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ABSTRACT 
 

The discovery of carbon nanotubes and semiconductor nanowires has initiated an 

exploding research field in which enormous efforts have been invested due to their 

fundamental significance to the study of size- and dimensionality-dependent chemical 

and physical properties. Extensive research work is now focused on the study of the 

processes that occur during synthesis of these materials since they are key essentials 

needed to establish a method that provides large quantities of nanotubes and nanowires 

with well-determined and reproducible characteristics. A clear understanding of their 

formation mechanism is therefore a key issue for the development of further advances in 

this topic.   

 

This thesis is focused on the study of the processes that take place on the catalytic particle 

during the growth of SWNT and SiNW using VSL processes over a cobalt molybdate and 

gold supported catalyst respectively. A series of analytical techniques have been 

employed to characterize the structure of the materials obtained and to appraise the 

physicochemical state of the catalytic particle. The state of Co and Mo has been 

investigated using laser Raman spectroscopy, X-ray photoelectron spectroscopy and 

Transmission electron microscopy. The chemical state of gold was studied using 

extended X-ray absorption fine structure spectroscopy, X-ray absorption near-edge 

spectroscopy, ultraviolet–visible diffuse reflectance spectroscopy and X-ray 

photoelectron spectroscopy. In a similar way, the SWNT and SiNW materials have been 

characterized using laser Raman spectroscopy, transmission electron microscopy, 

temperature programmed oxidation, scanning electron microscopy and optical absorption 

spectroscopy. The information obtained revealed that in for both SiNW and SWNT 

different synthesis conditions result in regimes in which different controlling rate-limiting 

steps determine the quantity and quality of the products obtained.  

 

 xxi



To get a deeper insight onto the kinetics of SWNT growth a detailed electron microscopy 

study was performed. By using a model system based on silica coated TEM grids as 

substrate, SWNT were grown under similar reaction condition as in the commercial 

CoMoCat® process. The observations from the model system showed that CO and CH4 

have different reactivity towards the cobalt molybdate catalytic particles species.  Phase 

separation process of the pre-reduced cobalt molybdate species was observed when CO 

was used as feed.  However, in the case of CH4 a complex alloy seems to be formed on 

the pre-reduced cobalt molybdate before the growth of SWNTs starts, in this case a phase 

separation process was not observed.  These phenomena were used to explain the 

differences in behavior of real powder catalysts under different reaction conditions 

reported on previous literature. Moreover it is demonstrated how this processes affect 

nanotube quality, carbon yield and the chiral distribution of nanotubes structures. Indeed 

the (n,m) population distribution of single-walled carbon nanotubes can be controlled by 

varying the gaseous feed composition and the reaction temperature. The clearly different 

distributions obtained when varying reaction conditions demonstrate that the (n,m) 

distribution is a result of differences in the growth kinetics, which in turn depends on the 

nanotube cap-metal cluster interaction.  
 
 

 xxii



CHAPTER 1  

 

GROWTH OF SINGLE WALLED CARBON NANOTUBES AND 

SILICON NANOWIRES: AN INTRODUCTION TO THE VAPOR-

LIQUID-SOLID (VLS) MECHANISM 

  

The discovery of carbon nanotubes and semiconductor nanowires has initiated 

an exploding research field in which enormous efforts have been invested due to their 

fundamental significance to the study of size- and dimensionality-dependent chemical 

and physical properties (1-3). There are many synthetic mechanisms to produce Single 

walled carbon nanotubes (SWNT) and nanowires, among which vapor–liquid–solid 

(VLS) mechanism is the most extensively explored case where metal particles are 

employed as catalysts and generally an alloy droplet presents on the growth tip of each 

nanowire.   

 

Indeed, the Vapor-Liquid-Solid (VLS) mechanism has been studied since 

1960s on the basis of its innovation as a crystal growth phenomenon (4).  Although the 

physics behind these phenomena was not clearly understood at that time many 

researchers used this mechanism to explain the growth of silicon or carbon whiskers. As 

aforementioned, the vapor liquid mechanism has been revived inside the framework of 

nanotube (5 - 7) and nanowire synthesis (4,8-19).  The proposed growth mechanism 
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(Fig.1.1) involves the absorption of source material from the gas phase into a liquid 

droplet of catalyst. Upon supersaturation of the liquid alloy, crystal growth occurs by 

precipitation at the solid-liquid interface.  This seed serves as a preferred site for further 

deposition of material at the interface of the liquid droplet, promoting the elongation of 

the seed into a nanowire or whisker, and suppressing further nucleation events on the 

same catalyst. Since the liquid droplet catalyzes the incorporation of material from the 

gas source to the growing crystal, the deposit grows anisotropically as a whisker whose 

diameter is dictated by the diameter of the liquid alloy droplet.  In because of this concept 

in which vapor, liquid, and solid phases are involved, that this method is called the vapor-

liquid-solid (VLS) mechanism for crystal growth (4,20,21).  Recently electron 

microscopy studies have confirmed the presence of this three step model; real-time 

observations of Ge nanowire growth at high-temperature by situ transmission electron 

microscopy (22) clearly shows that there are three growth stages: formation of a Au-Ge 

alloy, nucleation of the Ge nanocrystal,  and elongation of the Ge nanowire.   

 

 

 

 

 

 

Figure  1.1 Idealized drawing of VLS mechanism illustrated for the growth of a silicon 
crystal (22). 
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An important feature in the VLS model is that it readily provides the 

intellectual underpinning needed for the prediction of good catalysts and synthesis 

conditions.  First, equilibrium phase diagrams are used to choose a catalyst that can form 

a liquid alloy with the nanowire material of interest. The phase diagram is then used to 

choose a specific composition (catalyst: nanowire material) and synthesis temperature so 

that there is a coexistence of liquid alloy and solid nanowire material.  By understanding 

these features optimal reaction conditions can be selected. For example, the Fe-Si phase 

diagram tells us that there is a broad area above 1200°C in the Si-rich region where 

FeSix(l) and Si(s) coexist.  Therefore, Si nanowire synthesis can be achieved by laser 

ablation of a silicon rich target (Si0.9Fe0.1) at temperatures above 1200 °C (23).   

 

There are copious examples on the literature on the application of the VLS 

mechanism to explain the growth of single walled carbon nanotubes (SWNT) and silicon 

nanowires (SiNW).  A summary of various papers and reviews are discussed in the 

following sections and serve as an introduction for the present work.   

 

1.1. GROWTH MECHANISM OF SILICON NANOWIRES 

 

For the catalytic approach of silicon nanowire synthesis (i.e., laser ablation 

and chemical vapor deposition), the Vapor-Liquid-Solid (VLS) mechanism is the most 

accepted models used to explain the nanowire growth.  Figure 1.2 shows the growth 

mechanism for silicon nanowires produced by laser ablation.  In this particular case a Si1-x 
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Fex target was laser-ablated to produce a vapor of Si and Fe that rapidly condense into Si-

rich liquid nanocluster (Fig. 1.2B). When the liquid alloy becomes supersaturated the 

silicon phase precipitates and it crystallizes as nanowires (Fig 1.2C).  The growth 

continues as long as the Fe-Si alloy remain in a liquid state and the Si reactant is 

available (5).   

