethanol (20 volume%) mixture, (b) methyl laurate (80 

volume%)/ethanol (20 volume%) mixture and (c) 1-decanol (80 volume%)/ethanol (20 

volume%) mixture. Synthesized CNTs are indicated by arrows in SEM images. 
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Figure 4- 6 SEM images with inserted typical TEM images of synthesized CNTs at higher ethanol 

fraction in fuel and histogram of CNT outer diameter synthesized at the comparable condition. 

(a) n-dodecane (55 volume%)/ethanol (45 volume%) mixing fuel with 1.65 kW as an engine load, 

(b) methyl laurate (65 volume%)/ethanol (35 volume%) mixing fuel with 1.65 kW as an engine 

load and (c) 1-decanol (65 volume%)/ethanol (35 volume%) mixing fuel with 1.65 kW as an 

engine load. Synthesized CNTs are indicated by arrows in SEM images. 
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Figure 4- 7 HR-TEM images of synthesized CNT. (a) and (b) n-dodecane (55 volume%)/ethanol 

(45 volume%) mixing fuel with 1.65 kW as an engine load, (c) methyl laurate (65 

volume%)/ethanol (35 volume%) mixing fuel with 1.65 kW as an engine load and (d) 1-decanol 

(65 volume%)/ethanol (35 volume%) mixing fuel with 1.65 kW as an engine load. SWNT was 

rarely observed and the majority of CNTs were MWNTs in each condition. Iron-based 

nanoparticles attached or encapsulated in CNT are indicated by arrows. 
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Figure 4- 8 EDX analysis of iron particles for estimating atomic ratio when different fuel was 

used. (a) HR-TEM image and EDX spectrum where pointed out in HR-TEM image when n-

dodecane (55 volume%)/ethanol (45 volume%) mixing fuel was used and an engine load was 

1.65 kW. (b) average O/Fe atomic ratio of several iron-based particles when different fuel was 

used. The same engine load of 1.65 kW was employed. 

 

 

 

Table 4- 1 Summary of experimental conditions conducted in this chapter. 

Fuel  N-dodecane (balance) + Ethanol (0–50 volume%) 

Methyl laurate (balance) + Ethanol (0–40 volume%) 

1-decanol (balance) + Ethanol (0–40 volume%) 

Catalyst  Ferrocene: 5,000 ppm by weight 

 Molybdenum acetate dimer: Mo/Fe = 0.01 

 Sulfur powder: S/Fe = 2.2 

Engine load  0, 0.60, 1.05, 1.65 kW 
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Chapter 5.  Considerations on CNT Growth 

Mechanism in a Diesel Engine 
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 Background of this chapter 

In previous chapters, the importance of carbon monoxide is suggested for the synthesis of CNTs 

using a diesel engine. However, it is insufficient to interpret the key CNT precursor and/or the CNT 

growth route in a cylinder although several experimental data like gas compositions in an exhaust gas 

and mean adiabatic combustion temperature were acquired. Hence, major purpose in this chapter is to 

identify the key factor which contributes to CNT formation in our system, and to provide clues leading 

to understanding the CNT growth mechanism and/or CNT synthesis path in a diesel engine. In order 

to corroborate our purpose, we employed three approaches, namely, experiments, simulations and 

modeling. 

 

 

 Methods 

5-2-1 Experiments/analysis 

 Experimental setup and sampling system which is the same with that in Chapter 3 and 4 was 

employed in this chapter. Also, tailored mixing fuel identical with Chapter 4 was used for 

measurements. Carbon materials in an exhaust gas were collected on a membrane filter and the surface 

of filter was observed by FE-SEM. CNT growth rate in each experimental condition was estimated 

based on the sum of CNT length per SEM images on the assumption that synthesis duration was 5 

milliseconds and CNT diameter was independent on experimental conditions. 5 milliseconds 

originated in an average engine rotation speed. Because it was approximately 3,000 rpm, maximum 

allowable time for CNT growth was consistent with 5 milliseconds in case of the current engine. In 

order to strengthen the reliability of our estimation approach, the average value of several SEM images 

was employed. This calculated CNT growth rate was compared with numerical one in a modeling 

work. 

 

5-2-2 Simulations and modeling 

 Gas-phase chemical kinetic simulations using CHEMKIN-PRO (version 17.2) software were carried 

out to obtain helpful information to support experimental results from the qualitative point of view. 

Three different starting materials, n-dodecane 100%, ethanol 100% and their mixture (n-dodecane 55 

volume%/ethanol 45 volume%) with a low equivalence ratio (fuel lean condition, 0.5) and a high 

equivalence ratio (fuel rich condition, 1.5) were employed. The n-dodecane combustion model 

proposed by Luo et al. [141] which included 106 chemical species and 420 elemental reactions was 

applied. Although some ethanol combustion models were available [142,143], the model published by 

Marinov [143] with 57 chemical species and 372 elemental reactions was adopted because this model 

was used in other CNT study [144]. Moreover, kinetics of the sulfur oxidation proposed by Bongartz 

and Ghoniem [145] was taken into account as well. Since they studied impacts of a sulfur addition on 
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methane combustion, only sulfur involved parts with 33 chemical species and 245 elemental reactions 

were extracted for our study. Both the ethanol combustion model and the sulfur combustion model 

were integrated into the n-dodecane combustion model. Following item was kept in mind when 

integrating; thermodynamic properties and elemental reactions in the model proposed by Luo et al. 

had a higher priority when we found duplicated chemical species and elemental reactions between n-

dodecane and ethanol combustion models. The integrated kinetic model possessed 140 chemical 

species and 910 elemental reactions totally. It should be noted that heterogeneous reactions such as 

CNT growth on catalytic surface are not taken into consideration in this kinetic model. As a reactor 

type in a simulation, although actual combustion phenomena in a diesel engine are inhomogeneous, a 

closed homogeneous reactor was employed where oxidation reaction proceeded at constant pressure 

and temperature. Also, homogeneous closed compression ignition was employed as a reactor model 

for the comparative purpose. The dynamics of this model is close to that of an actual engine because 

computation underwent compression-ignition process similar to an actual diesel engine under given 

compression ratio (20) and engine speed (3,000 rpm). Nonetheless, we believe that calculation results 

based on homogeneous combustion enable us to provide qualitative information for understanding the 

key CNT precursor and CNT growth pathway.  

Moreover, formation processes of metallic iron particles which might behave as a catalyst for CNT 

synthesis during combustion were also simulated using CHEMKIN-PRO. Growth processes of iron 

particles consist of several steps, such as ferrocene decomposition to form atomic Fe, formation of Fe 

clusters, agglomeration process of Fe clusters to form larger particles, and oxidation of some atomic 

iron by oxygen. We collected several documents and integrated them into overall reactions describing 

from ferrocene decomposition to formation of metallic iron particles. For instance, kinetics of 

ferrocene decomposition to form atomic Fe in gas phase and thermodynamic properties of chemical 

species were proposed by Hirasawa et al. [146] and Kuwana et al. [147], the model of iron particle 

formation from atomic Fe via Fe clusters was referred to the work by Wen et al. [148], and oxidation 

reactions of atomic Fe in gas phase with oxidizer to form FeO were formulated by Rumminger et al. 

[149,150]. Growth processes of iron particles which consist of 75 chemical species and 498 elemental 

reactions were integrated into the kinetic model of n-dodecane/ethanol for performing simulations. In 

this study, only metallic iron particles were paid attention because not oxidized state but metallic state 

generally displays catalytic capability of growing CNTs. A closed homogeneous reactor and 

homogeneous closed compression ignition were selected for the simulation of iron particle formation. 

From these two cases, we expect that qualitative discussions on CNT synthesis pathways are possible. 

For simulations, mixture fuel of n-dodecane 55 volume%/ethanol 45 volume% was adopted. 

Furthermore, modeling of CNT growth rate was performed using carbon monoxide or ethylene or 

acetylene as a carbon source. The detailed procedure how we developed the kinetic model of CNT 

growth rate is described in latter section.  
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 Results and discussions 

5-3-1 Experimental results 

 SEM and TEM micrographs of as synthesized CNTs can be referred to Chapter 3 and 4. Those SEM 

images shown in previous chapter were used for evaluating CNT growth rates in a modeling work. 

The remarkable point given in former chapters is that emitted hydrocarbons and an adiabatic 

combustion temperature tended to rise under the condition that CNT formation could be observed. It 

was implied from these results that CO emissions were most important for CNT synthesis than other 

factors. In order to confirm that implication, a comparison work of experimental data obtained was 

performed. Figure 5-1 shows the relationship between adiabatic combustion temperatures and CO, 

C2H4 and C2H2 amounts in an exhaust. Ethylene and acetylene were selected as a representative of 

low molecular weight hydrocarbons because many reports in CVD process indicated they were one of 

the most effective CNT precursors. As shown in Figure 5-1 (a), the distinguishing line which separates 

CNT growth conditions and no CNT growth conditions can be inserted horizontally against CO 

amounts irrespective of fuel types. On the other hand, such a line was unable to be drawn clearly for 

adiabatic combustion temperatures. In Figure 5-1 (b) and (c), the distinguishing line which separates 

CNT growth region and no CNT growth region cannot be created against both adiabatic combustion 

temperatures and ethylene/acetylene amounts in an exhaust gas. This strongly suggests that CO more 

strongly affects CNT formation in a diesel engine in comparison with adiabatic combustion 

temperatures and low molecular weight hydrocarbons. In order to make this propensity more 

comprehensible, Figure 5-2 was prepared, where the correlation between CO amounts in an exhaust 

and ethylene/acetylene amounts in an exhaust was shown. In Figure 5-2, the same data in Figure 5-1 

were taken over, and the horizontal axis was altered from mean adiabatic combustion temperature to 

CO amounts in an exhaust while the vertical axis was maintained in ethylene and acetylene amounts 

in an exhaust. The distinguishing line which separates CNT growth conditions and no CNT growth 

conditions can be inserted against CO amounts, corroborating the suggestion found in Figure 5-1. 

Since the importance of carbon monoxide was indicated, the dependence of CNT growth rate 

estimated from SEM images on CO amounts in an exhaust gas was illustrated in Figure 5-3. Two SEM 

micrographs were selected as representative examples. In this figure, experimental results related to 

only n-dodecane were picked up. The relationship between estimated CNT growth rate and CO 

amounts infers that CNT growth rate seems to be linear with respect to CO amounts when CO amounts 

surpass a certain threshold value. The threshold value can be calculated from x-intercept to be 9.4 × 

10-6 mol/1-cycle. This proportionality is roughly in line with CNT generation in inserted SEM images 

in Figure 5-3.  

 Quantities of hydrocarbons at an engine outlet were explored in the presence and absence of catalyst 
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sources in fuel. Measured data are shown in Figure 5-4 where both absolute amounts and relative 

amounts based on the case without catalyst sources are provided. It is clear that lower CO amounts 

but larger amounts of low molecular weight hydrocarbons were acquired under the condition with 

catalyst sources. It seems reasonable to consider that Fischer-Tropsch reactions might take place on 

iron particle surface. In Fischer-Tropsch reactions, CO reacts with hydrogen which may be produced 

during combustion as an intermediate product in our study, forming hydrocarbons ranging from C1 

hydrocarbons to long chain hydrocarbons larger than C5 on transition metals such as iron, cobalt and 

nickel. Typical Fischer-Tropsch reactions are expressed in following equations; nCO + (2n+1)H2 ⇔ 

CnH2n+2 + nH2O, nCO + 2nH2 ⇔ CnH2n + nH2O, etc. Fischer-Tropsch process and CNT growth 

mechanism share certain similarities in that CO molecule adsorbs on catalyst surface as a first step 

and then CO dissociation reaction occurs [151,152]. The schematic to compare pathways of CNT 

growth reactions and Fischer-Tropsch reactions is shown in Figure 5-5. After dissociation, two 

processes take a different path and form a different product as a result. In case of Fischer-Tropsch 

reactions, atomic carbon adsorbed on catalyst reacts with atomic hydrogen to form hydrocarbons like 

paraffin and olefin [151]. On the other hand, carbon atom adsorbed on catalyst dissolves into catalyst, 

diffuses and precipitates on the surface which is expected to become a feedstock for carbon network 

in CNT. In our study, it is plausible to consider that Fischer-Tropsch reactions and CNT growth 

reactions take place simultaneously in the similar region. Therefore, taking into account our 

experimental results shown in Figure 5-4 and reaction similarities in between Fischer-Tropsch process 

and CNT growth process, it seems appropriate to claim that CO preferentially reacts with catalysts 

quickly in comparison with other hydrocarbons.  

 

5-3-2 Simulations 

 Calculated results of combustion reactions using CHEMKIN-PRO are exhibited in Figure 5-6, where 

profiles of major intermediate products are shown as a function of reaction time. Calculations were 

carried out at 1,500 K and 75 atm by changing staring materials and an equivalence ratio. Mole 

fractions were normalized by an initial carbon molar fraction. Although we integrated sulfur related 

reactions into current simulations, negligible impacts on our outputs were provided. Under a fuel lean 

condition (equivalence ratio = 0.5), carbon monoxide is rapidly oxidized to form CO2 soon after it is 

produced owing to abundant oxygen in a reaction region. Ethylene, acetylene and hydrogen disappear 

very faster than CO. It should be noted that the maximum mole fraction of ethylene and acetylene is 

reduced with increasing an ethanol fraction in fuel. On the other hand, a portion of carbon monoxide 

remain unchanged irrespective of starting materials under a fuel rich condition (equivalence ratio = 

1.5), and hydrogen does not disappear similarly at all time. It is worth noting that ethylene and 

acetylene mole fraction both at maximum and at the end of reaction is decreased when an ethanol 

fraction in initial fuel becomes large. This tendency is consistent with that under fuel lean condition. 
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These results corroborate relative importance of carbon monoxide during combustion for CNT 

synthesis. Actual experiments showed that an equivalence ratio tended to increase with increasing an 

ethanol fraction in feedstock (Figure 4-4), meaning that it was easy for carbon monoxide to remain in 

a reaction field because combustion properties conceptually shifted from Figure 5-6 (a) to (d). Hence, 

Figure 5-6 presents a qualitative insight that CO may play a crucial role in growing CNT during 

combustion compared with C2H4 and C2H2.  

 As a comparative study, oxidation reactions in the use of homogeneous closed compression ignition 

model were computed in Figure 5-7. In these simulations, n-dodecane (55 volume%)/ethanol (45 

volume%) mixing fuel with different equivalence ratio (0.5 and 1.5) was employed. As well as the 

profile of intermediate chemical species, the variation of temperature and pressure in a cylinder is 

shown. Both temperature and pressure were increased with progression of compression, and 

combustion was initiated just before 0.005 seconds shown by sharp increase of temperature/pressure 

and rapid disappearance of n-dodecane/ethanol. Regarding the behavior of intermediate products, 

observed tendency was similar with that in Figure 5-6, namely, CO, ethylene and acetylene were 

consumed very quickly at fuel lean condition (equivalence ratio = 0.5), while CO and hydrogen 

remained unoxidized even after reaction at fuel rich condition (equivalence ratio = 1.5). Intriguingly, 

ethylene and acetylene reacted quite rapidly even at fuel rich condition, supporting the relative 

significance of CO.  

 Moreover, combustion reactions in case of methyl laurate/ethanol mixing fuel were simulated using 

a closed homogeneous reactor model in Figure 5-8. Kinetic model provided by Herbinet et al. was 

referred as the oxidation of methyl laurate [153]. This reaction model was integrated with the kinetic 

model of ethanol [143] and sulfur oxidation [145]. Figure 5-8 depicts the profile of chemical species 

computed at 1,500 K and 75 atm using methyl laurate (65 volume%)/ethanol (35 volume%) mixing 

fuel. The behavior of each species is well consistent with that in n-dodecane (55 volume%)/ethanol 

(45 volume%) system in both fuel rich/lean condition. In Chapter 4, these two conditions showed 

similar CNT production when an engine load was 1.65 kW, maybe due to similar combustion 

properties with each other.  

 Variation of average metallic iron nanoparticle size via the process initiating from ferrocene 

decomposition was simulated using n-dodecane (55 volume%)/ethanol (45 volume%) mixing fuel as 

a feedstock with different equivalence ratio in Figure 5-7. Different reactor type was selected, a closed 

homogeneous reactor for Figure 5-9 (a) and homogeneous closed compression ignition for Figure 5-9 

(b). The simulated condition was 1,500 K and 50 atm in Figure 5-9 (a). Both figures indicate the 

similar qualitative point of view that the higher equivalence ratio becomes (namely fuel rich condition), 

the larger particle diameter formed becomes, although absolute value of size is different with each 

other. According to TEM analysis showing that particle size formed (not limited to metallic one) 

ranged from several nanometers to dozen nanometers, it is suggested from Figure 5-9 that proper iron 
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catalyst for CNT synthesis may be formed in locally fuel rich regions.   

 

5-3-3 Modeling 

 Since experimental and simulated results strongly indicated that CO was the key CNT precursor in 

our system, modeling of CNT growth rate using CO, C2H2 and C2H4 as a feedstock was carried out 

for further investigation. Firstly, a modeling work using CO was attempted, and then fitting 

performance of modeled CNT growth rate employing CO, C2H2 and C2H4 as a carbon source is 

compared later. CNT growth model using CO was developed based on CO disproportionation 

(Boudouard) reactions to deposit carbon on catalyst surface. It was assumed that other reactions like 

CO hydrogenation were ignored and CO disproportionation proceeded through Langmuir-

Hinshelwood mechanism. The kinetic study of carbon deposition on transition metals via CO 

disproportionation reactions was performed by using preceding articles as a reference 

[154,155,156,157]. Elemental reactions on catalytic surface can be described in the following steps 

[154,157].  

CO adsorption:  CO + * ⇔ CO*   (1) 

CO dissociation:  CO* + * ⇔ C* + O*  (2) 

CO2 desorption:  CO* + O* ⇔ CO2 + * + *  (3) 

where * signifies an adsorption site on catalyst surface and CO*, C* and O* are chemisorbed species. 

In addition to above steps, a step of carbon diffusing through catalyst to form CNT should be taken 

into account as follows. 

Carbon diffusion:  C* ⇒ CCNT + *   (4) 

where CCNT is carbon atom constituting of CNT. An overall reaction considered in this study can be 

given as below.  

Overall reaction:  CO + CO ⇒ CCNT + CO2  (5) 

In this work, two types of models were considered in case of carbon monoxide. First model termed 

as Model 1 was based on the assumption that the rate-limiting step was step (2), CO dissociation 

reaction, and CNT growth rate was equal to the production rate of C* in step (2). This is because some 

articles studying CO disproportionation reactions found that CO dissociation reaction was a rate-

limiting step [155,156]. These assumptions provide the following expression for the rate of CNT 

formation, RCNT 

���� = ���	
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�	�	
����(
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�    (6) 

The definition of each character is expressed in nomenclature list at the end of this chapter (before 

Figures). In the second model termed as Model 2, it was assumed that step (4), carbon diffusion, was 

rate-determining and other steps were in quasi-equilibrium for estimating CNT growth rates. This is 

because it was reported that carbon diffusion was a rate-limiting step according to some studies on 
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CNT growth [158,159]. Based on that, the following equation can be given as a CNT growth rate, 

RCNT 

���� = ����
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����	�	
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In CNT synthesis, the possibility that other steps than the ones stated above such as building-up 

reaction of CNTs and transportation of carbon feed gas to catalyst surface become a rate-determining 

is very limited according to the investigation on CNT growth dynamics [160]. In Fischer-Tropsch 

reaction, CO dissociation reaction or chain growth step can control the reaction rate [152]. Also, as 

stated early, CO dissociation reaction on catalyst surface becomes a rate-limiting step in CO 

disproportionation reaction. Hence, from a comprehensive point of view, we took notice of above two 

steps in this study, CO dissociation step and carbon diffusion step. In these reaction models, it was 

supposed that rate constants and equilibrium constants complied with Arrhenius equation and van’t 

Hoff equation, respectively. Also, additional assumption was presented that gas compositions inside a 

chamber were the same with those at an engine outlet for estimating PCO and PCO2. Then, we compared 

CNT growth rates in Model 1 and 2 by tuning fitting parameters with actual CNT growth rates which 

were estimated by SEM images. Only experimental findings of n-dodecane were adopted for the 

modeling study.  