 

  

 

 

 

 

 

Figure  1.2 (A) Laser ablation with energy hν of  Si 1-x Fex target creates vapor of Si and 
Fe species. (B) The hot vapor condenses into Fe-Si metal alloy.  (C) Nanowires growth 
begins after the liquid becomes supersaturated.  (D) Growth terminates when the 
nanowire passes out of the hot reaction zone (5). 
 

For the case of chemical vapor deposition, the silicon containing feed is 

decomposed first to generate the reactant species in the vapor phase; this process is 

illustrated in Figure 1.3.  Similarly, the Si species then form a liquid alloy with the metal 

catalyst, which in this particular case are Au nanoparticles.  The Au-Si liquid alloy has 

been proposed to be the preferred site for Si deposition from the vapor, this deposition 

causes the liquid drop to become supersaturated with Si (4).  The nanowire would grow 
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by precipitation of Si out of the droplet at the interface between solid Si and the liquid 

alloy.  The growth continues until the growth conditions are changed (21).  These 

phenomena can also be rationalized in terms of the phase diagram of the Au-Si system. 

As shown in Figure 1.4, as silicon is generated by decomposition of the silicon containing 

feed at temperature TL, it is incorporated to the metallic gold particle until a Au-Si liquid 

alloy of composition C1 is formed.  As the supply of the silicon feed continues, the silicon 

concentration increase and the saturation point at C2 is reached.  A further increase in the 

silicon content of the liquid droplet results in supersaturation and silicon precipitation 

occurs.  After precipitation the liquid composition will again become close to the 

equilibrium value (C2) and the crystal growth will proceed following the same cycle (21). 

 

 

 

 

 

 

 

 

 

 

Figure  1.3 Schematic growth mechanism of silicon crystal by VLS, (a) Liquid droplet on 
substrate and (b) silicon nanowire growth (4). 
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Figure  1.4 Phase diagram of the Au-Si system. 

 

Sunkara et al. (24 - 27) reported a low-temperature non catalytic vapor–

liquid–solid synthesis method.  They synthesized silicon nanowires with uniform 

diameters distributed around 6 nm using gallium as the molten solvent, at temperatures 

less than 400°C in hydrogen plasma.  Gallium forms a eutectic with silicon at extremely 

low temperature (29.8oC) and low concentration, which offers a wide temperature range 

for bulk synthesis of nanowires and also offering a potential method for bulk synthesis of 

silicon nanowires at temperatures significantly lower than 400°C.  In this case, because of 

low miscibility and the high surface tension in the Ga–Si system, this system allows 

nanowire nucleation and growth from larger sized gallium droplets (Fig 1.5a), 

eliminating the need for nanometer sized liquid metal droplets to control the size of the 
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nanowire as in a typical VLS method. As a consequence, the size distribution of the 

resulting nanowires from an individual pool of gallium was uniform (Fig 1.5b).  The 

diameter of these nanowires depends upon the concentration of Si at supersaturation in 

the Ga–Si liquid alloy, which then controls the crystallization rate and diameter 

distribution. However, the Si concentration at supersaturation in liquid gallium depends 

also on several variables such as substrate temperature, gas-phase composition, and 

plasma kinetics. These factors allow control of the size and size distribution of nanowires 

and eliminate the problems associated with the creation of nano-sized droplets.   

 
(b) 

 

 

 

 

 

 

(a) 

 

Figure  1.5 SEM images of (a) nucleation of multiple submicron and nanoscale silicon 
wires from a single gallium droplet and (b) silicon fibers ~900 nm thick, grown from of a 
liquid gallium pool (24). 

 

Pan et al. (28) also reported gallium-catalyzed VLS growth of carrot-shaped 

rods (CSRs) of silicon over silicon wafers. The walls of these CSR are composed of 

highly aligned silica nanowires with diameters of 15-30 nm and length of 10-40 µm.  In 
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this method, thermal decomposition of GaN powders was used to get the desirable Ga 

droplets with diameters of 5-50 µm.  The proposed growth model for CSRs with stair-like 

inner structures is shown in Figure 1.6.  First, the decomposition of GaN powders 

produces gallium vapor that rapidly condenses into liquid Ga clusters. These clusters then 

deposit onto the surface of the silicon wafer and grow into small gallium spheres as the 

upcoming Ga clusters are absorbed from the vapor (Fig. 1.6a).  These hot liquid Ga 

spheres etch the silicon wafer to form a Ga-Si alloy. Silicon in the Ga-Si alloy evaporates 

into the gas to create a dense vapor of Si species around the silicon wafer region (Fig. 

1.6b). At this stage, the vapor consists of Ga, O, and Si, and thus, the Ga sphere can also 

absorb Si species from the vapor. When the concentrations of Si and O in the gallium 

phase are high enough, silicon and oxygen react to form many SiO2 nanoparticles on the 

surface of the lower hemisphere of the Ga sphere. These particles act as the nucleation 

sites, initiating the growth of the first batch (batch I) of the SiO2 nanowires (Fig. 1.6c). 

The Ga sphere is then pushed away from the silicon wafer by the growing SiO2 

nanowires. From this stage, the gallium phase can only absorb Si species from the vapor 

since the gallium sphere is not in cotact with the silicon wafer anymore.  As this first 

batch of nanowires proceeds to grow, a second batch (batch II) of nanowires 

simultaneously nucleates and grows at nearly the same rate and direction above the first. 

As growth continues, the newly formed nanowires begin to exert a force on the batch 

below.  When the force is great enough, the second batch of nanowires will lift the Ga 

sphere upward again, thereby detaching the first batch of nanowires from the Ga sphere 

and halting their growth (Fig. 1.6d). Since the Ga sphere is in the liquid state and the 
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nanowires connect to it though a thin oxide layer, the second batch of nanowires will then 

sink to the position the first batch initially occupied. A third batch (batch III) of 

nanowires then nucleates and grows above the second. The process of growth and 

detachment allows the formation of a tubular structure with a regular stair-like inner wall 

(Fig. 1.6e).  For this case, the nanowires only grow from a band around the lower 

hemisphere surface of the Ga sphere.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(f) (g) 

Figure  1.6 (a-e) Proposed growth mechanism for CSRs with stairlike inner structures and 
(f,g) SEM images of carrot-shaped rods (CSRs) growing in-groups on silicon wafer (f) 
and inner structure of individual CSR, respectively (28). 
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1.2. GROWTH MECHANISM OF CARBON NANOTUBES 

  

Most of the detailed insights into the mechanism of filament growth has come 

from the skilful application of controlled atmosphere electron microscopy (CAEM) by 

Baker et al. since 1972 (29).  This mechanism may be regarded as a realistic description 

even for the formation of carbon nanotubes.  The proposed mechanism is illustrated in 

Figure 1.7.  In short, it is suggested that the first step involves the decomposition of the 

hydrocarbon on the metal surfaces, producing hydrogen and carbon, which then dissolves 

in the metal.  Upon the decomposition of hydrocarbon, a thermal gradient setups along 

the particle.  The dissolved carbon then moves to the cooler part of the metal particle and 

leave the metal from there.  The carbon moved from the metal initiates then the growth of 

carbon fibers and/or nanotubes.   