Fitting parameters in Model 1 and Model 2 (∆E2, ∆E4, ∆H1, ∆HA, ∆HB, k20, k40, K10, KA0 and KB0) 

were all adjusted for making CNT growth rates using both models fitted well with experimentally 

estimated growth rates, shown in Figure 5-10 where modeled and measured CNT growth rates were 

plotted in the horizontal axis and vertical axis, respectively. For optimization, fitting parameters other 

than k20 and k40 were tuned so that R2 which shows the degree of linear relationship between modeled 

CNT growth rate and actual one in Figure 5-10 can approach unity as much as possible, in which a 

least-square technique was employed. Whereas, k20 and k40 were tuned so that values in modeled CNT 

growth rate can be the same order with those in measured one. Fitting parameters in both models are 

summarized in Table 5-1 where not only estimated values but also corresponding literature data are 

provided if they are available. Both models show good agreement with values in measurements, 

especially Model 2 as presented in Figure 5-10. In CNT synthesis study, if the rate of carbon supply is 

higher than that of carbon diffusion, abundant amorphous carbon is formed on catalyst surface, 

resulting in the deactivation of catalysts. In our experiments, since substantial deactivated catalyst 

nanoparticles by amorphous carbon were observed in TEM analysis, it is indicated that the probable 

rate-determining step in our system is carbon diffusion step, termed Model 2. Considerations whether 

fitting parameters are within an acceptable range compared with those values in similar researches are 

carried out in discussion section. In sum, all fitting parameters are generally in line with literature data. 

As well as the procedure in carbon monoxide, modeling of CNT growth rate using ethylene and 

acetylene as a carbon source was carried out. We assumed that CNT synthesis occurs via ethylene or 
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acetylene decomposition on catalyst surface through Langmuir-Hinshelwood mechanism. Firstly, 

elemental reactions on catalytic surface using C2H4 are displayed as follows. 

C2H4 adsorption:  C2H4 + * ⇔ C2H4*   (8) 

C2H4 dissociation:  C2H4* + * + * + * + * + * ⇔ 2C* + 4H* (9) 

H2 desorption:  2H* ⇔ H2 + * + *    (10) 

Carbon diffusion:  C* ⇒ CCNT + *    (11) 

Then, elemental reactions in case of acetylene are exhibited in following steps. 

C2H2 adsorption:  C2H2 + * ⇔ C2H2*   (12) 

C2H2 dissociation:  C2H2* + * + * + * ⇔ 2C* + 2H*  (13) 

H2 desorption:  2H* ⇔ H2 + * + *    (14) 

Carbon diffusion:  C* ⇒ CCNT + *    (15) 

C2H4*, C2H2* and H* represent chemisorbed species on catalyst surface, and the definition of other 

symbols is identical with that in the model using CO. Although surface reactions should take place in 

a sequential manner and non-sequential reaction (9) and (13) is not realistic from a practical viewpoint, 

we attempted to simplify the reaction model as described above reactions and actually confirmed that 

fitting performance is not much affected regardless whether reactions proceeded in sequential or non-

sequential manner (see supporting information). Hence, non-sequential mode was adopted here. 

Because there was little difference of fitting performance regardless of a rate-limiting step in case of 

CO, carbon diffusion step was assumed to be a rate-limiting one in ethylene and acetylene as well. 

Consequently, CNT growth rate, R’CNT for ethylene and R”CNT for acetylene, can be kinetically 

described as below. 
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The definition of each character is summarized in nomenclature list. Although PC2H4 and PC2H2 were 

calculated based on the analysis of gas chromatograph, PH2 was estimated according to mass balance 

between fuel fed into an engine inlet and low molecular weight hydrocarbons at an outlet. If chemical 

formula, CHxOy and CαHβ, signifies mixing fuel (n-dodecane/ethanol/octanol) fed into a cylinder and 

sum of low molecular weight hydrocarbons (methane, acetylene, ethylene, ethane, propyne, propylene 

and propane) in an exhaust gas, respectively, we assumed that the following equation is satisfied and 

other reactions did not take place. 

CHxOy ⇒ CαHβ + γH2 + (y/2)O2     (18) 

Since total amounts of low molecular weight hydrocarbons in an exhaust gas were measured by gas 

chromatograph, H2 amount in an exhaust gas can be estimated via mass balance using equation (18), 

resulting in getting partial pressure of hydrogen. Modeled CNT growth rate based on ethylene and 
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acetylene and measured one were plotted in Figure 5-11 after tuning fitting parameters in a similar 

manner in CO. For comparison, the result using CO is also shown. Fitting parameters in ethylene and 

acetylene modeling are summarized in Table 5-2 and Table 5-3, respectively. It is apparent from Figure 

5-11 that CO based model shows better linearity with measured CNT growth rate, indicating stronger 

connection between CO amount and CNT growth rather than ethylene amount and acetylene amount. 

Discussions on the rationality of fitting parameters in ethylene/acetylene models against literature data 

are performed in discussion section. Basically, values of fitting parameters in models using ethylene 

and acetylene are within an acceptable range predicted by preceding studies. Therefore, these 

modeling works that modeled CNT growth rates using CO fitted with measured CNT rates better than 

those using ethylene and acetylene strongly gives favor to our idea that CO dominantly acts as a CNT 

precursor in a diesel system. 

 

5-3-4 Discussions 

5-3-4-1 Fitting parameters in modeling work 

 Firstly, let us discuss the validity of fitting parameters in CNT growth models based on CO 

disproportionation reaction. Regarding ∆E2 which represents the activation energy in CO dissociation 

reaction, our model indicates 105 kJ/mol as an optimum value, being in agreement with previously 

reported values, 20±5 kcal/mol = 84±21 kJ/mol [161] in experiments and 1.11–1.18 eV = 107 – 114 

kJ/mol [162] in density functional theory (DFT) calculations. Our models provides -100 kJ/mol as a 

value of ∆H1 which is the CO adsorption energy, matching the energy of -92.5 kJ/mol estimated by 

Snoeck et al. [163 ] and -48.1 – -26.0 kcal/mol = -201 – -109 kJ/mol by Sorescu et al. [164 ]. 

Furthermore, considering the energy required for CO adsorption (∆H1 = -92.5 kJ/mol) and CO2 

desorption (∆H3 = 89.8 kJ/mol) by Snoeck et al. [163], and the reaction energy of CO dissociation 

(∆H2) ranging from -0.5 to 0.5 eV (-48 to 48 kJ/mol) which was dependent on crystal face and/or 

structure of catalysts calculated by Melander et al. [152], ∆HA = 2∆H1 + ∆H2 + ∆H3 = -50 kJ/mol and 

∆HB = -(∆H1 + ∆H3) = 5 kJ/mol in our model are enough acceptable. The activation energy in carbon 

diffusion, ∆E4 = 25 kJ/mol, shows relatively similar value if it is assumed that carbon diffusion 

proceeds in liquid phase (37 kJ/mol, [165 ]) or surface diffusion (34 kJ/mol, [166 ]). Furthermore, 

estimated value of K10 (= 0.5 atm-1) which is an equilibrium constant in step (1) at 873 K lies within 

literature data ranging from 0.3 to 7.5 bar-1 estimated at the same temperature [163,167,168]. On the 

other hand, although KB0 (= 0.09 at 873 K) shows good agreement with 0.021 at 798 K [163] and 

0.056±0.015 at 613 K [154] as a reference when calibrated by using van’t Hoff equation with ∆HB = 

5 kJ/mol, there is little literature with respect to other integrated equilibrium constant, KA0 (= 350 atm-

1 at 873 K). However, since our fitting parameters generally match well with values in preceding 

papers, our modeling work using CO can be regarded as reliable one. 

 Next, we checked the rationality of each fitting parameter in ethylene and acetylene modeling as long 
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as there are available literature data. As for ∆E11 and ∆E15, the same value in CO modeling was adopted 

because carbon diffusion step is not interfered by the difference of a carbon source. k110 and k150 were 

adjusted so that the gradient becomes unity in Figure 5-11 (b) and (c), but they show the same digit 

with that in CO. Regarding ∆H8, we estimated -60 kJ/mol, being well consistent with other studies, -

49 kJ/mol [169] and -80 kJ/mol [170] on Fe and -62 kJ/mol on Ni [171]. ∆H12 in our study indicates -

250 kJ/mol which is located between calculated values via DFT studies, -206 kJ/mol [169], -273 

kJ/mol [170] and -285 kJ/mol [172]. According to original research by Sellers et al. [171] and Huang 

et al. [173], K80 on Ni catalyst became 1.96 × 10-5 at 350 K and 1.8 cm3/mol at 298 K, respectively. 

These are able to be converted to 1.4 × 10-12 atm-1 and 8.7 × 10-12 atm-1 at 873 K, respectively, on the 

assumption that van’t Hoff equation and perfect gas are satisfied. In a similar way, K120 at 873 K can 

be estimated as 1.1 × 10-29 atm-1 [171] and 5.6 × 10-27 atm-1 [173]. K80 and K120 in this work shows 5.0 

× 10-12 atm-1 and 1.0 × 10-27 atm-1, respectively, being in relatively good agreement with literature data. 

Because hydrogen desorption step is independent on ethylene and acetylene, following relation, K100 

= K140 and ∆H10 = ∆H14, were applied in our study. Due to literature data by Sellers and Gislason [171], 

K100 (= K140) can be estimated as 1.4 × 10-10 atm at 873 K. Zou et al. calculated the reaction enthalpy 

of dissociative hydrogen adsorption on Fe surface and the results exhibited that it was 38 – 71 kJ/mol 

depending on surface sites [174]. Similarly, Ozbek and Niemantsverdriet studied adsorption energy of 

hydrogen on iron carbide via DFT simulation where it ranged from 6 to 92 kJ/mol according to 

coverage [175]. These references match estimated values in this study. Although we could not find 

direct supporting data in regard to KC0, KD0, ∆HC, and ∆HD to our knowledge, the validness of ∆HC 

and ∆HD can be discussed because literature data of ∆H9 and ∆H13 is available. Calculations done by 

Mueller et al. showed that ∆H9 and ∆H13 were 2.5 – 77 kJ/mol and 86 – 124 kJ/mol, respectively [176]. 

Since ∆HC is equal to ∆H8 + ∆H9 + 2∆H10 according to its definition, ∆HC of 100 kJ/mol in this study 

seems plausible when ∆H8 = -60 kJ/mol and ∆H10 = 60 kJ/mol is used. In the same manner, ∆HD (= 

∆H12 + ∆H13 + ∆H14) of -80 kJ/mol in this work is within an acceptable value range if ∆H12 of -250 

kJ/mol and ∆H14 of 60 kJ/mol are taken into account. Therefore, fitting parameters in 

ethylene/acetylene modeling are generally consistent with values in preceding studies. 

5-3-4-2 CNT precursor in our system 

 Investigation works to study effective chemical species for CNT growth have been quite popular, in 

particular in CVD technique [144,177,178,179,180,181,182,183,184,185,186,187,188]. For example, 

Franklin et al. [177] and Tian et al. [179] proposed C6H6 while Teblum et al. [186] identified one 

benzene ring connected to different substituents like xylene as favored compounds for CNT growth. 

However, a number of studies reported that C2 hydrocarbons should be the key species. Eres et al. 

[180], Zhong et al. [182] and Sugime et al. [144] indicated that C2H2 was the main precursor while 

C2H4 was an efficient species capable of facilitating CNT growth as proposed by Shukla et al. [183] 

and Inoue et al. [184]. Zhang et al. argued that both C2H2 and C2H4 played an important role in CNT 
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nucleation stage and CNT development stage, respectively [185]. It should be noted that CH4 was 

considered by some researchers as less effective species even when it was employed as a feed gas 

[182,183]. Meanwhile, Shandakov et al. [187] investigated aerosol CVD process in the use of ethanol 

as a carbon precursor, and stated that the utilization of ethanol was equivalent to the use of the mixture 

of methane and carbon monoxide as precursors to produce SWNTs. According to the comparative 

study done by Futaba et al. [188], highly efficient SWNT growth was achieved by C2H2 and C2H4 than 

CO, showing the superiority of acetylene and ethylene over carbon monoxide. As addressed by 

Anoshkin et al. [189] who employed dual carbon sources (CO+C2H4) and obtained the enhanced CNT 

synthesis compared with the case using solely CO evidenced especially at higher temperature than 900 

oC, the possibility might take place that SWNT was formed by CO at early stage and then it was 

elongated by primarily C2H4 at high temperature. In spite of a lot of efforts dedicated to studying a 

promising CNT precursor, it is still an open issue because of the strong dependency on experimental 

conditions and systems. However, the trend in CVD system was found that C2 hydrocarbons such as 

acetylene and ethylene seemed to be a more efficient source rather than other hydrocarbons. 

Although publications in flame technique are limited in comparison with those in CVD process, some 

studies can give us fruitful information. Flame processes provide a different situation with CVD 

system because not only carbon sources but also O2 takes part in reactions and affects intermediate 

chemical species in gas phase. In spite of complicated circumstances, some articles reported a 

promising chemical species for CNT synthesis in flame technique with a burner system 

[190,191,192,193,194,195]. Though C2 hydrocarbons such as C2H2 and C2H4 were indeed proposed 

as an important compound for CNT growth [190,195], a number of researches elucidated that CO was 

a strong candidate leading to CNT growth regardless of fuel type [190,191,192,193,194,195]. In 

particular, Wen et al. [194] conducted the modeling work to predict CNT growth where CO played a 

monopolistic role in CNT growth via disproportionation and hydrogenation, and their result was in 

line with measured data. Also, there is possibility that both CO and C2H2 affect CNT growth but its 

role is different with each other, the former contributes to CNT nucleation and the latter does to CNT 

elongation after nucleation as suggested by Hall et al. [191]. In spite of limited publications in flame 

process, we can find the propensity that carbon monoxide becomes a predominant species in CNT 

growth.  

 It can be claimed from experimental approaches shown in Figure 5-1 and Figure 5-2 that carbon 

monoxide is the most important factor in our study because the distinguishing line which separates 

CNT growth region and no CNT growth region can be explicitly inserted against CO amounts in an 

exhaust, while such a line cannot be drawn against adiabatic combustion temperatures or amounts of 

low molecular weight hydrocarbons at an outlet. Analysis on amounts of hydrocarbon in an exhaust 

gas shown in Figure 5-4 indicates that carbon monoxide preferentially reacts with catalyst particles 

compared with other hydrocarbons. Calculated results in Figure 5-6 also shows relative importance of 
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carbon monoxide than low molecular weight hydrocarbons like ethylene and acetylene, especially at 

a high equivalence ratio. Moreover, modeling works of CNT growth rates based on CO as a carbon 

source are in better agreement with experimentally estimated CNT growth rates in comparison with 

those based on ethylene or acetylene as a carbon source, shown in Figure 5-11. Our experimental 

results, simulations and modeling all show carbon monoxide is an effective chemical species in CNT 

synthesis. The propensity is basically in line with other findings in flame processes to produce CNTs 

as stated above, where burners and gas phase feedstock were employed instead of an internal 

combustion system. Vander Wal et al. [192] and Naha et al. [193] pointed out carbon monoxide was a 

main source of CNTs, and Wen et al. [194] performed CNT modeling works using CO as a sole carbon 

supplier, fitting well with experimental observations. Other research groups such as Unrau et al. [190] 

and Hall et al. [191] argued that besides CH4 and/or C2H2, carbon monoxide was of value in 

synthesizing CNTs. Although there are some differences in combustion properties between a diesel 

engine and a burner system in some degree, above-mentioned studies are useful for corroborating our 

idea that carbon monoxide is the most promising precursor for CNT formation in a diesel engine.  

5-3-4-3 CNT growth path inside a diesel engine 

 From results obtained until now, let us speculate CNT growth passes in our study. All our results 

indicate the significance of CO as a CNT precursor. CO tends to be produced during an incomplete 

combustion where there is shortage of oxygen to oxidize CO to CO2, and as a result it becomes one of 

main components under fuel rich conditions. This behavior can be suggested in Figure 5-6 (b), (d) and 

(f) where as a result of creation of fuel rich condition CO stayed unoxidized even after 0.003 sec. At 

fuel rich circumstances, abundant hydrogen was produced as well, being unreacted with oxidizer, as 

shown in Figure 5-6 (b), (d) and (f). This might be helpful for growing CNT because hydrogen induces 

the reduction of iron catalyst surface which exhibits good catalytic capability. Based on calculated 

results in Figure 5-6, both carbon monoxide and hydrogen which is preferable for CNT growth are 

most likely to be formed in fuel rich regions. Moreover, according to simulated results showing the 

dependence of metallic iron size on equivalence ratio (Figure 5-9), suitable particles diameter for CNT 

growth is prone to be formed at a high equivalence ratio. Since actual combustion in a diesel engine 

is inhomogeneous, an equivalence ratio generally ranging from 0.2 to 2.0 coexists in a cylinder per 

one engine cycle. Large equivalence ratio regions, in other words fuel rich conditions, are created in 

the vicinity of fuel injection nozzle and the center of sprayed fuel. Here, let us propose CNT formation 

mechanism in a diesel engine which reflects findings in this study. Firstly, iron nanoparticles are 

produced as a result of ferrocene decomposition soon after combustion reactions are initiated. At the 

same time, through pyrolysis and/or partial oxidation of fuel fed into a cylinder, low molecular weight 

hydrocarbons such as carbon monoxide, ethylene, acetylene, etc. which is a prospective candidate as 

a CNT precursor are also generated. Then, generated carbon monoxide reacts with metallic iron 

particles preferentially than ethylene and acetylene. Some of carbon monoxide induce Fischer-Tropsch 
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reaction, while the other contributes to the formation of graphite layers on catalyst surface. Although 

most of iron particles may lose their catalytic ability due to graphite layers, some of them grow CNTs 

probably via CO disproportionation reaction. It can be considered that these processes may take place 

mainly in fuel rich region. We believe this is the major route of CNT synthesis in a diesel engine. 

Finally, Here, let us compare our results with those by Nikolaev et al. who commercialized SWNT 

production through floating catalyst CVD technique using CO as a carbon source termed HiPco 

process [196]. The production rate of SWNTs approached 450 mg/h in their study [196], which is 

significantly higher than our production rate (2 mg/h). Hence, the production rate in our system has to 

be improved further for achieving commercial production by a diesel engine. Our study using a 

conventional diesel engine until now revealed some important points. Thus, as specific approaches to 

improve CNT yield in future, the change in a fuel injection system from currently used mechanical 

control to the electrical control for the enhancement in fuel/air mixture can be considered as future 

works. 

The depiction that summarizes all findings obtained in this study and shows CNT synthesis pathway 

is presented in Figure 5-12. 

 

 

 Summary of this chapter 

In this chapter, we attempted to identify the key factor which contributes to CNT formation in a diesel 

system, and to investigate CNT synthesis path in a diesel engine through several approaches such as 

experiments, simulations and modeling. Remarkable points are listed as follows. 

� By comparing gas amounts examined via gas chromatograph, the importance of carbon monoxide 

was disclosed because the distinguishing line separating CNT growth region and no CNT growth 

region could be clearly inserted. 

� Measurements of hydrocarbons in an exhaust with and without catalyst sources indicated that 

reactions between CO and catalysts preferentially occur compared with those between other 

hydrocarbons and catalysts. 

� According to profiles of chemical species calculated by CHEMKIN-PRO software, relative 

importance of carbon monoxide in comparison with other hydrocarbons such as ethylene and 

acetylene was emphasized. 

� Fitting performance of modeled CNT growth rate using carbon monoxide or ethylene or acetylene 

as a carbon source against experimentally measured CNT growth rate was compared, and then 

the model based on CO showed better agreement with measured data. 

� All approaches in this chapter suggested the significance of carbon monoxide as a promising 

candidate of CNT precursor, being in line with previous studies in flame processes to synthesize 

CNTs using burners. 
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� CNT synthesis pathway expected in our system; CO is generally generated via imperfect 

combustion where there is shortage of oxygen, namely fuel rich conditions (larger equivalence 

ratio than unity). Taking into account the fact that the equivalence ratio inside a general diesel 

engine ranges from 0.2 to 2.0 during one combustion stroke and high equivalence ratio regions 

are concentrated in the vicinity of fuel injection nozzle and the center of sprayed fuel, the most 

probable route of CNT growth is that iron particles and carbon monoxide produced at fuel rich 

regions react each other, resulting in CNT growth. 

 

 

Nomenclature list 

∆Ei: activation energy of reaction rate constant ki 

∆Hi: reaction enthalpy of reaction step (i) 

KA (= K1
2K2K3): integrated equilibrium constant in CO disproportionation reaction 

KB (= 1/K1K3): integrated equilibrium constant in CO disproportionation reaction 

KC (= K8K9K10
2): integrated equilibrium constant in ethylene decomposition reaction 

KD (= K12K13K14): integrated equilibrium constant in acetylene decomposition reaction 

ki (= ki0exp(–∆Ei/RT)): reaction rate constant of forward reaction of reaction step (i) 

Ki (= Ki0exp [–∆Hi(1/T – 1/T0)]): equilibrium constant of reaction step (i) 

PC2H2: partial pressure of acetylene 

PC2H4: partial pressure of ethylene 

PCO: partial pressure of carbon monoxide 

PCO2: partial pressure of carbon dioxide 

PH2: partial pressure of hydrogen 

R: gas constant 

RCNT: modeled CNT growth rate 

T: temperature 

superscript 

’: ethylene related reaction/coefficient 

”: acetylene related reaction/coefficient 
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Figure 5- 1 Comparisons of data measured in our experiments. Relation between (a) adiabatic 

combustion temperatures and CO amounts in an exhaust, (b) adiabatic combustion 

temperatures and C2H4 amounts in an exhaust, and (c) adiabatic combustion temperatures and 

C2H2 amounts in an exhaust. The distinguishing line which separates CNT growth conditions 

and no CNT growth conditions is inserted in (a), but it cannot be inserted in (b) and (c). 

 

 

 

Figure 5- 2 Comparisons of data measured in our experiments. Correlation between (a) CO 

amounts in an exhaust and C2H4 amounts in an exhaust, (b) CO amounts in an exhaust and C2H2 

amounts in an exhaust. The distinguishing line which separates CNT growth conditions and no 

CNT growth conditions can be inserted for CO. 
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Figure 5- 3 Variation of CNT growth rates estimated from SEM images as a function of CO 

amount in an exhaust gas. Some SEM photos which show an increase of CNT growth in line with 

CO amount are shown as well. Synthesized CNTs are pointed by arrows. 

 

 

Figure 5- 4 Amounts of hydrocarbons in an exhaust with and without catalyst sources in fuel. (a) 

absolute amounts of hydrocarbons and (b) relative amounts of hydrocarbons based on those 

without catalyst sources. 
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Figure 5- 5 Schematic of reaction pathway of (a) CNT growth and (b) Fischer-Tropsch reaction. 

 

 

Figure 5- 6 Normalized mole fractions of intermediate species during combustion calculated at 

1,500 K and 75 atm using a closed homogeneous reactor type in CHEMKIN-PRO. (a) n-

dodecane as starting fuel at an equivalence ratio of 0.5, (b) n-dodecane as starting fuel at an 

equivalence ratio of 1.5, (c) n-dodecane(55 vol%)/ethanol(45 vol%) mixture as starting fuel at 

an equivalence ratio of 0.5, (d) n-dodecane(55 vol%)/ethanol(45 vol%) mixture as starting fuel 

at an equivalence ratio of 1.5, (e) ethanol as starting fuel at an equivalence ratio of 0.5, and (f) 

ethanol as starting fuel at an equivalence ratio of 1.5. 
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Figure 5- 7 The variation of normalized mole fraction of important chemical species, combustion 

temperature and pressure during reaction simulated by CHEMKIN-PRO using a homogeneous 

closed compression ignition engine as a model reactor. Fuel condition was the mixture of n-

dodecane (55 vol%) and ethanol (45 vol%), and both fuel rich and lean conditions were 

employed.  

 

 

 

Figure 5- 8 Normalized mole fractions of intermediate species during combustion calculated at 

1,500 K and 75 atm using methyl laurate (65 vol%)/ethanol (35 vol%) as fuel in a closed 

homogeneous reactor type in CHEMKIN-PRO.  
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Figure 5- 9 Variation of average Fe catalytic nanoparticle size using a different reactor type in 

CHEMKIN-PRO. (a) closed homogeneous reactor type at 1500 K and 50 atm and (b) 

homogeneous closed compression ignition engine type. It should be noted that initial setting 

temperature was 1000 K in homogeneous closed compression ignition engine for convergent 

calculation.  

 

 

 

Figure 5- 10 Comparison of modeled CNT growth rates and measured ones. (a) Model 1 in which 

CO dissociation step is assumed to be rate-limiting, and (b) Model 2 where carbon diffusion step 

is assumed to be rate-limiting. In both models, carbon monoxide was supposed to be a sole CNT 

precursor. 
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Figure 5- 11 Comparison of modeling performance employing different hydrocarbons. (a) 

carbon monoxide basis. (b) ethylene basis. (c) acetylene basis.  

 

 

 

Figure 5- 12 Schematic representation showing various processes present in a diesel engine and 

CNT growth pathway based on findings obtained in this study. 
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Table 5- 1 Summary of fitting parameters in models (termed Model 1 and Model 2) using carbon 

monoxide and corresponding literature data if it is available. 

Fitting parameters Estimated value Literature data 

k20 4.7 × 108 s-1 - 

∆E2 105 kJmol-1 84±21 kJ/mol [161] , 107 – 114 kJ/mol [162] 

k40 4.5 × 102 s-1 - 

∆E4 25 kJmol-1 37 kJ/mol [165], 34 kJ/mol [166] 

K10 0.5 atm-1 at 873 K 0.3 bar-1 [163], 0.9 bar-1 [167], 7.5 bar-1 [168] at 873 K 

∆H1 -100 kJmol-1  -92.5 kJ/mol [163], -201 – -109 kJ/mol [164] 

KA0 350 atm-1 at 873 K - 

∆HA -50 kJmol-1  -143 kJ/mol – -47 kJ/mol* 

KB0 0.09 at 873 K 0.021 at 798 K [163], 0.056±0.015 at 613 K [154] 

∆HB 5 kJmol-1  3 kJ/mol* 

* Calculated from literature data presented in reference [152] and [163]. 

 

 

 

Table 5- 2 Summary of fitting parameters in a model based on ethylene and corresponding 

literature data if it is available. 

Fitting parameters Estimated value Literature data 

k110 2.4 × 102 s-1 - 

∆E11 25 kJmol-1 37 kJ/mol [165], 34 kJ/mol [166] 

K80 5.0 × 10-12 atm-1 at 873 K 1.4 × 10-12 atm-1 at 873 K [171], 8.7 × 10-12 atm-1 at 

873 K [173] 

∆H8 -60 kJmol-1  -49 kJ/mol [169], -62 kJ/mol [171], -80 kJ/mol [170] 

K100 1.0 × 1010 atm at 873 K 1.4 × 1010 atm at 873 K [171] 

∆H10 60 kJmol-1  38 – 71 kJ/mol [174], 6 – 92 kJ/mol [175] 

KC0 1.0 × 104 atm at 873 K - 

∆HC 100 kJmol-1  63 – 137 kJ/mol** 

** Calculated from literature data presented in reference [176] and estimated ∆H8 and ∆H10. 
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Table 5- 3 Summary of fitting parameters in a model using acetylene and corresponding 

literature data if it is available.  

Fitting parameters Estimated value Literature data 

k150 2.5 × 102 s-1 - 

∆E15 25 kJmol-1 37 kJ/mol [165], 34 kJ/mol [166] 

K120 1.0 × 10-27 atm-1 at 873 K 1.1 × 10-29 atm-1 at 873 K [171], 5.6 × 10-27 atm-1 at 

873 K [173] 

∆H12 -250 kJmol-1  -206 kJ/mol [169], -273 kJ/mol [170], -285 kJ/mol 

[172] 

K140 1.0 × 1010 atm at 873 K 1.4 × 1010 atm at 873 K [171] 

∆H14 60 kJmol-1  38 – 71 kJ/mol [174], 6 – 92 kJ/mol [175] 

KD0 1.0 × 104 at 873 K - 

∆HD -80 kJmol-1  -104 – -66 kJ/mol*** 

*** Calculated from literature data presented in reference [176] and estimated ∆H12 and ∆H14. 
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Chapter 6.  CNT Synthesis via Adding Hydrocarbons 

in Intake Line 
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 Background of this chapter 

In the previous chapter, it was strongly suggested that the most promising precursor for CNT 

formation in a diesel was carbon monoxide rather than other low-molecular weight hydrocarbons like 

acetylene and ethylene. In order to verify this implication and improve CNT productivity, we 

demonstrated CNT synthesis where a part of intake air was replaced with hydrocarbons.  

A number of studies to investigate effects of hydrocarbon addition in intake air line on combustion 

characteristics, emission properties and engine performance have been carried out, e.g. hydrogen 

[197,198,199,200,201], CO [200], C2H2 [202,203], C2H4 [204], CH4 [200], mixture of CH4 and H2 

[201,205,206] and mixture of CH4 and CO2 [201,207,208]. Among these results, we looked into the 

impact on emission properties. When H2 was added in the intake port, the quantity of unburned 

hydrocarbons and soot was prone to decrease because of no inclusion of atomic carbon in hydrogen 

molecule. In the use of CO as additive gas, emitted CO from an engine was increased while soot in an 

exhaust was reduced. It was reported that soot amount was increased in case of C2H4. Intriguingly, 

whether the quantity of unburned CO and soot was increased or decreased depended on the system 

and experimental conditions in C2H2. When the replacement gas based on CH4 was employed, the 

general propensity that unburned CO increased but soot emission decreased was found. It is worth 

noting that the qualitative effect of CH4 and CO is similar with each other in emission properties. Since 

additive hydrocarbons in the intake air line to a diesel engine possess some influences, it is plausible 

to consider that CNT formation process inside a diesel engine may be affected accordingly. According 

to the knowledge found in the previous chapter, carbon monoxide is most influential on CNT synthesis 

rather than other hydrocarbons such as acetylene and ethylene. Therefore, it can be expected that CNT 

production is improved by adding CO into the intake port while acetylene addition brings about 

undesirable or no effects on CNT synthesis. Hence, we attempted to perform the growth of CNTs 

through partial exchange of intake air with hydrocarbons system. 

 

 

 Experimental methods 

Figure 6-1 displays the depiction of the experimental apparatus in this chapter. A diesel engine itself 

is the same one used in the previous chapter, but the intake line to an engine was modified so that 

additional hydrocarbons can be introduced. The mixture of n-dodecane (99.0+%, Wako Pure Chemical 

Industries, Ltd.) and super dehydrated ethanol (99.5+%, Wako Pure Chemical Industries, Ltd.) was 

used as fuel. 4 volume% of 1-octanol (98.0+%, Wako Pure Chemical Industries, Ltd.) was added for 

the prevention of phase separation. 5,000 ppm by mass of ferrocene (98.0+%, Wako Pure Chemical 

Industries, Ltd.) and sulfur powder (97.0+%, Wako Pure Chemical Industries, Ltd., S/Fe = 2.2) were 

dissolved into mixing fuel. An engine load was 1.65 kW in all conditions. As an additive hydrocarbon, 

methane, hydrogen and acetylene were employed. Although we would like to utilize CO, we gave up 
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using it due to its high toxicity. However, as stated in introduction, similar impacts in methane with 

those in CO for emission properties can be expected from the qualitative point of view. Hence, methane 

was employed as an alternative to carbon monoxide in this study. Besides methane, hydrogen and 

acetylene were used as well. It should be noted that the former does not include carbon atom in its 

structure but are regarded as popular gaseous fuel. The latter has been considered as one of promising 

CNT precursor primarily in CVD technique but its impact on CNT synthesis in a diesel engine was 

inferior to CO. The table to summarize experimental conditions is presented in Table 6-1. The 

maximum amounts of gaseous hydrocarbons introduced into the intake line were determined by the 

capability of current mass flow controller which was proofed by CF4 gas in shipping. For a 

comparative study in reaction simulations, the concept that the replacement fraction by gaseous fuel 

reached approximately ten percent in injected heating value basis was adopted. For instance, the 

replacement fraction was about 11.7%, 11.9% and 11.4% by hydrogen 5.0 L/min, methane 1.8 L/min 

and acetylene 1.1 L/min, respectively. Totally, 9 samples were prepared, and CNT production was 

evaluated by means of microscope. 

Computed calculations of combustion reactions when different gaseous fuel was added were carried 

out via CHEMKIN-PRO (ver. 19.0) software in order to support experimental results. The same kinetic 

model with that described in Chapter 5 which comprised oxidation reactions of n-dodecane, ethanol 

and sulfur was used in this chapter. Thermodynamic data was also identical with the one employed in 

the previous chapter. Closed homogeneous reactor was selected as a reactor type for the simulation. 

Initial gaseous fuel was the mixture of n-dodecane, ethanol and additive fuel (hydrogen or methane or 

acetylene) in computation. Two equivalence ratios as a representative of fuel lean (0.5) and rich (1.5) 

condition were employed.  

 

 

 Results and discussions 

Figure 6-2 shows typical SEM and TEM images when H2 gas was employed as additive gaseous fuel. 

CNTs were formed in all conditions and indicated by arrows in SEM image. A slight increase of CNTs 

was found according to SEM micrograph, but a drastic improvement was not found.  

Figure 6-3 displays typical SEM and TEM micrographs as a function of methane amounts added into 

an intake port. It seems that there is an increase of CNT production particularly at CH4 0.8 L/min and 

1.8 L/min, however, the promoted effect of methane addition on CNT synthesis is not so large because 

further increase of methane up to 3.6 L/min does not provide the facilitation of CNT growth any more 

in comparison with CH4 0.8 L/min and 1.8 L/min. 

Figure 6-4 exhibits SEM and TEM images in the use of acetylene as an intake gas, showing different 

trend with hydrogen and methane. The addition of small amount of acetylene such as 0.5 L/min and 

1.1 L/min brought about very slight increase of CNT formation or little change of CNT growth from 
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the case without any additive gas. On the other hand, when acetylene was additionally increased (3.5 

L/min), CNT growth was deteriorated and actually no CNT formation was observed in this condition. 

In place of CNTs, aggregates consisting of soot particles and iron-based particles were found as shown 

in TEM micrograph. This tendency observed in acetylene is different from that in hydrogen and 

methane because the addition of hydrogen or methane did not present a degradation of CNT growth 

even when the additive amount was increased. Anyhow, according to our experimental results, the 

impacts of additive gaseous fuel on CNT production in a diesel engine become the following order, 

CH4 ≈ H2 > C2H2. 

In order to interpret the difference in behavior among hydrogen, methane and acetylene from the 

qualitative standpoint, combustion reactions were simulated via CHEMKIN-PRO. Figure 6-5 shows 

simulated results which depict the variation of mole fraction of main chemical species as reaction time 

proceeded up to 0.003 seconds when different gaseous fuel was added. For the comparison purpose, 

the cases employing H2 5.0 L/min, CH4 1.8 L/min and C2H2 1.1 L/min were simulated. The 

temperature and pressure for the calculation were 1,150 K and 60 atm, respectively, since the 

combustion temperature using n-dodecane (70 volume%) and ethanol (30 volume%) without any 

additive gaseous species was relatively mild as shown in the previous chapter. The molar fraction 

which was put on the vertical axis was not normalized because the similar behavior was given even in 

normalization. Let us compare the profile at fuel lean condition (equivalence ratio = 0.5) even because 

the similar conclusion is able to be obtained at fuel rich condition (equivalence ratio = 1.5). The similar 

mole fraction of interested chemical species is provided after 0.002 seconds irrespective of additive 

gaseous fuel. The difference among conditions become clear from reaction initiation to 0.001 seconds, 

while the period between 0.001 and 0.002 seconds is the transition one. What we should take care is 

the period from reaction initiation (0 seconds) to 0.001 seconds. When comparing H2 addition case 

and CH4 addition case, very similar profile other than H2 and CH4 was obtained. Hydrogen cannot be 

a CNT growth precursor due to no inclusion of carbon atom in its structure. As discussed in the 

previous chapter, CH4 is regarded as less effective species for CNT growth. Hence, since the difference 

in mole fraction of H2 and CH4 is not influential on CNT synthesis so much, similar experimental 

tendency might be observed. On the other hand, the calculation in case of acetylene is important. Since 

C2H2 is present as fuel before the initiation of reaction, the maximum mole fraction of C2H2 in Figure 

6-5 (c) is about one order of magnitude larger than that in Figure 6-5 (a) and (b). Acetylene is 

considered as highly reactive chemical, so the difference in C2H2 concentration might bring about the 

difference in the behavior of CNT growth shown in Figure 6-2, 6-3 and 6-4. The addition of acetylene 

in the intake line exhibited the negative effect on CNT growth (Figure 6-4). It might occur that 

abundant acetylene present in the reaction region deactivated catalytic nanoparticles owing to very 

rapid encapsulation by graphitic structure. On the other hand, when hydrogen and methane was used 

as additive gas, such a deactivation might take place less frequently, and it is probable that carbon 
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monoxide produced during oxidation reactions might contribute to CNT growth. This idea is consistent 

with the promising suggestion in the previous chapter that carbon monoxide plays a key role in CNT 

growth in a diesel engine rather than other hydrocarbons such as acetylene and ethylene.  

 

 

 Summary of this chapter 

In this chapter, we attempted to investigate the effects of additive gaseous fuel in an intake line to a 

diesel engine on the CNT synthesis. Remarkable points are listed as follows. 

� When either hydrogen or methane was utilized as additive fuel, a slight increase of CNT 

production was achieved. On the other hand, the degradation of CNT growth was found in the 

use of acetylene fed to an engine. 

� The difference in the performance of CNT formation depending on additive gaseous species 

might be interpreted via the calculation through CHEMKIN. The large concentration of acetylene 

at an early stage of combustion reactions when acetylene was added might involve catalyst 

deactivation, resulting in the deterioration in CNT production. In the use of H2 and CH4, such a 

dire situation might be avoided. 
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Figure 6- 1 Schematic of experimental setup for the investigation on the effect of gas replacement 

in intake air line. 