 

Based on the interaction between metal particles and the support material, this 

proposed mechanism has been classified into two. When there is a weak interaction 

between the metal particles and the support the growing tube pushes the catalytic metal 

particles away from the support surface into the gas phase and as consequence carbon 

fibers with metal particles in their tips are formed.  When the interaction between metal 

and support is strong, metal particles remain bonded to the surface and the filament 

grows from these metal islands.  In both cases, there are free surfaces exposed to the gas 

phase which are not covered by carbon fibers or tubes.  These two different menchanism 

are called “tip growth” and “base growth” depending on whether the filament pushes the 
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metal particle away form the support or not, this two mechanism are frequently used to 

explain the growth process of carbon nanotubes. Moreover, Baker have proposed that 

during the growth process of the carbon filament, the metal must be have liquid-like 

properties. This clearly indicates the similarities between this growth mechanism and the 

vapor-liquid-solid (VLS) mechanism for the growth of whiskers using catalysts.  

 

 

 

 

 

 

 

 

 

 

 

Figure  1.7  Model proposed by Baker et al. for the growth of catalytic carbon filament 
(29). 

 

For nanotube growth similar mechanisms have been proposed, with the “tip-

growth” mechanism well demonstrated for some multiwalled carbon nanotubes (MWNT) 

growth processes (30) while the “base-growth” mechanism has been proposed to explain 
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MWNT (31) and SWNTs (17) growth.  Figure 1.8 shows one of the growth models for 

MWNT as described by Amelinckx et al. (30).  In the first stage, the particle is lifted by 

the growing tubule, with carbon deposited at the annular contact with the particle and at 

the bottom contact with the support (Fig 1.8A-D).  After the particle is captured within 

the tube, further growth may presumably continue by the extrusion through the base, 

while diffusion occurs along the graphite surface (Fig 1.8E-H).   

 

 

 

 

 

 

 

 

 

 

 
Figure  1.8  Graphic of a growth model for MWNTas  proposed by Amelinckx et al. (30) 

 

In a similar study, Li et al. (17) followed the growth of individual SWNT 

from a catalyst nanoparticle using TEM.  They proposed that the process of SWNTs in 

their CVD process is well described by the base-growth model as shown in Figure 1.9.  
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This model is also similar to the model suggested by Baker et al. for filamentous carbon.  

At the early stages of the CVD reaction, carbon atoms catalytically decomposed from 

methane are absorbed into the metallic nanoparticle anchored on the support substrate, 

forming a carbon–metal solid-state solution in the particle.  Once a super-saturation point  

 

 

 

 

 

 

 

 

 

Figure  1.9  A schematic growth mechanism of a SWNT from a nanoparticle by CVD 
proposed by Li et al. (17). 

 

is reached, carbon precipitates out from the particle surface. If the carbon supply to the 

nanoparticle continues, continued carbon precipitation occurs and leads to the growth of a 

single-walled nanotube. The growth terminates when the carbon supply to the 

nanoparticle becomes insufficient, leading to the formation of a nanotubes with finite 

length.  The cause of carbon-supply shortage to a given nanoparticle during growth might 

be consequence of catalyst poisoning effects, which could inactivate the interface and cut 
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off the carbon supply to the particle. These poisoning effects may be due to amorphous-

carbon deposition on the nanoparticle, or undesired changes in particle–support 

interactions during growth. 

 

 

 

 

 

 

 

 

 

 

 

Figure  1.10  Schematic of SWNT growth mechanism based on the VLS model for 
SWNT produced from floating catalyst method (19). 

 

An analogous growth mechanism for SWNT produced from a floating catalyst 

process is described in Figure 1.10.  In this case iron nanoparticles catalyze the growth of 

SWNT in the gas phase using CO and Fe(CO)5 (19). The decomposition of Fe(CO)5 leads 

to the formation of small iron clusters, which provide the catalytic sites for the nanotube 

growth via the Boudouard reaction.  It was proposed that after carbon forms and alloy 
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with the iron clusters the nucleation of a SWNT occurs if the particle size is in the 0.7-2.5 

nm range. On the contrary, when the metal particle is larger than 2.5 nm, encapsulation of 

the metal alloy occurs. This proposed mechanism was suggested for SWNTs grown from 

individual metal particles.   

 

Similarly, Gavillet et al. (6) have reported a similar growth mechanism of 

SWNT to explain the case in which carbon precipitates from particles larger than the tube 

diameter.  However, in this case, the observations indicate that the whole bundle of 

SWNT was nucleated from a carbon-supersaturated catalyst particle.   The schematics for 

this growth mechanism are illustrated in Figure 1.11.  In this case the materials were 

produced either by laser ablation or arc discharge.  The first step of the process is the 

formation of a liquid nanoparticle of metal supersaturated with carbon (Fig. 1.11a).  

These nanoparticles originate from plasma/vapor condensation in the moderate 

temperature zone of the arc discharge or laser ablation chamber.  The supersaturation is 

generated by decomposition and absorption of carbonaceous structures on the surface of 

the nanoparticles (32,33). During the cooling, the carbon atoms are segregated at the 

surface because the solubility limit of carbon decreases.  At this point, the carbon-metal 

alloy is either encapsulated by a graphene sheet (Figure 1.11b) or the precipitated carbon 

forms small caps of SWNT (Figure 1.11c) (17,34,35 ).  After the nanotube caps nucleate, 

the growth continued via carbon incorporation into the metal alloy.  The growth 

continues until the temperature is close to the eutectic temperature and as this 

temperature is reached the nanoparticles start to solidify. In some cases, the nanoparticles 
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can be embedded in amorphous carbon (Figure 1.11e) or in graphitic layers (Figure 

1.11f) because of a limited carbon supply to the incipient nanotube structure. 

 

 

 

 

 

 

 
Figure  1.11  Schematic of the growth of SWNT based on the VLS model for SWNT 
produced by laser ablation (6). 