 

 

 

 

Figure 6- 2 Typical SEM and TEM micrographs of formed CNTs when hydrogen was used as an 

additive gas into the intake line. (a) without H2 addition, (b) the amount of added H2 was 2.0 

L/min, and (c) the amount of added H2 was 5.0 L/min. 
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Figure 6- 3 Typical SEM and TEM micrographs of formed CNTs when methane was used as an 

additive gas into the intake line. (a) without CH4 addition, (b) the amount of added CH4 was 0.8 

L/min, (c) the amount of added CH4 was 1.8 L/min, and (d) the amount of added CH4 was 3.6 

L/min. 

 

 

 

 

Figure 6- 4 Typical SEM and TEM micrographs of formed CNTs when acetylene was used as an 

additive gas into the intake line. (a) without C2H2 addition, (b) the amount of added C2H2 was 

0.5 L/min, (c) the amount of added C2H2 was 1.1 L/min, and (d) the amount of added C2H2 was 

3.5 L/min. In case of 3.5 L/min, no CNT formation was observed. 
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Figure 6- 5 Mole fractions of intermediate species during combustion calculated at 1,150 K and 

50 atm using a closed homogeneous reactor type in CHEMKIN-PRO. The composition of liquid 

fuel was the mixture of n-dodecane (70 volume%) and ethanol (30 volume%) and additive 

gaseous fuel was changed as a parameter. Both fuel lean (equivalence ratio = 0.5) and fuel rich 

(equivalence ratio = 1.5) were conducted. (a) H2 addition at an equivalence ratio of 0.5, (b) CH4 

addition at an equivalence ratio of 0.5, (c) C2H2 addition at an equivalence ratio of 0.5, (d) H2 

addition at an equivalence ratio of 1.5, (e) CH4 addition at an equivalence ratio of 1.5, and (f) 

C2H2 addition an equivalence ratio of 1.5. 

 

 

 

Table 6- 1 The summary table of experimental condition 

Fuel  N-dodecane (70 volume%) + Ethanol (30 volume%) 

Catalyst  Ferrocene: 5,000 ppm by weight 

 Sulfur powder: S/Fe = 2.2 

Engine load  1.65 kW 

Additive gas H2: 0, 2.0, 5.0 L/min 

CH4: 0, 0.8, 1.8, 3.6 L/min 

C2H2: 0, 0.5, 1.1, 3.5 L/min 
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Chapter 7.  Impacts of Sulfur on CNT Growth in 

Chemical Vapor Deposition 
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 Background of this chapter 

In our study to use a diesel engine for the synthesis of CNTs, one of key factors was the introduction 

of sulfur as a CNT growth promoter. However, the real role of sulfur in CNT synthesis is still an open 

question in spite of a lot of efforts by a number of research groups. Hence, we tried to elucidate the 

role of sulfur in CNT growth in the employment of chemical vapor deposition (CVD) process instead 

of flame process because flame process is a rather complicated system. Firstly, after we mention 

several approaches using several additives for the purpose of CNT synthesis promotion, various 

influences of sulfur addition on the growth of CNTs reported until now are given in this section. The 

influences which are picked up in this section are mainly correlated with CVD method, but not limited 

to it. Then, from next sections, detailed experimental methods and obtained results will be expressed. 

We believe that findings obtained in this chapter strongly supports our results in an internal combustion 

system in terms of the role of sulfur.  

Some techniques such as introducing additives in gas phase or into a catalyst layer have been 

employed till now for increasing the CNT production. For instance, chlorine was employed as a CNT 

growth enhancer in arc discharge [209] and CVD process [210]. Phosphorous also exhibited promotion 

effects of carbon fiber growth [211] and CNT synthesis [212] probably due to interaction with catalyst. 

Further interestingly, Huang et al. [213] and Mas et al. [214] employed selenium as an enhancer in arc 

discharge and floating-catalyst CVD, respectively. However, the most well-known and frequently used 

promoter is sulfur or sulfur-included compounds like hydrogen sulfide and thiophene for the growth 

of carbon fiber [215 ,216 ] and CNTs [217 ,218 ,219 ,220 ,221 ,222 ,223 ,224 ,225 ,226 ]. The addition of 

sulfur-containing compounds is a versatile approach because it hardly limits the catalyst choice 

according to preceding articles, namely the performance of Fe 

[216,217,219,220,221,222,223,224,226], Fe/Cu/quartz [225], Co [215,227 ] and Co/Mo [218] was 

improved via a sulfur addition. Thus, we can regard influences caused by sulfur on CNT synthesis as 

generalized phenomena. In our study to use a diesel engine as a reactor for the successful synthesis of 

CNTs, one of key factors is the introduction of sulfur. Not only our research but also other group 

reported recently that the presence of both Fe catalyst and sulfur increased CNT production in a diesel 

engine system [228]. The approach to form CNTs via an internal combustion system is very similar 

with floating catalyst CVD in terms of mechanism in catalyst particle formation and CNT growth. 

Most of works to study the effect of sulfur have been primarily dedicated to the floating catalyst CVD 

system. Several ideas to explain the role of sulfur as a promoter have been put forth so far, e.g. the 

prevention of catalyst deactivation by sulfur adsorption due to mild carbon supply [215], enhanced 

carbon diffusion in catalyst because of the reduction of catalyst melting point as a result of alloy 

formation between metal and sulfur [216], lowered catalyst surface energy in a metal-sulfur system 

leading to easy lift-off of carbon cap [229,230] and others. Although many studies have been devoted 

to investigate effects of sulfur on CNT formation, its role during CNT growth is still controversial 
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even today and further work to reveal it is required. In spite of the fact that sulfur has been recognized 

as a poisoning agent to degrade catalyst performance, a small amount of sulfur surprisingly functions 

as an improver of catalyst activity and/or selectivity such as in Fischer-Tropsch reaction and steam 

reforming [231]. According to this review, the catalyst performance is basically dependent on sulfur 

content added into the system [231]: when sulfur amount is low, catalyst activation becomes improved. 

When it is increased, catalyst selectivity is modified, and a further increase of sulfur leads to the loss 

of catalyst performance. These transitions of catalyst performance may be attributed to the electron 

dispersion change on catalyst surface and/or the alteration of adsorption properties owing to a coverage 

by sulfur, but explicit reasons to interpret the role of sulfur as a catalyst modifier are not enough 

presented in this field too. Interestingly, the addition of sulfur brings a lot of impacts on CNT, e.g. not 

only its growth promotion but also CNT morphology, CNT diameter, chirality and so on. Some 

research groups have reported that sulfur contributed to grow Y-shaped CNTs with many branches 

[232,233,234,235,236,237]. Wang et al. found that CNT morphology was changed from bamboo-like 

structure to compartment-free CNTs [238]. With regards to CNT diameter and the number of graphite 

layer, some studies observed that CNT diameter size and wall number increased via sulfur addition 

[222,226,229,239,240,241], but only a few results showed a different propensity that a small amount 

of sulfur reduced the CNT size at first while it was increased at an elevated sulfur concentration [242]. 

According to some publications, sulfur is also useful for selectively synthesizing single-walled carbon 

nanotube (SWNT) with specific chirality [243,244,245,246]. Sulfur affects catalyst particle as well: 

the enlargement of particle size could be suppressed due to the prevention of coalescence in the 

presence of sulfur [246,247,248], while Lee et al. found that whether catalyst particle size became 

increased or decreased depended on the combination of sulfur/carbon source used [249 ]. We are 

convinced that detailed analysis on catalyst nanoparticles performed here may provide helpful 

information to understand the behavior of sulfur in CNT formation, not only in CNT growth 

enhancement but also in the change of CNT morphology, the size shift of CNT/catalyst nanoparticles 

and others. In this chapter, we attempted to present insights on the role of sulfur mainly through kinetic 

approach and various characterization methods.  

This chapter consists of mainly three sections. Firstly, we carried out a comparison study using a two 

types of catalyst conditions, basic catalyst (Co and Mo) free from sulfur and basic catalyst + sulfur 

(sulfur powder), in order to confirm the effectiveness of sulfur in CNT formation. Then, some 

characterization methods were performed for the interpretation of the difference between above two 

catalytic conditions and for the proposal on the role of sulfur during CNT growth. Finally, the impacts 

of sulfur source on CNT synthesis were investigated in the employment of sulfur powder and thiourea 

as a sulfur source.  
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 Experimental methods 

7-2-1 CNT growth 

 In this study, cobalt-molybdenum co-catalyst was employed as a base catalyst because this catalyst 

has been authorized and practically enabled commercial production of CNTs [250,251]. Though we 

wanted to use Fe-base catalyst in this chapter because Fe catalyst was employed from Chapter 2 to 

Chapter 6, CNT growth was hardly found in the employement of Fe alone or Fe/Mo co-catalyst on a 

substrate even in similar conditions/procedures with those in Co/Mo. In order to grow CNTs in the use 

of Fe/Mo catalyst, reduction operation should be initiated at the same time as temperature rising and 

CO/H2 mixing gas should be supplied during CVD. As well as condition/procedure change, longer 

CVD time was required in Fe/Mo catalyst compared with Co/Mo even when condition and procedure 

were improved. We suppose that the similar effect of sulfur on CNT synthesis in both Fe and Co 

catalyst may take place because CNT growth promotion was found not only in Fe but also in Co 

according to preceding papers. Quartz with 0.3 millimeter thickness (Tokyo Glass Kikai Corp.) and 

carbon monoxide were used as a substrate and carbon precursor, respectively. Two kinds of sulfur 

sources were employed in this study, sulfur powder and thiourea. We prepared three types of samples 

for a comparison study, namely, Co/Mo alone, Co/Mo/S derived from thiourea, and Co/Mo/S derived 

from sulfur powder. A synthetic process of CNTs from several catalyst layers is schematically 

described in Figure 7-1 (a). Quartz substrate was calcined at 900 oC in air for more than one hour 

before utilization in order to eliminate carbonaceous impurities on it. A dip-coating method was 

utilized for forming a catalyst layer on a substrate. Cobalt acetate (95%, Wako Pure Chemical 

Industries, Ltd.) and molybdenum acetate dimer (98%, Sigma-Aldrich) used as a Co and Mo precursor 

respectively were dissolved in super dehydrated ethanol (99.5+%, Wako Pure Chemical Industries, 

Ltd.) through ultra-sonication. Their concentration was 0.05 wt% against ethanol. When Co/Mo/S 

derived from thiourea was prepared, thiourea (98.0+%, Wako Pure Chemical Industries, Ltd.) was put 

into an ethanol solvent in addition to cobalt acetate and molybdenum acetate dimer. After immersing 

a substrate in a tailored solution for 10 minutes, it was drawn from the solution at a constant speed of 

0.96 cm/min. Then, the substrate was calcined in air at 400 oC for 5 minutes to decompose precursors 

to form catalyst particles, and then cooled down to room temperature. In case of Co/Mo and Co/Mo/S 

stemmed from thiourea, the substrate was moved to a furnace to carry out a next operation (reduction 

operation). On the other hand, for preparing Co/Mo/S derived from sulfur powder, an additional dip-

coating was required to load sulfur on a substrate. Quartz substrate was again dip-coated into the 

tailored solution that sulfur powder (98.0+%, Wako Pure Chemical Industries, Ltd.) was dissolved in 

a toluene solvent (99.5+%, Wako Pure Chemical Industries, Ltd.). An immersion time in toluene and 

a drawing speed of a substrate from it were identical with that for forming a Co/Mo layer. Then, all 

substrates were inserted into a furnace and temperature was elevated up to 800 oC under Ar atmosphere. 

A reduction operation was carried out at 800 oC for 30 minutes to form active catalyst particles under 
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the condition that flow rates of Ar (>99.999%) and H2 (>99.99%) were 60 sccm and 40 sccm, 

respectively. Temperature inside a furnace was adjusted to given temperatures for CVD under Ar 

atmosphere after a reduction operation was completed. CVD process to deposit carbon on a substrate 

was performed at given temperatures under the condition that flow rates of carbon monoxide 

(>99.95%) and Ar were 45 sccm and 155 sccm, respectively. When impacts of oxygen on CNT 

synthesis were investigated, O2 was also fed into a reactor besides CO and Ar. Both a reduction and 

CVD were carried out at atmospheric pressure. Schematic of an experimental set-up for a reduction 

and CVD operation is displayed in Figure 7-1 (b). When CVD was completed, a flow of carbon 

monoxide was stopped and a furnace was quenched to room temperature with Ar flowing. The 

substrate was then taken out from a furnace.  

 

7-2-2 Characterizations 

 Field emission scanning electron microscopy (FE-SEM, JEOL JSM-7500F) was employed to know 

CNT production on the substrate after CVD. Samples were coated with a layer of Pt-Pd by ion 

sputtering (HITACHI E-1030) with a current of 15 mA for 60 seconds before observations. In order 

to obtain information about CNT morphology, high-resolution transmission electron microscopy at 

200 kV (HR-TEM, JEOL JEM2010F) was performed. For CNT observations, CNTs grown on a 

substrate were directly scratched to a TEM grid. For observation of catalyst nanoparticles in HR-TEM, 

silicon substrate with SiO2 layer (approximately one hundred nanometers) on surface was employed 

instead of quartz. We confirmed that there is no difference in CNT production between SiO2/Si and 

quartz substrate. Raman spectroscopy (JASCO NRS-4100, 532 nm diode laser) was implemented to 

evaluate a CNT quality and speculate the presence of SWNT and its diameters. Laser was irradiated 

from a top direction on samples and a spot diameter was 100 µm. A substrate surface was explored by 

means of atomic force microscopy (AFM, SHIMADZU SPM-9600) to get surface information. 

Samples with and without sulfur, and before and after CVD were prepared for AFM analysis. Samples 

before CVD mean that a substrate undergoes up to a reduction operation, and those after CVD are that 

CVD is done at 800 oC for 10 minutes after catalyst deposition. Survey area was 250 nm × 250 nm in 

each measurement. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS, HITACHI TOF-

SIMS 5-100-AD) was available for examining elemental profile data of catalyst layer in depth 

direction. We used Cs ion gun at current 20 nA to detect negative ions of substrate with the area of 100 

µm × 100 µm. Inductive coupled plasma (ICP, AGILENT 5100 VDV ICP-OES) was used to estimate 

bulk compositions of catalyst layer. Because catalyst amounts loaded on a substrate was tiny, large 

coated area of approximately 9 cm2 was prepared for the detection. Two types of samples were made, 

the substrate coated with Co/Mo/S derived from sulfur powder and one coated with only sulfur power. 

Both samples underwent up to a reduction (no CVD). The chemical states of catalyst particles were 

determined by X-ray photoluminescence spectroscopy (XPS, ULVAC-PHI Perkin Elmer X-ray 
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Photoelectron Spectrometer 5500MT). Spectra were acquired using a monochromatic Al Kα source 

operated at 14.0 kV under charge neutralization. For detection of Co and Mo, a substrate was dip-

coated one time. On the other hand, in case of S detection, Co/Mo layer was dip-coated many times 

because sulfur could not be detected through only one Co/Mo dip-coating due to the overlapping of 

strong Si peak and weak S peak. It should be noted that dip-coating of sulfur powder was done only 

one time in this case. For deconvolution of obtained peaks, a Shirley background was used. For the 

estimation of CNT growth rate, three approaches were employed. First one was to use top-viewed 

SEM micrographs and to treat them by image processing free software, ImageJ, and then to assess 

CNT growth rate per substrate (k, µm2/cm2-substrate/min) on the basis of the occupied area by CNTs 

in SEM images. Several images were employed for the purpose of ensuring reliability. Second one 

was to use the transmission of substrate in nearly visible light (350–800 nm as wavelength) and to 

estimate CNT quantity on substrate by means of Lambert-Beer relation, then CNT growth rate was 

calculated. Transmittance of sample was measured by double beam spectrophotometer (HITACHI, U-

2910). Relative CNT production on a substrate via the change in several experimental parameters was 

evaluated by this technique in the past [252]. Third approach was to use sheet resistance of grown 

CNT on a substrate. Since the thickness of CNT layer on substrate, namely CNT quantity, has inverse 

relationship with sheet resistance, CNT growth rate is able to be estimated by means of sheet resistance 

[253]. 4-points probes resistivity processor (NPS, Inc.) was used for measuring resistance of CNT. All 

three methods possess advantages and disadvantages. For instance, there is the possibility that the 

evaluation via image treatment may underestimate CNT growth owing to overlapping of CNTs with 

each other, but this technique is quite facile and simple. On the other hand, the evaluation through 

transmission has a potential to reflect information stemmed from not only CNTs but also amorphous 

carbon formed during CVD in the final result. It can be considered that electrical characteristics of 

grown CNTs may be affected by the change of CVD temperature, which may influence not only the 

graphitization of CNTs but also the chirality of them. Moreover, if there is no connecting path between 

CNTs, sheet resistance cannot be measured even when CNTs were formed on the substrate. However, 

by performing three approaches, there is increase in the possibility that we are able to gain highly 

reliable results and conclusion. 

 

 

 Results and discussions 

7-3-1 Promoted growth of CNTs using sulfur 

 As a first step, since we tried to confirm whether promoted growth of CNTs occurred through the 

addition of sulfur, two samples, Co/Mo free from sulfur and Co/Mo/Sulfur powder, were compared.  

 In order to identify the optimum sulfur loading, CNT growth on a substrate was carried out as a 

function of sulfur amounts as shown in Figure 7-2. These figures show top-view SEM images of the 
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substrate using sulfur powder as a sulfur source after CVD was carried out at 800 oC for 30 minutes, 

and Raman results of each condition were inserted in corresponding SEM photographs. In Figure 7-2 

(a) and (b), dissolved amounts of sulfur powder in toluene were changed while a drawing speed of a 

substrate from a solution was 0.96 cm/min. On the other hand, in Figures 7-2 (b) and (c), a drawing 

speed was increased from 0.96 cm/min to 9.96 cm/min keeping a dissolved amounts of sulfur powder 

2.0 wt%. Because the concentration of sulfur powder in a toluene solution, 2.0 wt%, was close to the 

upper limit in this study, we had to alter a drawing speed of dip-coating from 0.96 cm/min to 9.96 

cm/min to load sulfur powder on a substrate more. This condition was comparable with sulfur powder 

of approximately 9.5 wt% in toluene at a drawing speed of 0.96 cm/min. The maximum point of CNT 

production was observed in Figure 7-2 (b). Two characteristic peaks were detected at around 1590 cm-

1 (G peak) and 1340 cm-1 (D peak) which was stemmed from six-membered ring structure and its 

defects, respectively. In general terms, when CNT production is increased, G peak intensity becomes 

strong. The ratio of peak intensity of G band and D band (IG/ID) has been widely used as a criterion 

which indicates the degree of graphitization in a graphite structure. As a reference, IG/ID in the 

employment of sulfur powder 2.0 wt% and 0.96 cm/min was calculated to be 27, revealing the 

formation of highly graphitized CNTs. The presence of a maximum point of CNT production was also 

presented in other works using phosphorous [211] and sulfur [236,245] as a promoter. The 

phenomenon seen in sulfur powder may be explained by the idea that poisoning effects by sulfur 

counteract promotion effects when sulfur amounts in a catalyst layer are too increased. Sulfur powder 

of 2.0 wt% in solvent was employed in the following measurements. 