 

Besides floating catalyst mehotds, laser ablation and arch dicharge process, 

decomposition of carbon containing molecules over solid catalysts have been 

successfully used to growth SWNT as well. Among these, bimetallic catalyst system are 

nowadays used for controlled SWNT synthesis. Resasco et al. (36- 39) have proposed a 

growth model for SWNT over bimetallic Co–Mo catalysts supported on 

SiO2.Interestingly, the catalyst is only effective when both metals are simultaneously 

present and a low Co:Mo ratio is used. To explain this observation the authors claimed 

that cobalt is stabilized by molybdenum in an oxidized form in a chemical environment 

similar to the one of cobalt in CoMoO4, this interaction being stable even at high 

temperatures. Only when CO is in contact with the catalyst, the CoMoO4 species are 

converted to an unstable CoMo carbide; Co is no longer stabilized in this new matrix and 
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starts migrating towards the surface where it gets reduced in the form of very small Co 

metallic clusters which trigger SWNT growth. A similar explanation was proposed by 

Murakami et al. (40) for the growth of vertically aligned SWNT on quartz surface using a 

Co-Mo bimetallic catalyst as well. Based on XPS observations, they proposed that 

nanoparticles oxide species composed of CoO, MoO3, and CoMoOx are present on the 

catalyst before reaction. Under reaction condition, the strong interactions between Co and 

CoMoOx underlayers help preventing these well-dispersed nano-sized catalyst particles 

against agglomeration, leading to the formation of metallic cobalt nanoparticles which 

would catalysze SWNT growth 

   

A similar concept was also used by Pierre et al. (41,42) as well; in this case 

pristine metal nanoparticles are formed in situ at a temperature high enough for them to 

catalyze the decomposition of CH4 and the subsequent formation of SWNTs and DWNTs 

(double walled carbon nanotubes).  In this method, Mg0.90FexCoyO (x+y =1) solid 

solutions were synthesized by the ureic combustion route.  The presence of Co2+ ions 

hinders the dissolution of iron in the MgO lattice and favors the formation of MgFe2O4-

like particles in the oxide powder, which tends to alloy with cobalt upon reduction 

forming iron-rich α−Fe/Co particles with a size and composition (around Fe0.50Co0.50) 

adequate for nanotube formation.   

 

From all the proposed growth mechanisms mentioned above, it is obvious that 

the size of the metal particles plays a vital role in the production of carbon nanotubes.  
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Catalyst with well dispersed and stable nano-sized metal particles are clearly needed in 

the production of SWNTs by the CVD method; moreover these nano-sized metal 

particles determine the diameter of SWNTs.  On the other hand, in the case of arc-

discharge and laser-ablation techniques, the diameter of SWNTs does not essentially 

depend on the size of the metal particles since the bundle of SWNTs seems to emerge 

from metal particles larger than the tube diameter.     
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CHAPTER 2  

 

BACKGROUND AND INTRODUCTION TO THE STRUCTURE, 

SYNTHESIS AND CHARACTERIZATION OF CARBON 

NANOTUBES AND SILICON NANOWIRES 

 

2.1. INTRODUCTION TO CARBON NANOTUBE STRUCTURE, SYNTHESIS 

AND CHARACTERIZATION. 

 

A carbon nanotube (CNT) is a hollow tube formed by the roll up of graphite 

sheet (s) into a cylinder.  It can be classified as a single-wall carbon nanotube (SWNT) or 

a multiwall carbon nanotube (MWNT) depending on the number of graphite sheets that 

compose the nanotube wall.  MWNT were first discovered by the electron microscopist 

Sumio Iijima in 1991 (1). The distance between the atomic graphitic sheets of the walls in 

the MWNT is ~0.34 nm, which is similar to the interplanar spacing in graphite.  The 

diameter of the MWNT can range from a few to tens of nanometers, and its length from 

micrometers to millimeters (2).  SWNT were later discovered in 1993 simultaneously by 

Iijima and Ichihashi (3) and Bethune et al. (4).  In the case of SWNT, the typical diameter 

is in the order of a nanometer, while its length can reach several microns.   
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The structure of carbon nanotubes have been confirmed using high-resolution 

microscopy techniques. These experiments have demonstrated that nanotubes are 

cylindrical structures based on the hexagonal lattice of carbon atoms that forms 

crystalline graphite.  A schematic representation of SWNT structure is shown in Figure 

2.1.  The diameter and helicity of a SWNT are identified by the roll-up vector (chiral 

vector) Ch = na1 + ma2 ≡ (n, m), which connects crystallographically equivalent sites on 

this sheet. a1 and a2 are the graphene lattice vectors, and n and m are integers. Using these 

so called chirality vectors, three different types of nanotubes structures can be defined 

armchair, zigzag and chiral nanotubes; depending on how the two-dimensional graphene 

sheet is "rolled up".  Armchair nanotubes are formed when n = m and the chiral angle is 

30°.  Zigzag nanotubes are formed when either n or m are zero and the chiral angle is 0°. 

All other nanotubes, with chiral angles values between 0° and 30°, are known as chiral. 

As shown in Figure 2.2.  The diameter of a SWNT is given by : 

 

d = (n2
 + m2 + nm)½ 0.0783 nm (1) 

 

A remarkable consequence of the different values the roll up vector can take is 

that SWNTs can be either electrically metallic or show semiconducting behavior 

depending on the values the (m, n) components. In fact, the most interesting properties of 

SWNT relate to their electronic band structure. The armchair tubes are always metallic 

whereas the zigzag and chiral can be either metallic or semiconducting.  Electronic-band 

structure calculations predict that the (n, m) indices determine whether a SWNT will be a 
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metal or a semiconductor.  SWNTs are metallic if their (n, m) indices satisfy the 

condition in which (n – m)/3 is an integer; otherwise, the SWNTs are semiconductor (5-

8).  Based solely on geometry, one-third of the nanotubes will be metallic and two-thirds 

semiconductor.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.1 (a) Schematic of a portion of a graphene sheet rolled up to form a SWNT. (b) 
2D graphene sheet illustrating lattice vectors a1 and a2, and the roll-up vector Ch = na1+ 
ma2. The achiral, limiting cases of (n, 0) and (n, n) armchair are indicated with thick, 
dashed lines, and the chiral θ angle is measured from the zigzag direction. The light, 
dashed parallel lines define the unrolled, infinite SWNT. The diagram has been 
constructed for (n, m) = (4, 2) (8). 
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Figure  2.2  Nanotubes are formed by rolling up a graphene sheet into a cylinder and 
capping each end with half of a fullerene molecule. Shown here is a (5, 5) armchair 
nanotube (top), a (9, 0) zigzag nanotube (middle) and a (10, 5) chiral nanotube. The 
diameter of the nanotubes depends on the values of n and m (9). 

 

At the same time, nanotubes are expected to be very strong and have high 

elastic moduli, just as the carbon fibres commonly used in aerospace applications; 

however, single-wall nanotubes are remarkably flexible. They can be twisted, flattened 

and bent into small circles or around sharp bends without breaking, and severe distortions 

to the cross-section of nanotubes do not cause them to break.  Therefore, they are 

promising candidates as components or strong fibers with light weight and high electrical 

conductivity.  Based on these properties, carbon nanotubes offer exciting possibilities for 

nanometer-scale electronic applications, such as field effect transistors (FETs), diodes or 

memories (10-14).  It has also been suggested that carbon nanotubes could be used in 
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displays or for the tips of electron probes, such as nanotube based chemical force 

microscopy tips (15 ) as well as nanotweezers (16 ). 

 

2.1.1 Synthesis of Single-walled carbon nanotubes 

 

2.1.1.1 Arc discharge technique 

 

The arc-discharge method has been used for a long time for the production of 

fullerenes.  In this technique, carbon atoms are evaporated by plasma of an inert gas such 

as He that is ignited by high currents passed through opposing carbon anode and cathode.  

A schematic of the apparatus is shown in Figure 2.3a.  Arc discharge can produce both an 

SWNT and an MWNT.  It was found that addition of metals such as cobalt to the graphite 

electrodes resulted in the formation of extremely fine tubes with single-layer walls 

(SWNT).  Unlike the arc discharge for SWNT synthesis, there is no need for mixing 

catalytic metal in the anode if MWNT is the desired product (3).  In a typical arc 

discharge apparatus, the arc is generated between two graphite rods, which are mounted 

in a stainless steel vacuum chamber equipped with a vacuum line and a gas inlet.  One of 

the graphite electrodes (cathode) is fixed and is connected to a negative potential.  The 

other electrode (anode) is moved from outside the chamber in a linear motion feed 

through to adjust the gap between the electrodes.  In a standard operation, a given 

background pressure is stabilized within the cell by adjusting the incoming flow of an 

inert gas such as helium and the pumping speed.  A voltage-stabilized DC power supply 
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is normally used, and discharge is typically carried out at a voltage of 20 V.  The current 

depends on the diameter of the rods, their separation, and the gas pressure. It is usually in 

the range of 50-100 A.  During the discharge, plasma is formed generating temperatures 

of the order of 3700oC.  The temperature is particularly high on the anode surface and 

this electrode is rapidly consumed by vaporization. 

        

The quality and yield of the nanotubes are dependant on the arc discharge 

process parameters such as inert gas and pressure (17-20), plasma stability (18) and the 

geometry and distance between the electrodes (21).  A large scale production method has 

been developed by Ebbensen and Ajayan (17) by optimizing the process parameters.  By 

using water-cooled copper as a cathode, tens of micrometer length tubes of high quality 

could be obtained (21).  However, the product is full of impurities such as fullerenes, 

carbonaceous nanoparticles, and catalyst. Typically after purification, only 1% of the 

initial deposit remains as final product.  Journet et al. (22) reported a novel technology 

leading to yields of nanotube production as high as 70-90%.  Their method was similar to 

the original technique, but with slightly different reactor geometry and different catalysts 

(nickel/yttrium mixture instead of cobalt). 
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   (a)     (b) 

Figure  2.3  Schematic drawing of the apparatus for (a) arc discharge method (23) and (b) 
laser ablation method (24). 

 

2.1.1.2. Laser Ablation technique 

 

It was not until 1995 that Smalley and colleagues at Rice University showed 

that SWNT can be efficiently produced by laser ablation of a graphite rod (25). In the 

following year, that same group produced what was considered at the time the best 

SWNT material; over 70% of the volume of material was nanotubes bundled together 

into ropes (24).  In a typical laser ablation experiment, the Nd:YAG laser pulse is focused 

on a graphite target containing 1-2 at% catalyst metal (24, 26, 27).  A schematic of the 

apparatus is shown in Figure 2.3b.  The target rod is placed in a furnace, kept in inert 

atmosphere and the system is heated to 800-1400oC.  A flow of inert gas is passed 

through the chamber to carry the nanotubes “downstream”, SWNTs condense from the 
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laser vaporization plume and are deposited on a collector outside the furnace zone.  It was 

found that the structure of the carbon species produced with this method strongly depends 

on the background argon pressure (28).  When the pressure is lower than 100 Torr no 

SWNTs are produced.  Apparently, the Ar pressure plays an important role in the heat 

transfer phenomena and assists in the metal evaporation.  The texture of the target was 

also found to have an effect on the quantity of SWNT, for example, twice as much 

SWNTs were produced when carbon targets contained Ni and Co nitrates instead of Ni-

Co metals or oxides.  This effect was the result of a better dispersion and smaller particle 

size of the metals when nitrates were used (29).  Dai et al. (30) concluded that a better 

control over the growth and quality of nanotubes can be achieved by the application of 

this direct vaporization method.  

 

 It has been proposed that the laser ablation method can be modified to make a 

quasi-continuous production mode. Indeed, Eklund et al. have recently developed a 

modification of the pulsed laser vaporization technique that, according to the authors, 

should result in large-scale production of high-quality SWNT (31).  In this method, 

ultrafast ablation was achieved by using a high power free-electron laser.  The modified 

setup includes a T-shaped quartz growth chamber placed inside a furnace to keep the 

chamber at 1000ºC.  The laser radiation enters from a sidearm that protrudes out the 

furnace near the center of the hot zone and strikes the carbon target, which is mounted on 

a rotating / translating rod. A jet of preheated argon deflects the ablation plume away 

from the incident laser beam, continuously sweeping the target region. The SWNT soot is 
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then collected from a water-cooled copper coldfinger at the end of the quartz nanotube.  

A special feature of this method was the use of the free-electron laser (FEL) operated at a 

peak laser flux that is about 1000 times greater than the flux used in typical Nd:YAG 

based systems, but each FEL pulse is only 1/200,000 as long as the typical 10 ns 

Nd:YAG pulse.  

 

2.1.1.3. Chemical vapor deposition 

 

The catalytic decomposition of carbon-containing compounds on appropriate 

metal catalysts is another method of producing SWNT.  Indeed, chemical vapor 

deposition (CVD) has become a key production technology for solid-state materials via 

chemical reactions of the incoming source gases at an appropriate temperature.  CVD has 

the advantage of offering a nanotubes synthesis route in large-scale, which is very 

important for commercial endeavor.  Moreover, it has been shown that chemical vapor 

deposition on catalytically patterned surfaces offers unique advantages in the growth of 

self-organized nanotubes at specific locations with desired orientations (32, 33, 34).   

 

In the CVD method, the main process parameters are the hydrocarbon source, 

catalyst, and reaction temperature.  The synthesis temperature for MWNT is typically in 

the range of 600-900oC and 700-1100oC for SWNT.  However, there are several reports 

showing that SWNT can be produced at reaction temperature as low as 650oC (35, 36), 

which is much lower than the temperature employed in the arc discharge and laser 
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methods.  A variety of carbon-containing molecules have ben used such as CO, CH4, 

ethylene, acetylene, ethanol, or benzene.  The catalyst materials are typically transition 

metals such as Ni, Fe, Co, and their alloys.  

 

The way SWNT are generated from this method is one of the most intriguing 

questions. It has been demonstrated that the diameter of the carbon nanotube is 

determined by the size of the metal cluster responsible for its growth (33,37,38).  

Therefore, it is important to tailor the catalytic precursors in such a way that the catalyst 

particles retain a small size during SWNT growth.  For instance, Resasco et al. (39-42) 

have designed CoMo bimetallic system in which small metallic Co particles are produced 

only under reaction conditions.  A similar approach has been undertaken by Haller et al. 

using Co and a Co-MCM-41 catalysts in which prior to exposure to CO, the reduced 

cobalt species strongly interacting with the silica framework do not nucleate into larger 

clusters in the presence of He or H2, preserving near atomic cobalt dispersion (43, 44). 

 

An alternative to the catalytic decomposition of carbon-containing molecules 

over solid catalyst has been the so-called “floating catalyst” method.  Sen et al. (45) 

prepared carbon nanotubes by decomposition of ferrocene, cobaltocene, and nickelocene 

under reductive conditions.  In this case, the precursor provides both the carbon and the 

metal to catalyze the synthesis reaction. Similarly, in other methods benzene or hexane 

has been added to ferrocene improving the yield (46).  A variation of the floating catalyst 

method resulted in the commercial process known as HiPCo that produces 10 g/day of 
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high-purity carbon single-walled nanotubes (47).  In this process, SWNT are grown at 

high-pressure (30–50 atm) and high-temperature (900–1100°C) under flowing CO.  The 

catalyst is iron in the form of small clusters that are generated in situ as continuously 

added iron pentacarbonyl decomposes in the reactor.   