 Next, in order to confirm the effectiveness of sulfur in CNT formation, SEM images of samples with 

and without a sulfur powder after CVD were compared. Figure 7-3 shows top-view SEM images of 

the substrate after a CVD process for 30 minutes when the catalyst condition and CVD temperature 

are changed. Raman spectra corresponding to SEM micrograph are also inserted. At 800 oC, small 

quantity of CNTs were grown on the substrate with Co/Mo alone in Figure 7-3 (a). On the other hand, 

when a sulfur source was added into a catalyst layer, the formation of CNTs which were grown in a 

carpet-like structure was found in Figure 7-3 (d). When CVD temperature was reduced to 750 oC, 

CNT growth was indeed enhanced in the presence of sulfur but the difference in CNT production 

between the cases with and without sulfur seemed to be diminished as shown in Figures 7-3 (b) and 

(e). When temperature was further decreased to 700 oC, the promoting effect by sulfur could be still 

found although absolute CNT production was reduced in two conditions as shown in Figures 7-3 (c) 

and (f). The behavior of G peak intensity in Raman spectra was roughly consistent with CNT formation 

amount. Importantly, it could be confirmed that CNT growth was facilitated by adding sulfur in our 

system, which is in line with other CVD processes like floating catalyst CVD. 

 Figure 7-4 shows the dependence of CNT growth on O2 flow rate in feedstock. One of our 

motivations in this study is originated from the flame process synthesizing CNTs by a diesel engine, 
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where it was difficult to synthesize CNTs owing to the presence of O2, but the addition of sulfur was 

one of key factors for the successful synthesis of CNTs even in the presence of oxygen. Hence, it is of 

importance to investigate impacts of O2 present in feed gas on CNT growth. CVD was carried out at 

750 oC for 60 minutes in all conditions. When O2 was introduced into feedstock to check the effect of 

oxygen on CNT growth, O2 flow rate was varied from 0 sccm to 0.3 sccm and the flow rate of carbon 

monoxide and Ar was 45 sccm and balanced, respectively, so that the total flow rate became 200 sccm. 

According to SEM pictures in Figure 7-4, the catalytic ability was very sensitive to O2 flow rate. Lots 

of CNTs were grown in the absence of oxygen (O2 = 0 sccm) irrespective of sulfur addition in this 

condition. By contrast, CNTs hardly grew in all catalyst conditions at O2 flow rate larger than 0.2 sccm. 

Distinct differences between catalyst conditions can be recognized at O2 = 0.1 sccm, showing that the 

growth of CNTs was rarely found without sulfur powder, but CNTs were surely produced in the 

presence of sulfur. Although absolute CNT production is reduced with increasing O2 flow rate from 0 

to 0.1 sccm, it is reasonable to consider that promoting effects of sulfur on CNT formation compensate 

the negative effect caused by oxygen. From Figure 7-4, it was confirmed that sulfur was effective as 

a CNT growth enhancer even when oxygen was present in feedstock, being consistent with our 

previous findings in a diesel engine system. 

 Based on SEM micrographs like Figure 7-3, CNT growth rate, k, was estimated in each experimental 

condition. Then, the relationship between natural logarithm of CNT growth rate, ln(k), and the inverse 

of a CVD temperature between 600 and 800 oC, 1/T, was drawn in Figure 7-5. The evaluation 

technique to utilize image treatment was employed here. It should be noted that CVD duration was 

extended at low CVD temperatures for an appropriate estimation. Both catalyst conditions clearly 

showed Arrhenius relation under 750 oC, ln(k) = ln(A) – Ea/RT, where A is a frequency factor, Ea is 

activation energy required for CNT growth and R is a gas constant. When CVD temperature was higher 

than 750 oC, the relationship deviated from the Arrhenius law in both conditions. This deviation is 

explained by thermodynamic point of view because CO disproportionation reaction became 

disadvantageous in such high temperature and carbon deposition became deteriorated. Estimated 

activation energy in Co/Mo/Sulfur powder 2.0 wt% and Co/Mo was 15 and 95 kJ/mol, respectively. It 

is obvious that the addition of sulfur greatly reduced activation energy. Information on the activation 

energy for CNT growth is quite important because it gives us fruitful clues about a rate-limiting step. 

According to the criteria provided by Jourdain and Bichara [254], it can be implied that the rate-

limiting step in case of Co/Mo/Sulfur powder 2.0 wt% (15 kJ/mol) is surface diffusion of carbon atom 

on catalyst or bulk diffusion of carbon atom in liquid phase catalyst, while that in Co/Mo (95 kJ/mol) 

is bulk diffusion of carbon atom in solid phase catalyst. Detailed discussion will be carried out in a 

later section.   

 

7-3-2 Characterizations on catalytic particles 
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 As shown in the previous section, CNT growth is enhanced in the presence of sulfur, and this may 

mean that the properties of catalytic nanoparticles were significantly affected. Therefore, several 

characterizations on catalytic particles were performed in order to provide the insight on the role of 

sulfur in CNT synthesis and to clarify the difference in CNT growth using sulfur powder or no sulfur. 

 Surface morphologies of substrates before and after CVD surveyed by AFM are shown in Figure 7-

6. The pictures before CVD (Figures 7-6 (a) and (b)) were taken for samples after reduction in H2/Ar 

at 800 oC for 30 minutes, and those after CVD (Figure (c) and (d)) were taken after CVD with CO/Ar 

at 800 oC for 10 minutes. This short CVD time hardly grow CNTs even when sulfur was employed. 

Regardless of before and after CVD, AFM observations provided the similar tendency that the surface 

of Co/Mo with sulfur powder seemed smooth while that of Co/Mo without sulfur was rough, implying 

the presence of smaller particles formed in the case using sulfur powder. However, since information 

of z-direction (height direction) is emphasized in AFM, actual difference in particle size may not be 

so large. It should be noted that some valleys in AFM images (for instance, Figure 7-6 (d)) could be 

observed in all catalyst conditions, probably due to cracks inherent in substrate and/or formed during 

annealing. 

 Figure 7-7 shows typical HR-TEM images of catalyst nanoparticles formed on a substrate in the 

absence and presence of sulfur after CVD at 750 oC for 180 minutes. HR-TEM micrograph of Co/Mo 

shows clear lattice fringe of catalyst particles whose distance was approximately 0.2 nm in Figure 7-

7 (a). This spacing of lattice fringe obtained is well consistent with metallic cobalt according to 

preceding articles [255,256,257]. Thus, we can consider that cobalt behaved as a catalyst for growing 

CNTs instead of molybdenum, being supported by Sugime et al. [252]. On the other hand, in Figure 

7-7 (b) where Co/Mo/Sulfur powder 2.0 wt% was used as a catalyst condition, ambiguous lattice fringe 

was observed, suggesting a less crystal structure compared with a Co/Mo system. We speculate that 

the catalyst particle which contributes to CNT growth in Co/Mo/Sulfur powder 2.0 wt% may be cobalt 

sulfides instead of metallic cobalt because other researches using sulfur as a promoter in CNT growth 

indicated that the chemical state of catalytic particles was cobalt sulfides [234,258]. Also, if cobalt 

sulfide is formed, it can be expected that the melting temperature is reduced according to Co-S phase 

diagram owing to the presence of eutectic point [259,260], corroborating ambiguous lattice fringe in 

Co/Mo/Sulfur powder 2.0 wt%. Histogram of catalyst particle diameters was prepared on the basis of 

a number of HR-TEM images shown in Figure 7-7. It shows narrower particle size distribution in 

Co/Mo/Sulfur powder 2.0 wt% although average diameters are almost identical with each other. The 

presence of large particle size in a Co/Mo free from sulfur may interpret the results in Figure 7-6, 

namely, this kind of large particles may make the surface in Co/Mo rougher.  

 In order to confirm whether sulfur formed some kinds of chemical bond with catalytic metals, further 

characterizations were performed. Firstly, elemental depth profile was examined via TOF-SIMS as 

shown in Figure 7-8. Figure 7-8 (a) is a depth profile of Co/Mo/Sulfur powder 2.0 wt% and Figure 7-
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8 (b) is that of a sample when sulfur powder alone was coated on a quartz substrate without Co and 

Mo deposition. Both samples underwent up to the reduction operation and no CVD was conducted. It 

should be noted that because minus ion of Mo was too weak, the intensity of MoS- was shown instead. 

If sulfur coexisted with Co and Mo, the detection of sulfur was possible, Figure 7-8 (a). However, the 

signal of sulfur in Figure 7-8 (b) was almost constant, indicating the absence of sulfur in this case 

since relative intensity is meaningful rather than absolute intensity in TOF-SIMS. Sulfur deposited on 

a substrate might be removed during heating-up and/or reduction operation probably because sulfur 

had no capability of forming chemical bonds with quartz. On the other hand, Figure 7-8 (a) suggests 

that sulfur could bind with cobalt and/or molybdenum when they were present on a substrate. Similar 

propensity was acquired in ICP analysis as well. All three elements, Co, Mo and S, could be detected 

in the analysis of Co/Mo/Sulfur powder 2.0 wt%, while the intensity of S in a sample coated with only 

sulfur was lower than the detection limit which was approximately several tens of parts per billion. 

This fact also supports the idea proposed in Figure 7-7 that the chemical bond between sulfur and 

transition metal is likely formed. Another remarkable point in Figure 7-8 (a) is that sulfur peak appears 

earlier than cobalt peak, implying that sulfur mainly exists near on the surface of catalyst and does not 

penetrate into catalyst deeply. Sulfur was preferentially present in the vicinity of surface rather than 

inside the bulk probably because sulfur acted as an agent to reduce the surface energy, and actually 

very thin layer including sulfur was formed on the surface of metals as reported by some publications, 

e.g. floating catalyst CVD technique [224,261] for CNT synthesis and the study on Fe-C-S melts in 

metallurgy [262]. The elemental depth profile of Co/Mo/Sulfur powder 2.0 wt% after CVD was carried 

out at 800 oC for 10 minutes showed similar behavior with Figure 7-8 (a). 

 To obtain information on chemical states of catalyst, XPS analysis was performed for the sample of 

Co/Mo/Sulfur powder 2.0 wt% as shown in Figure 7-9. Spectra of cobalt 2p3/2 were separated into 

three peaks, 778.1 eV, 781.0 eV and 786.0 eV at its center, Figure 7-9 (a). These peak locations provide 

us clues to understand the chemical state of cobalt. According to previous publications, the binding 

energy attributed to metallic cobalt (Co0) and cobalt sulfide ranged 777.8–778.5 eV [263,264,265] and 

778.1–778.6 eV [266,267,268,269], respectively. Co 2p3/2 levels corresponding to Co+2 in CoO and 

CoMoOx were reported to be 780.0–781.9 eV [263,264,266,269] and 780.5–781.2 eV [263], 

respectively. There are two scenarios that Co 2p3/2 binding energy at 778.1 eV in our work are assigned 

to metallic Co and/or cobalt sulfide due to their peak overlapping in references. By contrast, 781.0 eV 

in our work is obviously assigned to Co+2, probably being stemmed from cobalt oxide. The binding 

energy at 786.0 eV in our XPS results can be regarded as a satellite. Spectra of molybdenum were 

analyzed as well in Figure 7-9 (b), and the chemical state of Mo was Mo+4 (228.5 eV in Mo 3d5/2) and 

Mo+6 (232.0 eV in Mo 3d5/2), being consistent with preceding papers [263,264,265,267,268]. Although 

spectra of Co 2p3/2 and Mo 3d presented some information, it was inadequate for us to elucidate exact 

chemical bonding, e.g. metallic state and/or sulfide state. On the other hand, the spectrum of sulfur 2p 
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seems helpful for rationalizing chemical bonding formed in a catalyst layer since two peaks, S 2p3/2 

(160.7 eV) and S 2p1/2 (161.7 eV), were found as a result of deconvolution. These values are well 

consistent with those attributed to metal sulfide such as Co-S [265,268,270]. This information strongly 

indicates that cobalt sulfides and/or molybdenum sulfides are formed on the substrate surface. The 

presence of reduced state of sulfur is consistent with results in TOF-SIMS (not shown here) that no 

detection of positive ions of sulfur was observed.  

 In order to confirm the implication in TOF-SIMS and XPS, thermodynamic approach was employed. 

By means of calculations using Outokumpu HSC Chemistry for Windows (ver. 2.0), the differences 

of reaction Gibbs energies from metal oxides with sulfur to metal sulfides and sulfur dioxide become 

negative over the whole temperature range interested in this work, as shown in Figure 7-10. In addition, 

the formation of cobalt sulfide from cobalt oxide and sulfur is facilitated in the presence of hydrogen. 

According to this calculation, it is suggested that in our system, chemical bonds between sulfur and 

catalytic metals might be formed during not only heating-up from room temperature to given 

temperature for reduction but also reduction itself. 

 

7-3-3 Impacts of sulfur source on CNT growth 

 Finally, we examined impact of different sulfur sources on CNT growth by using not only sulfur 

powder but also thiourea as a sulfur source. To our knowledge, there is hardly reported on the 

influences of different sulfur compounds on CNT synthesis in substrate catalyst CVD process. Hence, 

it is of importance to grasp advantage/disadvantage brought by various sulfur species in order to 

improve the understanding of CNT synthesis technique employing sulfur more sophisticatedly. 

 As well as the optimization of sulfur loading in case of sulfur powder (Figure 7-2), CNT production 

as a function of thiourea content in solvent was explored in Figure 7-11. The concentration of thiourea 

was altered from 0.14 wt% to 3.5 wt%. It should be noted that thiourea of 3.5 wt% was close to the 

upper limit of thiourea dissolution in ethanol. As shown in this figure, CNT production was increased 

along with the increase in thiourea concentration. Thus, we employed 3.5 wt% as a thiourea content 

in the following experiments. 

 Figure 7-12 shows top-viewed SEM micrographs of the substrate when catalyst conditions and CVD 

temperature are altered. As an example of the effect of temperature on CNT growth, 750 oC and 650 

oC were selected. CVD duration was 30 minutes except for Figure 7-12 (d), in which it was 60 minutes. 

Abundant CNTs were synthesized at 750 oC irrespective of catalyst condition in Figure 7-12 (a)–(c). 

On the other hand, large difference was found among catalytic conditions at 650 oC in Figure 7-12 

(d)–(f). The sample using thiourea and sulfur powder showed CNT production while CNTs were 

hardly grown in Co/Mo free from sulfur source even when CVD time was extended twice. Although 

absolute CNT production was larger in Co/Mo/Sulfur powder than Co/Mo/Thiourea, sulfur certainly 

possessed the effect to promote CNT synthesis.  
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 High resolution TEM images of as-grown CNTs with and without sulfur source are shown in Figure 

7-13. CVD was performed at 750 oC for 180 minutes for making it easy to transfer synthesized CNTs 

to a TEM grid. Synthesized CNTs were predominantly SWNTs, including very little multi-walled 

carbon nanotube (MWNT) with a few layers such as double walled carbon nanotube irrespective of 

catalytic conditions. The presence of SWNTs in both samples could be supported by the appearance 

of radial breathing mode (RBM) in Raman spectra. Although SWNTs were primarily synthesized 

irrespective of sulfur addition, the distribution of CNT outer diameters was a little different as 

indicated by histogram in Figure 7-13. Histogram which was prepared based on TEM photographs 

shows that the average CNT diameter using Co/Mo catalyst including sulfur tends to be slightly 

smaller than that using Co/Mo catalyst free from sulfur. RBM behaviors show that strong peaks at a 

larger Raman shift appear in Co/Mo catalyst including sulfur, suggesting that CNTs with a smaller 

diameter are formed in the presence of sulfur because Raman shifts in the RBM region have an inverse 

relationship with CNT diameters [271,272]. When compared between thiourea and sulfur powder, the 

former provided a little smaller CNT diameter than the latter. 

 Figure 7-14 displays the dependence of CNT growth rate on CVD temperature evaluated via three 

approaches, (a) is the evaluation by image treatment through SEM images, (b) is the evaluation by 

transmission in visible light and (c) is assessed via sheet resistance of grown CNTs on a substrate. 

Natural logarithm of CNT growth rate, ln(k), is put on the vertical axis, and the inverse of CVD 

temperature, 1/T, is put on horizontal axis. It should be noted that there is shortage of data points in 

assessment technique using sheet resistance owing to unmeasurably high resistivity for the sample 

with thin CNT layers. Since all three approaches indicate the good linearity within the studied 

temperature range, activation energy required for CNT growth, Ea, was calculated by Arrhenius 

equation. Activation energy in each experimental condition is summarized in Table 7-1, which shows 

similar propensity that the lowest activation energy is given in Co/Mo/Sulfur powder, the largest one 

is obtained in Co/Mo alone, and its intermediate is found in Co/Mo/Thiourea. When compared among 

three evaluation methods, the conclusion cannot be affected because there exist relatively small 

differences in the value of activation energy given by these three technique. The considerations on the 

difference in the activation barrier between thiourea and sulfur powder are conducted in later section. 

The relation between transmittance and sheet resistance of samples prepared with different catalyst 

conditions are depicted in Figure 7-15. This relationship becomes important in transparent conductive 

film. Since CNTs are directly grown on a substrate in our work, several data in similar works where 

carbon materials were directly synthesized on a substrate are also provided in this figure, e.g. SWNT 

film [273,274] and multi-walled CNT/graphene composite film [275]. According to the previous paper, 

the trade-off relation between transmittance and sheet resistance can be expressed by the following 

equation [253]. 

! = exp %− '(
) * = exp	(−

,
))   (1) 
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where T and R are the transmittance and sheet resistance, respectively, of a sample, α and ρ are the 

resistivity and absorption coefficient, respectively, of the CNT film material, and A is the integrated 

constant defined as A = αρ. By adjusting A (= 330 Ω) in equation (1), the fitting curve to our 

experimental data was prepared as shown in the solid line in Figure 7-15. Among our measurements, 

they all were located in the vicinity of the fitting line. Moreover, data in other similar work are 

consistent with the fitting line in our study, being slightly higher performance as a transparent 

conductive film than our work. This figure indicates that the synthesis process using sulfur provides 

the promoted growth of CNTs without losing the competitiveness as a transparent conductive film. 

 

 

7-3-4 Discussions 

7-3-4-1 Interpretation of activation energy (without sulfur vs with sulfur powder) 

 Here, let us focus on the results without additives and with sulfur powder. Since the distinct difference 

in the activation energy required for CNT growth was found, we would like to speculate the rate-

limiting step in CNT synthesis. CNT growth process can be mainly divided into three sequential steps, 

e.g. (1) decomposition reactions of supplied carbon sources, (2) diffusion of formed carbon atom in or 

on catalyst, and (3) CNT formation reactions on catalyst surface. Since a number of references 

representing activation energies in each step have been published until now, let us look over them one 

by one in the following sentence.  

(1) Decomposition reactions of supplied carbon sources 

Hydrocarbons are decomposed on catalyst surface to form atomic carbon, and activation energies 

in this step depend on carbon sources used, e.g. 230–270 kJ/mol for ethanol [276], 120–180 kJ/mol 

for acetylene [277,278,279], larger than 190 kJ/mol for ethylene [276], and 70–160 kJ/mol for 

carbon monoxide [280,281,282,283]. It should be noted that these values are based on not only 

Co catalysts but also other transition metals like Fe and Ni. It is particularly required to look after 

publications where carbon monoxide and sulfur are stated. Curulla-Ferré et al. performed density 

functional theory (DFT) calculations and they showed that the activation energy for CO 

dissociation on pure Fe was 110 kJ/mol while that on sulfur-precovered Fe surface was 120–125 

kJ/mol [284]. According to the study by Habermehl-Ćwirzeń that the effect of sulfur treatment on 

CO desorption properties on cobalt surface, the activation barrier for CO desorption via sulfur 

treatment was reduced compared with that on pure cobalt surface [285 ]. This means that CO 

adsorption is disturbed on sulfur-covered cobalt surface. These researches indicate that sulfur 

degrades CO adsorption and dissociation properties on metal surface.  