 

As mentioned above the great advantage of the CVD method is also the 

growth of self-organized nanotubes at specific locations with desired orientations.  

Recently, surface CVD growth of SWNTs has attracted much attention (48-53).  Direct 

CVD growth on flat substrates is a relatively inexpensive method to create isolated, low-

defect density SWNTs, whereas nanotubes fabricated by laser ablation or arc discharge 

are initially synthesized as bundles and have to be purified and suspended in solution 

before deposition onto a surface for device fabrication. These postsynthetic treatments 

may introduce defects and alter the electronic properties of SWNTs due to the highly 

oxidative chemicals and ultrasonication processes used for purification and dispersion.  

Huang et al. (54, 55) have directly grown millimeter-long, well-aligned SWNTs in large 

areas on flat substrate using monodispersed Fe/Mo nanoparticles as catalysts and CO as 

feeding gas. The lengths of the SWNTs can be more than 2 mm. The orientation of 

nanotubes is directly controlled by the direction of gas flow in the CVD system without 

the use of any external force like electric and magnetic fields. They can easily fabricate 

2D nanotube networks with controlled geometry by using a two-step process. 
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Recently, vertically aligned SWNT growth has been reported by several 

authors.  Murakami et al. (56) reported for the first time a reproducible technique for 

synthesizing a film of vertically aligned SWNT on a quartz surface, using the so called 

alcohol-CVD technique. On their method, a bimetallic Co–Mo catalyst was supported on 

a quartz substrate by dip-coating the substrate in an acetate solution.  Ethanol was used as 

carbon source under Ar/H2 environment at 800oC with a background pressure on the 

CVD chamber below 2 x 10-2 Torr.  Uniformly vertical alignment of SWNTs film with 

1.5 µm was reported.  Hata et al. (57) have also shown the growth of vertically aligned 

SWNT up to 2.5 millimeters in height by ethylene CVD by using Ar or He with H2 that 

contained a small and controlled amount of water vapor. 

 

2.1.2 Structure characterization techniques used in this disseration 

 

A first step in a systematic approach towards improved SWNT synthesis study 

and tailoring of their electronic and mechanical properties is feedback from reliable 

characterization techniques since as-prepared SWNTs are normally obtained as a mixture 

of various helicity nanotubes, containing impurities such as metal catalyst, and other 

carbon species. Several methods have been applied to obtain this information. The 

techniques comprise local probes such as transmission electron microscopy (TEM), 

electron diffraction, scanning electron microscopy (SEM), and scanning tunneling 

microscopy (STM), combined with tunneling spectroscopy and bulk-sensitive probes 

such as Raman scattering, optical absorption spectroscopy and fluorescence. Also 
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temperature-programmed oxidation (TPO) is employed to identify the amount of SWNT 

obtained after reaction on CVD processes. In the subsequent section some of these 

methods will be introduced and the kind of information that can be obtained from them 

will be discussed.  

 

2.1.2.1. Electron microscopy 

 

Electron microscopy has been used to reveal the diameter and helicity of 

SWNT materials, making it possible to determine their atomic structure. The two most 

common types of electron microscopes available commercially are the transmission 

(TEM))  and scanning electron microscope (SEM).  In the SEM, the specimen is scanned 

with a focused beam of electrons which produce "secondary" electrons as the beam hits 

the specimen.  These secondary electrons are detected and plotted as function of the 

position of the primary electron beam, producing a three-dimensional image of the 

surface of the specimen.  Specimens in the TEM are examined by passing the electron 

beam through them, revealing more information of the internal structure of specimens.  

Depending on the sample thickness, a fraction of the electrons passes through it without 

suffering significant energy loss.  Since the attenuation of the electrons depends on the 

density and thickness of the sample, the transmitted electrons form a two-dimensional 

(2D) projection of the sample.  Electrons can also be diffracted by particles if these are 

favorably oriented toward the electron beam; the crystallographic information that can be 

obtained from these diffracted electrons is the basis for electron diffraction. 
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Among the various analytical techniques, high-resolution transmission 

electron microscopy (HRTEM) has played a key role in the discovery and 

characterization of carbon nanotubes.  TEM is a powerful technique that is indispensable 

for characterizing nanomaterials.  When a nanotube is observed in projection, the side 

walls give rise to high image contrast governed by the electron imaging principles.  This 

fortunate situation makes the examination of tubule diameter and tubule morphology 

(such as bending, flattening, etc.) a quite straightforward task. 

 

Single-walled nanotubes are rarely observed as individual entities.  During 

synthesis, they gather on a hexagonal lattice to form bundles of tubes (“ropes”) held 

together by Van der Wals forces.  In this case, observation is possible with the electron 

beam perpendicular to its axis (situation 1) or parallel to its axis (situation 2) as shown in 

Figure 2.4.    While nanotube diameter can be directly obtained from the the transmitted 

electron images electron diffraction (ED) is a powerful technique for the direct 

determination of the helicity. The diffraction pattern of a bundle of SWNT consists of 

intense spots along a line perpendicular to the needle axis, called the equatorial line, and 

a distribution of non-equatorial hk.0 nodes.  When the tube axis is normal to the incident 

electron beam, the hexagonal structure of the graphene layer causes a hexagonal 

arrangement of 1010 and 1120 reflections as shown in Figure 2.5.  The orientation of this 

pattern depends on the helicity of the tube.  The (n,m) indices can be computed from 

diffraction patterns based on the kinematical diffraction theory (58-60) and the value of 
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chiral angle can be measured directly in the pattern from the relation positions of the 

spots around the first (1010) spots or second (1120 spots) diffraction circles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.4  High resolution images of SWNT (a) Scheme of the observation conditions 
with the electron beam perpendicular (1) or parallel (2) to the bundle axis; (b) Image of a 
SWNT bundle (60) 
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An example of electron diffraction pattern is displayed on Figure  2.5. In this 

case, the inner circle contains three hexagons of weak and elongated spots.  One of them 

corresponds to a zigzag structure (α = 0o).  The two other sets of hexagons correspond to 

a chiral structure with a chiral angle of 16o.  The simulated diffraction pattern shown in 

Figure  2.5b was computed at normal incidence for an assembly of 31 nanotubes, in a 

bundle mixing (16,0) tubes and (11,5) tubes.  Another possibility leading to a similar 

result is to mix (15,0) tubes with (12,5) tubes (60).    

 

 

 

 

 

 

 

 

 

Equatorial 
line 

1010 

1120 

Figure  2.5  Selected area electron diffraction patterns of a SWNT bundles produced from 
CCVD : (a) Experimental pattern; (b) Kinematical simulation for a bundle mixing a total 
of 31 (16,0) and (11,5) nanotubes (60). 

 

In contrast to transmission electron microcopy, scanning electron microscopy 

is to a certain extent a limited tool to characterize SWNT, regardless of the high 

magnifications that can be achieved with SEM instruments.  The main problem with the 
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application of SEM to SWNT characterization analysis is that it cannot differentiate 

between SWNT and MWNT. This is mostly due to the tendency of SWNT to adhere 

strongly to each other, forming bundles or ropes of 5-20 nm in diameter.  In contrast to 

TEM, SEM cannot resolve the internal structure of these SWNT bundles.  However, the 

technique constitutes a good way to check bulk yields as well as the alignment of 

nanotubes.   

 

SEM can yield valuable information regarding the purity of a sample as well 

as an insight on the degree of aggregation of raw and purified SWNT materials.  More 

importantly, since now SWNTs are also direct grown on flat substrates, SEM has become 

a valuable tool for alignment appraisal since it can evaluate the length and also the 

density of these materials (Fig 2.6a).  For instance, Figure 2.6 shows the results of one of 

such studies where vertically aligned SWNTs are grown from lithographically patterned 

catalyst islands into well-defined vertical-standing organized structures. Figure 2.6b also 

shows a nice example on how SEM can be used to characterize SWNT materials, in this 

case SWNTs were grown on a horizontally fashion on a flat substrate.  It is clear then 

how SEM has become a crucial technique used in SWNTs characterization. 
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Figure  2.6  SEM images of SWNT grown on flat substrate; (a) vertically aligned SWNT 
bundles grown on quartz surface (56); (b) the cross-network SWNTs on a SiO2/Si surface 
fabricated by a two-step growth process (55); (c) SWNT cylindrical pillars with 150-mm 
radius, 250-mm pitch, and È1-mm height (Inset, SEM image of a root of a pillar, scale 
bar, 50 mm) (57). 
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2.1.2.2. Raman spectroscopy 

 

Raman spectroscopy is a very powerful SWNT characterization technique 

used to get information on their vibration and electronic structure.  Raman spectroscopy 

is based on the inelastic scattering of visible light by matter.  When light interacts with a 

substance it may be absorbed by the substance, transmitted, or scattered.  The light may 

be scattered in an elastic or inelastic fashion.  Elastic scattering is the most common 

phenomenon and occurs without loss of photon energy. By contrast, a very small fraction 

of the incoming light experiences inelastic scattering, in which the scattered wave has a 

different frequency than that of the incoming wave.  This frequency difference is called 

the Raman shift.  If, upon collision with a molecule the photon loses some of its energy, 

the resulting radiation has a positive Raman shift (Stokes radiation). In contrast, when the 

incoming photons gain energy the resulting radiation has higher frequencies (anti-Stokes 

radiation) and negative Raman shift is observed.  Both the Stokes and anti-Stokes 

radiation are composed of discrete bands related to molecular vibrations of the substance.   

 

A limitation of Raman spectroscopy is the extremely low crosssections 

associated with the process (almost 1 photon is inelastically scattered for every 106 

photons that interact with the sample).  Thus, a very intense light source has to be used to 

get a measurable signal. Moreover, since a very precise measure of frequency of the 

incoming light is needed to calculate the Raman shift, the use of a monochromatic 
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excitation light is necessary.  A laser light then becomes the logical choice for excitation 

light source to perform Raman spectroscopy. 

 

Sometimes, the low efficiency of the Raman scattering process can be 

improved through the so-called resonant Raman effect. This resonant effect occurs when 

the photon energy of the exciting or scattered light beam matches the energy of an 

allowed optical electronic transition of a chromophoric group within the sample (61, 62).  

In the particular case of SWNT the resonant Raman effect is very strong due to the sharp 

spikes present in the one-dimensional electronic density of states.  The energy difference 

between the spikes falls in the visible and near –infrared range (63-68) and as 

consequence , when the excitation laser energy is close to that of an allowed optical 

transition between singularities in the one-dimensional density of states of SWNT the 

Raman intensity is greatly enhanced (69-71).

 

In Figure 2.7, the Fourier transform (FT)-Raman spectrum of an arc discharge 

derived SWNT sample is illustrated.  The spectrum has three main first order 

components: the so-called radial breathing mode (RBM) at around 180 cm-1, the D-band 

at 1330 cm-1, and the G-band between 1560 and 1600 cm-1.  Typical second order and 

combination bands are also depicted.   

 

 

 

 40



 

 

 

 

 

 

 

 

 

Figure  2.7  FT-Raman spectrum of a SWNT samples showing the characteristic first and 
second order bands as well as the G+RBM combination band.  The insets reveal the 
typical detailed shapes of the RBM and the G-band (72). 

 

The radial breathing mode is a low frequency (below 300 cm-1) A1 mode 

corresponding to the total symmetric in-phase motion of all carbon atoms in the SWNT 

perpendicular to the tube axis.  These bands have been proposed to be independent of 

chirality (73).  Bandow et al. calculated the RBM frequencies of all types of SWNT and 

found that all frequencies fall on a common line according to the expression (74):  

 
223.75 

d 
γ  = 
  

 

 

where γ  is in units of cm-1 and d is the nanotube diameter in nm. 
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However, a slight correction has been made to the original formula since 

intertube coupling needs to be considered when the nanotubes are present in a bundle.  

This correction was achieved by using a Lennard- Jones potential to account for van der 

Waals interactions among the nanotubes in a bundle (75, 76). A significant upshift of the 

RBM has indeed been found for nanotubes in bundles with respect to isolated nanotubes. 

The calculated data were best fitted by the following non- linear phenomenologic relation 

between the RBM frequency and the nanotube diameter: 

 238 
d0.93γ  = 

  

 

 

where γ  is in units of cm-1 and d is the nanotube diameter in nm. 
 

A remarkable feature of the RBM is that its position varies with the energy of 

the excitation laser even when measuring the very same SWNT sample (77,78).  As 

mentioned above, the information obtained by Raman spectroscopy is the result of the 

resonant Raman Effect which is particularly strong in SWNT.  Therefore, the nanotubes 

that contribute most strongly to the Raman scattering for a given excitation wavelength 

are those which are in resonant with the incident or scattered light. Consequently, the 

spectral shape and position of the Raman RBM do not directly reflect the true diameter 

distribution in the SWNT sample, but rather the subset of nanotubes that are in resonance 

with the incident or scattered photon.  Figure 2.8 shows an example of this effect, on a set 

of samples produced by catalytic disproportionation of CO over a supported CoMo 

catalyst at 750oC (79).    The RBM bands show a strong dependence on the laser energy, 
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which confirms the relation among the energy separation on densities of states 

singularities with the nanotube diameter.  

   

 

 

 

 

 

 

 

 

 

Figure  2.8  Radial breathing mode resonant Raman spectra of SWNTs grown at 750oC 
by CO disproportionation over CoMo catalyst (79).  