(2) Diffusion of formed carbon atom in or on catalyst 

After the formation of carbon atoms as a result of decomposition of hydrocarbon feedstock, this 

step takes place in parallel via mainly three routes, e.g. bulk diffusion in solid-phase catalyst, bulk 
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diffusion in liquid-phase catalyst, and surface diffusion on catalyst surface. The activation energies 

in case of bulk diffusion in solid-phase catalyst for CNT synthesis ranged 90–160 kJ/mol in iron 

based catalysts [286,287,288,289], 120–140 kJ/mol in nickel based catalysts [278,290,291,292] 

and 110–140 kJ/mol in cobalt based catalysts [290,292,293,294]. These values are quite similar 

with each other. Many researchers attribute these activation energies to carbon diffusion in solid 

catalyst due to the analogy with those of carbon diffusion in solid metal reported in metallurgy, 

e.g. 80–140 kJ/mol for solid iron [295,296] and 140–150 kJ/mol for solid cobalt [297,298]. On 

the other hand, activation energies in case of bulk diffusion in liquid-phase catalyst indicated 

significantly reduced values, for instance, 30–40 kJ/mol in CNT growth works [292,299], being 

similar values with those of carbon diffusion in metallurgy, 10–40 kJ/mol in molten iron and cobalt 

[299,300,301]. According to the phase diagram of metal-sulfur system, melting temperature of 

alloy is significantly decreased in comparison with that of pure metal as in Fe-S [216] and Co-S 

[259,260]. This fact infers that the state of catalytic nanoparticles may be shifted from solid state 

to melted one in the presence of sulfur at high temperature used for CNT synthesis. The activation 

energies in surface diffusion on catalyst surface resemble very well those in bulk diffusion in 

liquid phase. Hofmann et al. showed the activation energies in surface diffusion of approximately 

20–30 kJ/mol depending on employed catalysts [278], and Mojica and Levenson estimated the 

activation energy of carbon on nickel to be 30 kJ/mol [302]. Li et al. showed activation energy of 

10–40 kJ/mol for carbon atoms to diffuse on metallic Co [303].  

(3) CNT formation reactions on catalyst surface 

After carbon atoms reach CNT growth site through diffusion, surface reactions for constructing 

carbon lattice take place on catalyst surface, e.g. integration of carbon atoms into carbon networks 

and graphite cap lift-off from catalyst surface. Lin et al. estimated the activation energy of 260 

kJ/mol required for the integration of carbon atoms into hemispherical graphene sheet during 

nucleation [304]. According to DFT calculation by Yuan et al. [305], the energy barrier related to 

the integration of carbon atoms into hexagon carbon networks was 180 kJ/mol on Ni (111) and 

220 kJ/mol on Fe (111)/Co (0001) catalysts. The activation energies for the formation of heptagon 

structure built by carbon atoms were estimated through experiments to be 250 kJ/mol [306 ]. 

Anyhow, the energy barriers required for carbon atoms being integrated into carbon networks are 

in general significantly large. Some literatures indicated the enhancement of graphitization by 

sulfur. They dealt in petroleum cokes including 1.7% sulfur but no metal catalyst, and 

graphitization was accelerated usually at larger temperature than 1,500 oC [307,308,309]. The 

energy barrier for graphitization was estimated, e.g. 250–380 kJ/mol at 1,400–2,200 oC [307] and 

190 kJ/mol at higher than 1,500 oC [309]. Furthermore, graphene formation using hydrocarbons 

and sulfur (S8) as a feedstock under the mild temperature (300–600 oC) was reported probably due 

to cross-linking by sulfur [310,311]. No metal catalyst was employed in these studies. However, 
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similar effects observed in graphene formation by sulfur might be inapplicable to our system 

because no growth of CNTs was found in the use of a substrate with sulfur alone free from metal 

catalysts in our measurements (not shown here). We should also pay attention to the adhesion 

energy between catalyst surface and graphite sheet as one of surface reactions because it plays an 

important role in graphite cap lift-off during CNT growth [312 ,313 ]. The adhesion energies 

between graphite and Ni/Co catalyst were around 10–15 kJ/mol [312]. It is necessary for graphite 

cap extrusion that kinetic energy (E ≈ kBT) has to surpass the adhesion energies, where kB is 

Boltzmann constant and T is temperature. Generally, if temperature (T) is higher than 700 K, lift-

off of graphite cap from catalyst surface takes place easily because adequate energy is provided 

by heat [313]. It is well known that sulfur functions as an agent to reduce the metal surface energy 

[314 ], leading to actual decreasing of adhesion energy between graphite and Fe melts [315 ]. 

Although the presence of sulfur on catalyst surface is favorable for graphite cap lift-off, we 

speculate that sulfur is influential in a very limited way because carbon cap lift-off occurs with no 

difficulty under our CVD temperatures even in the absence of sulfur as stated above. Summary 

table which depicts activation energies in literatures addressed until here and those in our 

experiments is presented in Table 7-2 for a comparison purpose.  

(4) Suggested role of sulfur in CNT synthesis 

Considering the agreement in the value of energy barriers between our study and preceding studies, 

let us identify the rate-limiting step in our system and elucidate the effect of sulfur on CNT growth. 

Although we introduced a number of articles, Jourdain and Bichara showed versatile and helpful 

criteria to determine a rate-limiting step from activation energies, in which activation barrier of 

20–60 kJ/mol for CNT growth was basically stemmed from bulk diffusion in liquid-phase or 

surface diffusion, activation energy of approximately 70–150 kJ/mol in CNT synthesis was mainly 

due to bulk diffusion in solid-phase, and activation barrier larger than 150 kJ/mol was primarily 

attributed to decomposition of supplied hydrocarbons or CNT formation reaction on surface [254]. 

These criteria largely match the range of activation energies in Table 7-2. In our system, we can 

remove the possibility that CNT formation reactions on catalyst surface become a rate-limiting 

step due to its extreme mismatch in activation energy. In Co/Mo catalyst, we acquired the 

activation energy of 94 kJ/mol, being coincident with that in bulk diffusion of carbon in solid-

phase catalyst or CO dissociation reaction. Though this value is within the range of activation 

barrier of CO dissociation reaction, we can rule out the possibility that it becomes a rate-

determining step because CNT growth should be deteriorated in the presence of sulfur owing to 

the hindrance of CO adsorptive dissociation according to literatures [284,285]. Hence, it is 

plausible to consider that the rate-limiting step in Co/Mo free from sulfur is bulk diffusion in solid-

phase catalyst. Here, one may consider that the step with largeer activation energy like CNT 

formation reactions on catalytic surface does not become a rate-determining step. The rate of 
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reaction/diffusion can be expressed as �-./(−01 ��⁄ ) × [5678-79:;9<67	 9-:=] where A is 

pre-exponential constant (frequency factor), Ea is activation energy, R is gas constant and T is 

temperature. When A and/or concentration term are large enough, the process with high activation 

energy (Ea) cannot become a rate-limiting step. Thus, we can identify a rate-limiting step based 

on the agreement of the value of activation energy. On the other hand, strikingly reduced activation 

energy of 25 kJ/mol was found in Co/Mo/Sulfur powder 2.0 wt%, being stemmed from surface 

diffusion of carbon atoms on catalyst or bulk diffusion in liquid-phase catalyst. Through some 

characterization methods, the formation of Co-S chemical bond was indicated, meaning that the 

melting temperature of Co-S binary system was reduced in comparison with that of bulk Co. 

Moreover, its reduction is accelerated due to nano-sized effect. Actually, HR-TEM images in 

Figure 7-7 showed that the ambiguous lattice fringe in the presence of sulfur powder was observed. 

Therefore, above hypothesis is valid in our system from the qualitative point of view. Of course, 

it should be noted that the degree of reduction of melting point depends on the composition of Co-

S system and also that there are some differences in physical properties between bulk system and 

nano-sized system. As a consequence of the decrease in melting temperature of catalytic particles 

during CVD operation, the diffusion barrier for atomic carbon inside the bulk was quite lowered, 

resulting in the significant reduction of the activation energy. Based on the finding in Figure 7-8, 

since sulfur was concentrated near the catalytic surface, the potential diffusion path for atomic 

carbon might be the region in the vicinity of surface. To sum up, the expected role of sulfur during 

CNT synthesis in this study is that it improved the diffusivity of carbon in catalyst nanoparticles 

particularly near the surface and shifted the rate-determining step in CNT formation. Figure 7-16 

depicts the difference between conditions with and without sulfur powder. The largest difference 

appears in the diffusion of atomic carbon inside catalytic particles which finally affects CNT 

production. 

7-3-4-2 Interpretation of activation energy (sulfur powder vs thiourea) 

 The activation energy required for CNT growth was explicitly reduced by introducing sulfur, 

however, its degree depended on sulfur source. Sulfur powder showed the significant performance in 

CNT growth enhancement, while thiourea could not reach the level attained by sulfur powder. 

Activation barrier in sulfur powder was 25 kJ/mol. On the other hand, that in thiourea was 55 kJ/mol, 

which was the intermediate value between Co/Mo/Sulfur powder 2.0 wt% and Co/Mo (94 kJ/mol). 

This value is too large to assign bulk diffusion of carbon atom in liquid-phase catalyst like 

Co/Mo/Sulfur powder 2.0 wt%, while it is too small to assign bulk diffusion of carbon in solid-phase 

catalyst like Co/Mo alone. Although sulfur atom in thiourea clearly functioned for promoting CNT 

growth due to the reduced activation energy compared with that free from sulfur, it can be considered 

that there may exist some factors to diminish the promoting effect by sulfur in case of thiourea due to 

the increased activation energy in comparison with that in sulfur powder. 
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Sulfur powder is composed of only sulfur atom while thiourea includes not only sulfur but also 

nitrogen in its chemical structure. When temperature is elevated at ~220 oC, thiourea is thermally 

decomposed into ammonia (NH3), hydrogen sulfide (H2S), isothiocyanic acid (HNCS), carbon 

disulfide (CS2) and carbodiimide (HNCNH) [316,317]. Formed chemical species may act as sources 

of nitrogen and sulfur, probably interacting with catalyst consisting of cobalt and molybdenum. The 

effect and behavior of nitrogen during CNT formation has been proposed until now. In summary, CNT 

nucleation and growth was hindered in the presence of nitrogen from experimental [ 318 ] and 

computational [319 ,320 ] approaches, and this was probably because nitrogen atoms tended to be 

energetically located at the edge of carbon network, resulting in the inhibition of carbon atoms being 

incorporated into carbon lattice. However, we may be able to rule out this possibility because 

constructing reactions of CNT on catalytic surface cannot become a rate-determining step in our 

system as discussed early. Thus, we paid attention to the diffusivity of light elements (C, N, S) in 

transition metals in order to attempt to interpret the difference in activation energy between thiourea 

and sulfur powder because the diffusion step of atomic carbon in CNT formation was the key. When 

nitrogen and carbon coexisted in iron-based materials, mutual effects among diffusing elements 

occurred [321,322], leading to the implication that the lower diffusive atom, N, disturbed the transfer 

of C which had higher diffusivity [321,323]. On the other hand, a number of publications to study the 

diffusivity of individual element in transition metals such as Fe and Co have been carried out in 

metallurgy, e.g. carbon/metal [296, 324 , 325 ], nitrogen/metal [296, 326 , 327 ] and sulfur/metal 

[328,329,330]. If the state of host material was molten one, the diffusion coefficient was in the similar 

order of magnitude and showed the following order, carbon ≈ sulfur > nitrogen. Meanwhile, when 

host metals were in solid state, the diffusion coefficient between 600 oC and 750 oC used as a CVD 

temperature in this study was significantly reduced from that in molten state, and was in the following 

order, carbon > nitrogen >> sulfur. Here, we propose two scenarios to reveal the intermediate value of 

activation energy in thiourea. One is that the coexistence of sulfur and nitrogen affected carbon 

diffusion in catalyst nanoparticles being kept in solid state. Another is that the presence of sulfur and 

nitrogen affected carbon diffusion in molten catalyst. The former may be eliminated because it is likely 

that catalyst nanoparticles in the use of sulfur source in our system are melted during CNT growth 

probably due to the formation of Co-S alloy and nanosized effect. Thus, second scenario should be 

considered. According to some reports stated above which examined the diffusive ability of light 

elements in transition metals, it seems reasonable to suppose that the presence of nitrogen is 

disadvantageous to carbon diffusion in molten metal while sulfur is less influential on carbon 

transportation because the diffusivity of carbon and sulfur is the similar order but that of nitrogen is 

lower in the molten host material. Therefore, the difference in activation energy between the case using 

thiourea and sulfur powder may be stemmed from the existence of nitrogen and its relatively low 

diffusivity against other diffusing atoms, resulting in slightly larger activation energy in thiourea in 
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comparison with sulfur powder. This work suggests that the promoted effect of CNT growth caused 

by sulfur is sometimes deteriorated if hetero atoms other than sulfur such as nitrogen coexist in 

catalysts during CNT synthesis. However, since this does not leave the hypothesis stage, further studies 

to elucidate the role of hetero atoms during CNT synthesis are required in future.  

 

 

 Summary of this chapter 

In this chapter, we explored the role of sulfur as a growth promoter during CNT synthesis via CVD 

process where Co/Mo binary system and carbon monoxide was employed as a basic catalyst and 

carbon source, respectively. Furthermore, impacts of sulfur type on CNT growth were investigated by 

means of sulfur powder and thiourea as a sulfur source. Remarkable findings are listed as follows. 

� The introduction of sulfur into catalyst layer exhibited the enhancement in CNT production even 

when oxygen which was regarded as an unfavorable gas was fed into the reactor.  

� The role of sulfur as a promoter in CNT growth was implied that it shifted the rate-limiting step 

from the bulk diffusion of atomic carbon in solid-phase catalyst to the bulk diffusion of atomic 

carbon in liquid-phase catalyst, especially shown in the use of sulfur powder. 

� The activation energy required for CNT growth was significantly reduced from 94 kJ/mol in 

Co/Mo alone to 25 kJ/mol in Co/Mo/Sulfur powder 2.0 wt%. The intermediate value of 55 kJ/mol 

was gained in Co/Mo/Thiourea 3.5 wt%. 

� Through some characterizations on catalytic nanoparticles, it was strongly suggested that the 

chemical bonding between Co and sulfur was formed and sulfur was prone to be concentrated in 

the vicinity of particle surface. Thermodynamic calculation corroborated this propensity. 

� According to the phase diagram of Co-S binary system, the melting point was reduced in 

comparison with that of pure Co. This may explain the reason why sulfur was effective in CNT 

growth. Since sulfur decreased the melting temperature of catalyst particles, the diffusion of 

atomic carbon inside catalyst was facilitated, probably resulting in the promotion of CNT 

production. 

� The difference in the value of activation energy between sulfur powder and thiourea may be 

attributed to the presence of hetero atom like nitrogen. Because the diffusivity of nitrogen was 

lower than that of carbon and sulfur in molten state, nitrogen might disturb the diffusion of carbon, 

probably resulting in the enlarged activation energy. 
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Figure 7- 1 Schematic representation which depicts (a) the synthetic process of CNT from 

various catalyst conditions and (b) the experimental apparatus for performing a reduction and 

CVD. 

 

 

 

 

Figure 7- 2 SEM images after a CVD process at 800 oC for 30 minutes when sulfur amounts 

coated on a substrate were changed. Raman spectra were inserted in each SEM image. The 

images (a–c) were taken for a sample as a function of sulfur powder which dissolved in toluene. 

For the case (c), since the upper limit of sulfur powder which could dissolve in toluene was 

approximately 2.0 wt% in our work, a drawing speed from a toluene solution with 2.0 wt% of 

sulfur powder was increased from 0.96 cm/min to 9.96 cm/min, which was corresponding to 

sulfur amount of about 9.5 wt% in toluene on the basis of 0.96 cm/min as a drawing speed. 
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 Figure 7- 3 SEM photographs after CVD process with different catalytic condition was carried 

out for 30 minutes as a function of CVD temperature. The catalyst condition and CVD 

temperature were (a) Co/Mo, 800 oC, (b) Co/Mo, 750 oC, (c) Co/Mo, 700 oC, (d) Co/Mo/S (Sulfur 

powder 2.0wt%), 800 oC, (e) Co/Mo/S (Sulfur powder 2.0wt%), 750 oC, and (f) Co/Mo/S (Sulfur 

powder 2.0wt%), 700 oC, respectively. Raman spectra corresponding to each SEM image were 

inserted. 

 

 Figure 7- 4 Impacts of O2 flow rate in feed gas on CNT growth. During CVD, CO flow rate was 

fixed to be 45 sccm and O2 flow rate was varied from 0 to 0.3 sccm, while Ar flow rate was 

adjusted so that the total flow rate (CO+H2+Ar) was 200 sccm. CVD was performed at 750 oC 

for 60 minutes. SEM images (a–d) were taken for a sample with Co/Mo free from sulfur after 

CVD. The images (e–h) were taken for a sample with Co/Mo/S using sulfur powder of 2.0 wt% 

after CVD.   
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Figure 7- 5 Kinetic dependence of ln(k) on inverse CVD temperatures using a different catalyst 

layer. The activation energy required for CNT growth is shown as well.  

 

 

Figure 7- 6 AFM images of the substrate with and without sulfur sources and before and after 

CVD. The images before CVD (a) and (b) were taken for samples after the reduction in H2/Ar at 

800 oC for 30 minutes. The images after CVD (c) and (d) were taken after CVD with CO/Ar at 

800 oC for 10 minutes.   
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 Figure 7- 7 HR-TEM images of catalyst particles when a condition of catalyst layer was 

changed. (a) catalyst condition was Co/Mo free from sulfur. (b) catalyst condition was 

Co/Mo/Sulfur powder 2.0 wt% in a toluene solution. Additional pictures of catalyst particles are 

inserted as another example. TEM micrographs were taken for the sample after CVD was 

performed at 750 oC for 180 minutes. Histogram of catalyst nanoparticles size was prepared 

based on HR-TEM images. 

 

 

Figure 7- 8 Elemental depth profile using TOF-SIMS analysis of samples after a reduction (no 

CVD was done). (a) a sample coated by Co/Mo/Sulfur powder 2.0 wt% in toluene. (b) a sample 

coated by only sulfur powder of 2.0 wt% in toluene. Co and Mo was not deposited on this sample. 
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Figure 7- 9 XPS spectra of a sample deposited by Co/Mo/Sulfur powder 2.0 wt%. (a) Co 2p, (b) 

Mo 3d, and (c) S 2p regions. For detecting Co and Mo spectra, a substrate was dip-coated only 

one time. For detection of sulfur, Co/Mo layers were dip-coated a lot of times while sulfur was 

deposited only one time. CVD at 800 oC was conducted for detecting (a) and (b) for 10 minutes 

and (c) for 5 minutes, respectively. 

 

 

 

Figure 7- 10 Delta Gibbs energies of several reactions from metal oxides plus sulfur to form 

metal sulfides using a calculation software. 
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 Figure 7- 11 SEM images after a CVD process at 800 oC for 30 minutes when thiourea amounts 

in ethanol solution were changed. Raman spectra were inserted in each SEM image.  

 

 

 

 

 

Figure 7- 12 Typical SEM micrographs when catalyst conditions and CVD temperature were 

varied. (a) Co/Mo alone under 750 oC as a CVD temperature, (b) Co/Mo/Thiourea under 750 oC, 

(c) Co/Mo/Sulfur powder under 750 oC, (d) Co/Mo alone under 650 oC, (e) Co/Mo/Thiourea 

under 650 oC and (f) Co/Mo/Sulfur powder under 650 oC. CVD was carried out for 30 minutes 

in samples other than (d), and it was extended to 60 minutes in (d). Even when CVD time was 

extended, CNT was rarely grown in (d). 
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Figure 7- 13 High resolution TEM images of synthesized CNTs with and without sulfur sources, 

corresponding RBM of Raman spectra and histogram of CNT diameters. CVD duration was 

180 minutes and CVD temperature was 750 oC. Histogram of synthesized CNT outer diameters 

was prepared based on corresponding TEM images. (a) sample whose catalyst condition was a 

Co/Mo layer alone (b) sample whose catalyst condition was Co/Mo/S derived from thiourea of 

3.5 wt% in an ethanol solution as a sulfur source (c) sample whose catalyst condition was 

Co/Mo/S derived from sulfur powder of 2.0 wt% in a toluene solvent as a sulfur source. 
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Figure 7- 14 Kinetic dependence of ln(k) on inverse CVD temperatures using a different catalyst 

layer. CNT growth rate was evaluated by means of (a) image treatment, (b) transmittance and 

(c) sheet resistance. 

 

 

Figure 7- 15 Transmittance plotted as a function of sheet resistance of CNT film prepared from 

different catalytic conditions. Literature data where carbon materials were directly grown on a 

substrate are also presented. The solid curve represents the fitting line to our measured data 

expected from the relation between transmittance and sheet resistance. 

  

1.0x10-3 1.1x10-3

12

13

14

 

 

 Co/Mo/Sulfur powder 2.0 wt%
 Co/Mo/Thiourea 3.5 wt%
 Co/Mo

ln
(k

) 
(-

)

1/T (K-1)

Ea = 15 kJ/mol

Ea = 47 kJ/mol
Ea = 95 kJ/mol

750oC 600oC650oC700oC
T (oC)

1.0x10-3 1.1x10-3
-8

-7

-6

 

 

 Co/Mo/Sulfur powder 2.0 wt%
 Co/Mo/Thiourea 3.5 wt%
 Co/Mo

ln
(k

) 
(-

)

1/T (K-1)

Ea = 99 kJ/mol
Ea = 60 kJ/mol

Ea = 40 kJ/mol

(a) Evaluation by image treatment (b) Evaluation by transmission

1.0x10-3 1.1x10-3

-14

-13

-12

 

 

 Co/Mo/Sulfur powder 2.0 wt%
 Co/Mo/Thiourea 3.5 wt%
 Co/Mo

ln
(k

) 
(-

)

1/T (K-1)

750oC 600oC650oC700oC
T (oC)

(c) Evaluation by sheet resistance

Ea = 21 kJ/mol

Ea = 59 kJ/mol

Ea = 89 kJ/mol

750oC 600oC650oC700oC
T (oC)

100 1000 10000 100000
80

85

90

95

100

 

 

 Co/Mo/Sulfur powder 2.0 wt%
 Co/Mo/Thiourea 3.5 wt%
 Co/Mo
 Data by Ansaldo et al.
 Data by Li et al.
 Data by Chen et al.

T
ra

ns
m

it
ta

nc
e 

(%
)

Sheet resistance (ƒ ¶/sq.)Sheet resistance (Ω/sq.)



122 
 

 

Figure 7- 16 The depiction that emphasizes the role of sulfur during CNT growth, which was 

implied from the experimental results using sulfur powder and no sulfur additive. 

 

 

 

Table 7- 1 Summary table of activation energy estimated in this study using different 

evaluation technique. 

 

 

 

Table 7- 2 Summary table of activation energies from both literatures and our experiments. 

Literature data shown here are mixed up based on Fe, Co and Ni as a catalyst. 

 

 

 

 

 

 

 

 

 

aOnly carbon monoxide. bThe rate-limiting step is bulk diffusion in solid-phase. cThe rate-limiting step 

is bulk diffusion in liquid-phase or surface diffusion on catalyst. 
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Fast

CO

C
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Condition Image treatment Transmission Sheet resistance Average 

Co/Mo/Sulfur powder 2.0 wt% 15 kJ/mol 40 kJ/mol 21 kJ/mol 25 kJ/mol 

Co/Mo/Thiourea 3.5wt% 47 kJ/mol 60 kJ/mol 59 kJ/mol 55 kJ/mol 

Co/Mo 95 kJ/mol 99 kJ/mol 89 kJ/mol 94 kJ/mol 

   activation energy, Ea 

literature data decomposition reaction 70–160 kJ/mola 

  bulk diffusion in solid-phase 80–160 kJ/mol 

  bulk diffusion in liquid-phase 10–40 kJ/mol 

  surface diffusion on catalyst 10–40 kJ/mol 

  CNT formation reaction 180–260 kJ/mol 

our experiments Co/Mo 94 kJ/molb 

  Co/Mo/Sulfur powder 2.0 wt% 25 kJ/molc 
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Chapter 8.  Overall Conclusions and Future Scope 
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 In this study, the development of a process using a diesel engine for the synthesis of CNTs was 

investigated. Not only required conditions for the CNT formation but also the identification of key 

factor contributing to CNT synthesis in a diesel engine and its growth mechanism were studied. 

 When gas oil/ethanol mixing fuel was used, it was revealed that three conditions had to be satisfied 

simultaneously for the successful synthesis of CNTs: high ethanol fraction in mixing fuel, high sulfur 

loading, and the presence of catalyst sources in fuel. If at least one of these three conditions was not 

satisfied, almost no CNT could be observed in an exhaust gas. 

 Instead of gas oil, n-alkane (n-dodecane) or fatty-acid methyl ester (methyl laurate) or alcohol (1-

decanol) was employed in order to improve and simplify analysis. CNT production was prone to be 

increased when an ethanol content in mixing fuel and an engine load were enlarged. This may be 

because higher combustion temperatures and larger emissions of carbon monoxide were achieved. At 

a high ethanol fraction in mixing fuel, there was very less difference in CNT production among fuel 

used in this study, probably because almost equal CO amounts in an exhaust was obtained mainly from 

ethanol. On the other hand, at a low ethanol fraction, CNT could be grown in case of mixing fuel using 

methyl laurate and 1-decanol, while n-dodecane system did not show any CNT growth. The behavior 

of CNT growth in different fuel type may be able to be interpreted by the contribution of CO amounts 

in an exhaust. Higher CO emissions could be obtained from methyl laurate and 1-decanol than from 

n-dodecane at a low ethanol content because methyl laurate and 1-decanol have C-O bond in its 

chemical structure.  

 The attempt to identify promising CNT precursor in a diesel engine was carried out by means of three 

approaches, the analysis on an exhaust gas, the simulation of combustion reaction, and the modelling 

work of CNT growth rate using a CO or ethylene or acetylene as a carbon source. All approaches 

suggested the significance of carbon monoxide as a promising candidate of CNT precursor, being in 

line with previous studies in flame processes to synthesize CNTs using burners. The importance of 

fuel rich region for CNT formation was also indicated. Hence, CNT formation pathway was proposed; 

CO is generally generated via imperfect combustion where there is shortage of oxygen, namely fuel 

rich conditions (larger equivalence ratio than unity). Taking into account the fact that the equivalence 

ratio inside a general diesel engine ranges from 0.2 to 2.0 during one combustion stroke and high 

equivalence ratio regions are concentrated in the vicinity of fuel injection nozzle and the center of 

sprayed fuel, the most probable route of CNT growth is that iron particles and carbon monoxide 

produced at fuel rich regions react each other, resulting in CNT growth.  

 According to the observations via microscope and elemental analysis, SWNT was rarely formed 

while majority of synthesized CNTs was MWNT irrespective of fuel conditions. Carbon layers 

consisting of CNTs were damaged probably due to oxygen. EDX analysis on catalytic nanoparticles 

showed that lower O/Fe ratio (metallic state) was desirable for the growth of CNTs and sulfur seemed 

to be concentrated on nearly the surface of catalysts. And, we estimated the CNT productivity and 
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yield in this study (in case of gas oil system) to be 9.3 × 10-3 g/h and 9 ppm by injected fuel weight, 

respectively, which was lower than that by two-orders of magnitude in HiPco process which are known 

as one of commercial processes in CNT production. Therefore, the CNT productivity and yield in a 

diesel engine shall be improved.  

 Through the introduction of additional hydrocarbons into the intake air line, it was revealed that a 

slight improvement of CNT formation was attained in the employment of H2 and CH4 as additive gas, 

while C2H2 addition presented the opposite effect. This might be stemmed from the deactivation of 

catalyst particles caused by high acetylene concentration at an early reaction stage in the latter case. 

 The role of sulfur in CNT growth was investigated through CVD process to support experimental 

results attained by a diesel engine because the addition of sulfur was one keys for the successful 

synthesis of CNT in a diesel engine. The activation energy required for CNT growth was significantly 

reduced by the introduction of sulfur. This may result from the formation of metal-sulfur alloy in 

catalytic particles, leading to the decrease of melting temperature which facilitated the diffusion of 

atomic carbon. The effectiveness as a CNT growth enhancer depended on sulfur source, sulfur powder 

showed remarkable effect but thiourea did mild one. This may be interpreted by the presence of hetero 

atoms which made carbon diffusion slow. 

 As a summary, the overall CNT growth mechanism in a diesel engine reflecting findings in Chapter 

5 and Chapter 7 is depicted in Figure 8-1. Ferrocene as a catalyst source was decomposed to form iron 

particles. Some of them underwent oxidation while the others reacted with sulfur powder to form 

Fe/FeSx nanoparticles. At the same time, fuel was pyrolyzed and/or oxidized, resulting in the 

formation of a number of intermediate species like CO, C2 hydrocarbons and stable products such as 

H2O and CO2. Among those species, carbon monoxide reacted with Fe/FeSx catalysts preferentially, 

and CNTs were grown due to the facilitated carbon diffusion in catalysts. Some of carbon monoxide 

reacted with hydrogen on the catalyst surface and formed various hydrocarbons via Fischer-Tropsch 

reaction, being emitted to an exhaust. CNT formation path might take place in the fuel rich regions 

during combustion.  

 Based on the overall results presented in this thesis, future works can be considered as follows. 

� The modification of a current engine system to a sophisticated one shall be required for increasing 

CNT productivity and yield. The following plan can be regarded as a candidate; e.g. the 

adjustment of fuel injection timing/amount/number for accurately controlling catalytic particle 

size and nucleation timing of CNTs, the adjustment and control of an engine rotation speed in 

order to tailor the available CNT growth time. What is significant in synthesizing CNTs using a 

diesel engine is how precisely control contact timing not only between iron and sulfur but also 

iron catalyst and CNT precursor, and how suitably create fuel rich condition not leading to soot 

formation but contributing to CNT growth. Thus, a diesel engine equipped with a common rail 
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system is a promising because it enables us to tune injection amount, injection timing, injection 

number, and so on.  

� In future, dual fuel utilization like Chapter 6 expressed in this thesis but under more highly control 

system of liquid/gaseous fuel shall be considered. In this sense, options such as the direct usage 

of CO as additive gaseous fuel or the direct introduction of gaseous species into a cylinder not 

into the intake air line should be taken into account. Moreover, the combination of a common rail 

system and duel fuel utilization may become an ambitious project for improving CNT production 

in a diesel engine. 

� The application of the engine with homogeneous combustion like gas engine or spark-ignition 

engine to the synthesis of CNTs should be considered because it may easy to control 

combustion properties inside a cylinder. 
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Figure 8- 1 Schematic showing overall CNT growth mechanism in a diesel engine where findings 

in Chapter 5 and Chapter 7 are reflected. 
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Appendix (Supplemental data) 

General 

Table S- 1 Summary table of physical properties of hydrocarbons used in this study 

(a) MSDS (Idemitsu Kosan Co., Ltd.) 

(b) S. Yamamoto et al., Trans. JSME B 79 (2013) 380–389 

(c) http://www.idemitsu.co.jp/factory/hokkaido/quality/ 

(d) Y. Miyamoto et al., 日本機械学会 2011 年度年次大会 DVD-ROM 論文集 (2011) G070055 

(e) J. Yanowitz et al., Technical Report NREL/TP-5400-61693 (2014) 

(f) Simulation by HYSYS V7.3 (Pressure: 1 atm, Property package: SRK) 

(g) M. Jakob et al., Combust. Flame 159 (2012) 2516–2529 

(h) Calculation using Advanced Chemistry Development (ACD/Labs) Software V11.02 (by Sci 

Finder) 

(i) http://www.viscopedia.com/viscosity-tables/substances/methanol/ 

(j) Biomass Energy Data Book 2001 Appendix A, 

http://cta.ornl.gov/bedb/appendix_a/Lower_and_Higher_Heating_Values_of_Gas_Liquid_and_S

olid_Fuels.pdf 

(k) http://www.siyaku.com/uh/Shs.do?dspCode=W01W0113-0358 

(l) Simulation by HYSYS V7.3 (Pressure: 1 atm, Property package: UNIPAC) 

 

  

Fuel Density 

[kg/m3@20 oC] 

Boiling Point 

[ oC] 

Lower Heating 

Value 

[MJ/kg] 

Kinematic Viscosity 

[mm2/s] 

Cetane 

Number 

Latent Heat of 

Vaporization 

[kJ/kg] 

Gas oil 810 140~400 (a) 43.1 (b) >2.7 (c) >50 (c) 250 (b) 

n-Heptane 684 (d) 98.6 (d) 44.6 (d) 0.51 @30oC (d) 56 (e) 323 (f) 

n-Dodecane 746 (d) 216.5 (d) 44.6 (d) 1.46 @40 oC (d) 80 (e) 261 (f) 

Methanol 792 64.7 20.1 (j) 0.75 @20 oC (i) 2~5 (b) 1099 (h) 

Ethanol 788 (b) 78 (b) 26.8 (b) 1.33 @20 oC (f) 8 (b) 840 (b) 

1-Butanol 813 (b) 117 (b) 33.1 (b) 3.62 @20 oC (f) 18 (b) 585 (b) 

1-Decanol 828~834 221 (g) 38.9 (g) 8.33 (g) 50 (g) 501 (g) 

Methyl 

Laurate 

869 (k) 260 (k) 35.3 (l) 4.48 @ 25 oC (l) 54~70 (e) 820 (l) 
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About the estimation of cetane number of mixing fuel 

 Cetane number of mixing fuel can be expressed in the following equation [331].   

5-9;7-	 7?=@-:	 6A	 =<.<7B	 A?-C
= 	 D[(E6C?=-	 A:;89<67, E6C%) × (8-9;7-	 7?=@-:	 6A	 /?:-	 =;9-:<;C)] 

 The evaluation of mixing fuel consisting of n-dodecane/ethanol, methyl laurate/ethanol and 1-

decanol/ethanol is shown below. It should be noted that 1-octanol of 4 vol% against n-

dodecane/ethanol system was added. In this estimation, cetane number of pure n-dodecane, methyl 

laurate, 1-decanol, ethanol and 1-octanol was 80, 62, 50, 8, and 36, respectively. The behavior of 

cetane number of mixing fuel when an ethanol fraction in mixing fuel is varied is shown in Figure S-

1.  

Figure S- 1 The dependence of cetane number of mixing fuel on an ethanol fraction in mixing fuel. 

 

 Here, we compared three examples, n-dodecane (55 vol%)/ethanol (45 vol%), methyl laurate (65 

vol%)/ethanol (35 vol%) and 1-decanol (65 vol%)/ethanol (35 vol%), and cetane number of mixing 

fuel is 47.2, 43.1 and 35.3, respectively. The SEM/TEM images corresponding to above fuel condition 

are presented in Figure 4-6 in the manuscript (an engine load: 1.65 kW). CNT production and CNT 

structure are almost identical irrespective of fuel condition. In general, when cetane number is 

decreased, ignition delay time is increased, leading to higher proportion of premixed combustion and 

reduced proportion of diffusion combustion in a cylinder. The combustion properties of mixing fuel 

may be different accordingly. However, the result is not affected by the difference of fuel condition.  

Therefore, this fact suggests that combustion properties caused by the difference of fuel condition does 

not influence CNT synthesis in a diesel engine so much. Of course, further detailed analysis on 

combustion properties through the measurement of pressure behavior inside a cylinder should be 

required for correct evaluation.  
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Chapter 2 

Figure S2- 1 SEM images when gas oil/1-butanol mixing fuel was used. A 1-butanol fraction in fuel 

was (a) 5 volume% and (b) 40 volume%. Ferrocene concentration was 10,000 ppm by weight, ratio of 

Mo/Fe was 0.01, and ratio of S/Fe was 0.55. An engine load was 1.05 kW. Observed CNTs are 

indicated by arrows. The formation of CNT was also confirmed when 1-butanol was used instead of 

ethanol. 

 

 

 

Figure S2- 2 Fuel consumption rate measured in the variation of S/Fe and an ethanol fraction in fuel 

when gas oil/ethanol mixing fuel was employed. Ferrocene concentration was 10,000 ppm by weight 

and Mo/Fe was 0.01. An engine load was 1.05 kW. Fuel consumption rate was increased with 

increasing an ethanol fraction in fuel, while it was decreased when sulfur amount introduced into fuel 

was increased.  
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Figure S2- 3 Variation of an engine rotation speed as a function of S/Fe and an ethanol fraction in 

mixing fuel. When an ethanol fraction was increased, an engine rotation speed was dropped and an 

engine operation became unstable as indicated by progressively large error bar. When sulfur amount 

was increased (S/Fe = 2.75), similar tendency was observed, but stability of an engine operation was 

greatly improved as indicated by smaller error bar in comparison with low sulfur (S/Fe = 0.55). In 

particular, conditions in an ethanol fraction of 20 volume% and an ethanol fraction of 30 volume% 

with S/Fe = 2.75 were stable. 
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Chapter 3 

Figure S3- 1 (a) SEM and (b) TEM image when cobaltocene (1,000 ppm by weight) was used as a 

catalyst source instead of ferrocene. Mixing fuel of n-dodecane (55 volume%)/ethanol (45 volume%) 

including Mo (Mo/Co = 0.05) and S (S/Co = 11). An engine load was 1.65 kW. CNT synthesis was 

surely confirmed.  

 

 

Figure S3- 2 SEM image and corresponding histogram of CNT outer diameter synthesized (a) without 

Mo and (b) with Mo. TEM photograph is inserted in SEM image. Mixing fuel of n-dodecane (55 

volume%)/ethanol (45 volume%) including ferrocene 5,000 ppm by weight and sulfur (S/Fe = 2.2). 

An engine load was 1.65 kW. CNT production and distribution of CNT outer diameter are almost 

identical with each other.  
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Figure S3- 3 SEM and inserted TEM images when (a) Si (Si/Fe = 2.2) and (b) Al (Al/Fe = 2.2) is used 

instead of sulfur. Mixing fuel of n-dodecane (55 volume%)/ethanol (45 volume%) including ferrocene 

5,000 ppm by weight and Mo (Mo/Fe = 0.01) at 1.65 kW as an engine load. No CNT synthesis was 

found, but two-phase, separated structure which may be composed of Si and Fe could be observed 

particularly in case of Si.  

 

 

 

Figure S3- 4 The dependence of (a) CO yield and (b) CO2 yield in an exhaust gas on an ethanol fraction 

in fuel and an engine load when n-dodecane/ethanol mixing fuel was employed. Both yields are 

calculated based on measurements through gas chromatograph in an exhaust gas. CO yield is quite 

lower than CO2 yield through all experimental conditions, but its difference becomes relatively small 

at a high ethanol fraction. 
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Chapter 4 

Figure S4- 1 Experimental results when n-heptane/ethanol mixing fuel was used. (a) SEM micrograph 

where synthesis condition was n-heptane (96 volume%)/ethanol (4 volume%) at 1.05 kW with 

ferrocene 5,000 ppm by weight and Mo/S (Mo/Fe = 0.01, S/Fe = 2.2). (b) TEM images as a function 

of an ethanol fraction in mixing. An engine load was 1.05 kW and ferrocene concentration was 5,000 

ppm by weight with Mo (Mo/Fe = 0.01) and S (S/Fe = 2.2). CNT seemed to be synthesized at any 

ethanol fraction. An engine operation became unstable when it was larger than 5 volume%. (c) CO 

mole amounts in an exhaust gas, (d) CO2 mole amounts in an exhaust gas, (e) fuel injection rate and 

(f) mean adiabatic combustion temperature inside a cylinder as a function of an ethanol content. 
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Figure S4- 2 SEM and corresponding TEM images when methanol is employed as an alternative of 

ethanol. Main fuel is methyl laurate and ferrocene concentration is 5,000 ppm by weight with Mo 

(Mo/Fe = 0.01) and sulfur (S/Fe = 2.2). An engine load is 1.65 kW. As a methanol content is increased, 

CNT production is also increased.  

 

 

 

Figure S4- 3 SEM and corresponding TEM images when methanol is employed as an alternative of 

ethanol. Main fuel is 1-decanol and ferrocene concentration is 5,000 ppm by weight with Mo (Mo/Fe 

= 0.01) and sulfur (S/Fe = 2.2). 
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Figure S4- 4 S/Fe atomic ratio of iron particles based on EDX analysis when fuel type is varied. All 

conditions show the presence of sulfur in catalyst particles. However, whether CNTs are formed or not 

is independent on sulfur contents.  
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Figure S4- 5 XPS analysis on Fe 2p3/2, Mo 3d5/2 and 2d3/2, and S 2p3/2 orbital when fuel conditions are 

varied. X-ray is irradiated against a filter including carbonaceous materials and iron-based particles 

without any purification treatment. (a) n-dodecane (80 volume%)/ethanol (20 volume%) with 1.65 kW 

as an engine load. This condition does not show any CNT formation. (b) n-dodecane (55 

volume%)/ethanol (45 volume%) with 1.65 kW as an engine load. (c) methyl laurate (65 

volume%)/ethanol (35 volume%) with 1.65 kW as an engine load. (d) 1-decanol (65 

volume%)/ethanol (35 volume%) with 1.65 kW as an engine load. In latter three conditions, CNT 

synthesis is found. Ferrocene concentration in mixing fuel is 5,000 ppm by weight, and Mo (Mo/Fe = 

0.01) and sulfur (S/Fe = 2.2) is contained as well. There are very less differences in chemical state 

between experimental conditions. 
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Figure S4- 6 Equilibrium calculations of chemical state of iron under different stating fuel and different 

pressures by means of Outokumpu HSC Chemistry for Windows (ver. 2.0). Dominant state of Fe in 

our experimental circumstances is oxidized one, being independent on pressure and fuel condition. 

Mean adiabatic combustion temperatures in our system are below 1,500 oC, and thus both Fe2O3 and 

FeO are mainly formed from the equilibrium point of view, being consistent with XPS analysis.  

 

 

Figure S4- 7 Variations of averaged engine rotation speed as a function of fuel type, an ethanol fraction 

in fuel and an engine load. As a tendency, the fluctuation of an engine speed (The difference of 

maximum and minimum engine rotation speed) becomes large with an increase of an ethanol fraction 

in fuel (not shown here). Also, an engine speed declines gradually along with an ethanol fraction. 
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 Figure S4- 8 Variations of (a) CO yield and (b) CO2 yield in an exhaust as a function of fuel type, an 

ethanol fraction in fuel and an engine load. The calculation way of both yields is given in a similar 

manner expressed in the previous chapter. Larger CO yield is obtained using methyl laurate and 1-

decanol than n-dodecane when compared at the equal ethanol fraction/engine load. The behavior of 

CO2 yield resembles that of fuel conversion in Figure 4-4.  

 

 

 Figure S4- 9 Variations of (a) C2H4 selectivity and (b) C2H2 selectivity in an exhaust when fuel type 

is changed. The definition of selectivity is the ratio of ethylene or acetylene molar quantity in an 

exhaust to total molar quantity in an exhaust ranging from C1 to C3 hydrocarbons measured by means 

of gas chromatograph. No clear tendency is found. 
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Chapter 5 

Figure S5- 1 Contour plots of CNT growth rates estimated from SEM micrographs using n-dodecane, 

methyl laurate and 1-decanol as main fuel. The correlation of (a) adiabatic combustion temperature vs. 

CO amounts in an exhaust, (b) adiabatic combustion temperature vs. C2H4 amounts in an exhaust, (c) 

adiabatic combustion temperature vs. C2H2 amount in an exhaust, (d) CO amounts in an exhaust vs. 

adiabatic combustion temperature, (e) CO amounts in an exhaust vs. C2H4 amounts in an exhaust and 

(f) CO amounts in an exhaust vs. C2H2 amounts in an exhaust. It should be noted that the same data 

with those in main manuscript are employed for the preparation of these contour plots. As a rough 

tendency, CNT growth rate is enhanced high combustion temperature and large amounts of 

hydrocarbons, which is especially noticeable in (a) and (d). 
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Figure S5- 2 CO rate of production simulated by CHEMKIN-PRO using a closed homogeneous 

reactor at 1250 K and 50 atm with different starting fuel. Irrespective of fuel rich/lean condition, CO 

production is increased with increasing an ethanol fraction in fuel. 

 

 

 

Figure S5- 3 The profile of normalized mole fraction of feedstock (n-dodecane/ethanol) simulated by 

CHEMKIN-PRO using a closed homogeneous reactor at 1250 K and 50 amt. Fuel condition was the 

mixture of n-dodecane (55 vol%) and ethanol (45 vol%). In both fuel rich/lean condition, consumption 

rate of n-dodecane is faster than that of ethanol, meaning that n-dodecane is easier to be oxidized.  
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Figure S5- 4 Comparison of modeling performance using different hydrocarbons. This figure is 

extended to not only n-dodecane but also methyl laurate and 1-decanol as starting main fuel. (a) carbon 

monoxide basis, (b) ethylene basis and (c) acetylene basis. All modeling were carried out on the basis 

of the amounts in an exhaust gas in a similar manner stated in main manuscript. For modeling, the 

assumption that the rate-limiting step was carbon diffusion and other steps satisfied quasi-equilibrium 

was provided. Considering R2, carbon monoxide is no less compelling CNT precursor even when 

modeling was extended to all main fuel used in this study. Fitting parameters same with those 

described in main manuscript were applied for preparing this figure.  
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Figure S5- 5 Comparison of modeling performance in sequential surface reactions mode or non-

sequential surface reactions mode in the use of acetylene or ethylene as a carbon source. (a) non-

sequential manner using acetylene, (b) sequential manner using acetylene, (c) non-sequential manner 

using ethylene, and (d) sequential manner using ethylene. Only data related to n-dodecane are picked 

up. Non-sequential reaction manner coincides with the one described in the main manuscript (Chapter 

5). This non-sequential manner is simplified reaction model. However, from the realistic point of view 

in surface reactions on catalytic surface, it is impractical that adsorbed molecules react with 4~6 

reaction sites simultaneously, particularly in acetylene and ethylene. The cracking reaction of 

acetylene and ethylene should proceed in a sequential mode, where surface reaction sites take part in 

one by one. Here, we compared the fitting performance in non-sequential mode and sequential mode 

as shown above, and we confirmed that there is very less difference even when reaction sequence is 

simplified. The detailed procedure to give CNT growth rate in the sequential manner is expressed 

below. 

・ Acetylene (C2H2) 

We assumed that the cracking reaction using acetylene proceeds as follows in a sequential 

manner. 

C2H2 + * ⇔ C2H2*   (a) 

C2H2* + * ⇔ C2H* + H*  (b) 

C2H* + * ⇔ C* + CH*   (c) 

CH* + * ⇔ C* + H*   (d) 

2H* ⇔ H2 + 2*   (e) 
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C* ⇒ CCNT + *   (f) 

When carbon diffusion stage (step (f)) is assumed to be rate-determining and quasi-equilibrium 

is satisfied in other steps, modeled CNT growth rate can be estimated as below.  

5.0
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The meaning and definition of each symbol (e.g. ki and Ki) is the same with that in the manuscript, 

e.g. ki and Ki represent the rate constant and equilibrium constant in reaction step (i), respectively. 

By tuning fitting parameters, modeled CNT growth rate was calculated as shown in Figure S5-5 

(b). Fitting parameters are summarized in Table S5-1, where the value in non-sequential and 

sequential manner is compared in the same column, e.g. k150 and kf0. 

・ Ethylene (C2H4) 

Sequential reactions of ethylene cracking become slightly complicated than the ones in acetylene. 

They proceed as follows. 

C2H4 + * ⇔ C2H4*   (a) 

C2H4* + * ⇔ C2H3* + H*  (b) 

C2H3* + * ⇔ C2H2* + H*  (c) 

C2H2* + * ⇔ C2H* + H*  (d) 

C2H* + * ⇔ C* + CH*   (e) 

CH* + * ⇔ C* + H*   (f) 

2H* ⇔ H2 + 2*   (g) 

C* ⇒ CCNT + *   (h) 

When carbon diffusion stage (step (h)) is assumed to be rate-determining and quasi-equilibrium 

is satisfied in other steps, modeled CNT growth rate can be estimated as below. 
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As well as in acetylene, fitting parameters were adjusted so that fitting performance became better 

as much as possible, Figure S5-5 (d). Fitting parameters determined here are summarized in Table 

S5-2. 
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Figure S5- 6 Comparison of measured CNT growth rate and modeled one based on Eley-Rideal 

mechanism in CO disproportionation instead of Langmuir-Hinshelwood mechanism. Modeling using 

Eley-Rideal mechanism worked equally well with that using Langmuir-Hinshelwood mechanism.  

 We assumed that CO disproportionation reactions in Eley-Rideal mechanism proceed in the 

following three elemental reactions. 

CO dissociative adsorption:  CO + * + # ⇔ C# + O* (1) 

CO2 desorption:   CO + O* ⇔ CO2 + * (2) 

Carbon diffusion:   C# ⇒ CCNT + #  (3) 

where # and * signify adsorption site for carbon and oxygen on catalyst surface, respectively. If step 

(3), carbon diffusion, is assumed to be a rate-limiting step, CNT growth rate can be described as 

follows. 

HIJK =	 LMNOPQ#K/(1 T NOPQ) 
where k3 is a reaction rate constant in step (3), KB = K1K2/Keq is an integrated equilibrium constant, K1 

is an equilibrium constant in step (1), K2 is an equilibrium constant in step (2), Keq is an equilibrium 

constant of overall CO disproportionation reaction (2CO ⇔ C + CO2), ac is defined as KeqPCO2/PCO2, 

#T is total adsorption site number on catalyst surface. For fitting, we supposed that k3 obeys Arrhenius 

equation and KB is constant (independent on temperature). Then, each fitting parameter is indicated 

below. 

k3 = 1.0×108exp(-170 [kJ/mol]/RT) 

KB = 1.0×10-4  

#T = 4.0×107 

Here, ac, PCO and PCO2 are estimated according to measured data during experiments. 
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Table S5- 1 Comparison table showing fitting parameters in non-sequential manner and sequential 

manner for estimating modeled CNT growth rate when acetylene is used as a carbon source. 

Non-sequential manner Sequential manner 

k150 = 2.5 × 102 s-1 kf0 = 2.4 × 102 s-1 

∆E15 = 25 kJmol-1 ∆Ef = 25 kJmol-1 

K120 = 1.0 × 10-27 atm-1 at 873 K Ka0 = 1.0 × 10-27 atm-1 at 873 K 

∆H12 = -250 kJmol-1 ∆Ha = -250 kJmol-1 

K140 = 1.0 × 1010 atm at 873 K Ke0 = 1.0 × 1010 atm at 873 K 

∆H14 = 60 kJmol-1 ∆He = 60 kJmol-1 

KD0 = 1.0 × 104 at 873 K - 

∆HD = -80 kJmol-1 - 

- Kb0 = 1.0 × 105 at 873 K  

- ∆Hb = 50 kJmol-1 (a) 

- Kc0 = 1.0 × 109 at 873 K 

- ∆Hc = -40 kJmol-1 (a) 

- Kd0 = 1.0 × 109 at 873 K 

- ∆Hd = 50 kJmol-1 (a) 

(a) Some newly added fitting parameters, ∆Hi, were determined in reference to previous publications 

[332 ,333 ,334 ,335 ]. However, the other newly added parameters such as Ki were determined 

arbitrarily due to the shortage of past literature data. 

 

 

Table S5- 2 Comparison table showing fitting parameters in non-sequential manner and sequential 

manner for estimating modeled CNT growth rate when ethylene is used as a carbon source. 

Non-sequential manner Sequential manner 

k110 = 2.4 × 102 s-1 kh0 = 3.1 × 102 s-1 

∆E11 = 25 kJmol-1 ∆Ef = 25 kJmol-1 

K80 = 5.0 × 10-12 atm-1 at 873 K Ka0 = 5.0 × 10-12 atm-1 at 873 K 

∆H8 = -60 kJmol-1 ∆Ha = -60 kJmol-1 

K100 = 1.0 × 1010 atm at 873 K Kg0 = 1.0 × 1010 atm at 873 K 

∆H10 = 60 kJmol-1 ∆Hg = 60 kJmol-1 

KC0 = 1.0 × 104 at 873 K - 

∆HC = 100 kJmol-1 - 

- Kb0 = 1.0 × 103 at 873 K 

- ∆Hb = -40 kJmol-1 

- Kc0 = 1.0 × 1010 at 873 K 
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- ∆Hc = -50 kJmol-1 

- Kd0 = 1.0 × 105 at 873 K (a) 

- ∆Hd = 50 kJmol-1 (a) 

- Ke0 = 1.0 × 109 at 873 K (a) 

- ∆He = -40 kJmol-1 (a) 

- Kf0 = 1.0 × 109 at 873 K (a) 

- ∆Hf = 50 kJmol-1 (a) 

(a) It should be noted that reaction step (b), (c) and (d) in acetylene cracking are corresponding to that 

(d), (e) and (f) in ethylene cracking, respectively. Thus, the similar values with each other were 

employed.  

 

 

 

Kinetic/thermodynamic data for CHEMKIN simulation 

(n-dodecane/ethanol/sulfur oxidation) 

Reaction kinetics.txt Thermodynamic properties.txt
 

 

(iron particle growth reaction) 

Kinetic reactions.txt Thermodynamics.txt
 

 

(methyl laurate/ethanol/sulfur oxidation) 

Reaction kinetics.txt Thermodynamic properties.txt
 

 

  



149 
 

Chapter 7 

 

Figure S7- 1 SEM images showing the effects of O2 in feed gas on CNT synthesis when thiourea was 

used as a sulfur source. 

 

Figure S7- 2 AFM images of the substrate using thiourea. The images (a) before CVD and (b) after 

CVD (10 minutes at 800 oC). 

 

Figure S7- 3 SEM micrograph in the employment of SiO2/Si substrate instead of quartz. (a) Co/Mo 

free from sulfur and (b) Co/Mo/S (Sulfur powder 2.0 wt%). CVD was performed at 800 oC for 30 

minutes. It is obvious that the addition of sulfur is effective as well when SiO2/Si substrate is used. 
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Figure S7- 4 SEM photographs when reduction procedure is changed from ordinary operation in (a) 

Co/Mo alone and (b) Co/Mo/S (Sulfur powder 0.25 wt%). CVD was performed at 800 oC for 30 

minutes. Reduction operation using H2 was initiated at the same time as heating from room 

temperature was started. Furnace temperature was kept at 400 oC for 30 minutes, and then heating was 

restarted up to 800 oC. Soon after temperature becomes 800 oC, CVD was carried out. When reduction 

procedure is varied, difference in CNT production between catalyst conditions becomes very small. It 

should be note that benzene was utilized as a solvent during dip-coating of sulfur powder. 

 

 

 

Figure S7- 5 SEM image in the use of mixed solution (ethanol + toluene) including Co precursor, Mo 

precursor and sulfur powder although ordinary procedure requires two separated step for dip-coating 

of Co/Mo and sulfur. Since CNT production is facilitated even in one step, there is chance that we are 

able to make preparation procedure simple. 
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Figure S7- 6 SEM images when iron acetate is employed as a catalyst instead of cobalt acetate as a 

function of dissolved amounts of it in ethanol and with/without sulfur powder. It should be noted that 

reduction operation is different from Co/Mo case. Reduction was begun simultaneously with the 

temperature rising. Furthermore, reduction temperature was 750 oC and kept at this temperature for 15 

minutes before CVD. CVD operation also differs from Co/Mo case, namely, CO of 45 sccm and H2 

of 4.5 sccm were fed in the absence of Ar for 60 minutes at 750 oC. Although the effect of sulfur 

addition is more evident in Fe = 0.03 wt%, it enhances CNT growth in Fe = 0.05 wt%.  

 

 

Figure S7- 7 SEM micrograph when Ti substrate was used in place of quartz. Ti substrate was calcined 

in air at 400 oC for 5 minutes before using in order to form TiO2 layer. (a) catalyst condition was 

Co/Mo alone. (b) catalyst condition was Co/Mo/S (Sulfur powder 2.0 wt%). The reduction procedure 

was identical with that in quartz substrate, and CVD process where gas condition was consistent with 

that described in main manuscript was performed for 30 minutes at 800 oC. The effectiveness of sulfur 

for CNT growth can be recognized. Raman spectrum is inserted in (b), showing broad G and D peak, 

which is characteristic of MWNTs. 
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Figure S7- 8 Elemental depth profile of positive ions using TOF-SIMS. A sample is the one after a 

reduction (no CVD was performed) in the employment of Co/Mo/S (Sulfur powder 2.0 wt%). Due to 

low sputtering speed, elemental profile is less affected. The behavior in positive ions is less informative. 

 

 

 

 

Figure S7- 9 Elemental depth profile using TOF-SIMS in a sample that Co/Mo/S (Sulfur powder 2.0 

wt%) is used after CVD for 10 minutes at 800 oC. The profile of (a) negative ions and (b) positive ions. 

Both behaviors in negative/positive ions in these figure are well coincident with those in a sample 

performed up to reduction (no CVD).  
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Figure S7- 10 Elemental depth profile of negative ions using TOF-SIMS. A sample is the one that 

thiourea was used as a sulfur source. Up to reduction operation was carried out (no CVD). 

 

 

Figure S7- 11 XPS spectra of Co 2p, Mo 3d and S 2p in (a) Co/Mo alone and (b) Co/Mo/S (Thiourea 

3.5 wt%). It should be noted that CVD at 800 oC for 10 minutes was carried out before analysis on Co 

and Mo. In case of S, multiple layers of Co/Mo/S were dip-coated and CVD was performed at 800 oC 

for 5 minutes before analysis. The chemical state of sulfur is identical with that in Co/Mo/S using 

sulfur powder describe in main manuscript.  
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Figure S7- 12 The dependence of CNT growth rate on CVD temperature including Co/Mo/S (Sulfur 

powder 1.3 wt%) as new data. CNT growth rate is estimated through image treatment. Activation 

energy in Co/Mo/S (Sulfur powder 1.3 wt%) is almost an intermediate value between Co/Mo/S (Sulfur 

powder 2.0 wt%) and Co/Mo/S (Thiourea 3.5 wt%). 
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