 

Besides the radial breathing mode band, the Raman spectra of SWNTs also 

comprise a disorder-induced Raman band (D band), which is a feature common to all sp2 

hybridized disordered carbon materials. This so-called D-band is a weak to medium 

intensity peak observed between 1250 and 1450 cm-1.  The position of the D-band is not 

particularly sensitive to the diameter distribution of the sample.  This band exhibits a 

strongly linear dispersive behavior as a function of laser excitation energy (1.0 < Elaser < 

4.5 eV) (80,81).  The D-band is usually regarded as an overall indicator of defects: sp3 
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carbon atoms, holes in the SWNT walls, attached functional groups, and in fact, non-

nanotube graphitic domains may all contribute to the D-band (72).  The D-band has been 

related not just to defects on SWNT but also to the presence of other forms of disordered 

carbon such as carbon nanoparticles and amorphous carbon (82).  And therefore its 

relative intensity has been used as a semi-quantitative indicator of the presence of 

undesired forms of carbon (i.e., microcrystalline graphite, amorphous carbon, MWNT, 

carbon nanofibers).   

 

The most intense lines of the SWNT Raman spectrum are found between 1500 

and 1605 cm-1 in the so-called G-band region which corresponds to the tangential C-C 

stretching vibrations.  The band consists of non- or weakly diameter dispersive phonons 

of A1, E1, and E2 symmetries.  The G-band is an intrinsic feature of carbon nanotubes that 

is closely related to vibrations in all sp2 carbon materials, and the position of the G-band 

frequency in SWNTs is not affected by the energy of the laser bean.   

 

The most useful features of the G-band are the characteristic differences 

between the G-band lineshapes for metallic and semiconducting nanotubes as shown in 

Figure 2.9.  Isolated semiconducting nanotubes (Fig. 2.9a) characteristically show two 

dominant Lorentzian features with 6-15 cm-1 linewidths at room temperature (83), the 

lower frequency component associated with vibrations along the circumferential direction 
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(ω¯G), and the higher frequency component (ω+
G) attributed to vibrations along the 

direction of the nanotube axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.9  (a,b) Profiles of the G-band spectra for three semiconducting (a) and three 
metallic (b) nanotubes.  The frequencies for ω+

G and ω¯G  are indicated in cm-1for each 
nanotube along with the corresponding linewidths in parentheses.  (c) Dependence on 
reciprocal nanotube diameter 1/dt of ω+

G and ω¯G for both semiconducting nanotube 
(solid circles) and metallic nanotubes (open circles) (84). 
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The Raman spectra for metallic nanotubes (Fig. 2.9b) also have two dominant 

components with similar origins, but in this case, the upper frequency ω+
G component 

has a Lorentzian lineshape that is almost as narrow as that for the semiconducting 

nanotubes, but the lower frequency ω¯G component is very broad Breit-Wigner-Fano 

line, with a strong coupling to a continuum, identified with surface plasmons (85).  The 

G-band linewidths for the semiconducting nanotubes at the single nanotube level do not 

vary much with diameter, with the smallest observed FWHM intensity linewidth for the 

circumferential ω¯G component for metallic nanotubes, however, increases very 

substantially with decreasing dt, reflecting the increased Breit-Wigner-Fano coupling 

(83).  The dependence on reciprocal nanotube diameter 1/dt of ω+
G and ω¯G for both 

semiconducting nanotubes and metallic nanotubes is shown in Figure 2.9c.     

 

2.1.2.3. Optical Absorption Spectroscopy and Fluorescence 

 

Another way to probe the electronic properties of SWNT is through their 

optical absorption spectra.  Using Raman spectroscopy, metallic and semiconductor 

SWNTs can be observed. But due to the resonance effect, obtaining a full analysis to 

identify all of the different structures in the sample would require a large set of spectra 

using different laser wavelengths.  However, Raman spectroscopy also has limitations, 

because investigators have not yet find a way to quantify the amount present of different 

nanotube structures in the sample by means of Raman spectra.  With optical spectroscopy 
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or flourescence, an analysis of the composition and semiquantitative distributions of tube 

diameter and chiral angle of bulk SWNT samples can be obtained.  The technique is 

based on the well known phenomenon of light absorption or emission after excitation by 

a chromophore group present in the sample.  In the case of SWNTs when the light sent to 

the sample matches the energy of an allowed electronic transition between Van Hove 

singularities, light in the visible and near infrared range can be absorbed.  The observed 

absorption peaks are identified with interband transitions Eii(dt) between the ith van Hove 

singularity in the valence band (occupied states) to the ith singularity in the conduction 

band (empty states).  Figure 2.10 shows the qualitative pattern of sharp van Hove peaks, 

which arise from quasi–one-dimensionality, predicted for electronic state densities of 

semiconducting SWNTs. Moreover, in the case of semiconducting nanotubes light 

absorption at photon energy E22 could be followed by fluorescence emission near E11 as 

shown Fig. 2.10. The values of E11 and E22 will vary with tube structure (86,87).  

 

Since SWNTs tend to aggregate in bundles that are bound by van der Waals 

attraction, these tube–tube perturbations cause optical spectra of bundles to be 

excessively broadened and blurred, preventing detailed spectral analysis.  Indeed, 

fluorescence was originally reported on SWNT samples dissolved in organic solvents and 

integrated in polymer matrices.  In those earlier observations, the fluorescence was 

explained either in terms of electronic structures associated with defects in the nanotubes 

or in terms of the presence of functional groups that were attached to the SWNT during 

the functionalization processes (88, 89).   
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Figure  2.10  Schematic of density of electronic states for a single nanotube structure. 
Solid arrows depict the optical excitation and emission transitions of interest; dashed 
arrows denote non-radiative relaxation of the electron (in the conduction band) and hole 
(in the valence band) before emission (86). 

 

However the absence of fine structure in the emission spectra did not allow 

linking the observed emission spectra to the intrinsic electronic structure of SWNT.  A 

breakthrough in SWNT characterization was made by O’Connell et al. (90) in 2002, who 

observed fluorescence from SWNT samples consisting of individual nanotubes 

suspended in aqueous solutions of sodium dodecyl sulfate. In this suspension, the 

samples did not undergo any chemical modification. In contrast to the earlier studies, the 

fluorescence spectra displayed a well-defined fine structure.   
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Figure  2.11  Absorption spectra of SWNT in SDS-D2O suspension. The top trace D is 
typical of tubes prepared in suspension without centrifugation. Trace C is from individual 
SDS micelle coated nanotubes after addition of PVP. Traces B and A are from samples of 
individual nanotubes separated and solubilized by SDS micelles (90).  

 

It became clear then that SWNT need to be individually suspended in water 

by common surfactants or polymers, to get a well resolved absorption or emission 

spectra.  Among the various surfactants investigated, sodium dodecyl sulfate (SDS) (90) 

and sodium dodecylbenzene sulfonate (NaDDBS) (91,92) are nowadays the most 

commonly used.  For instance, Figure 2.11 shows typical optical absorption spectra of a 

SWNT suspension.  As is seen in traces A, B, and C, the electronic absorption spectrum 
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of decanted supernatant samples shows more pronounced structure than the sample of 

trace D, which was prepared without achieving a good surfactant dispersion,. Indeed the 

broadened and red-shifted absorption features present on spectrum D show that most 

nanotubes in the sample are still aggregated in bundles.   

 

2.2. INTRODUCTION TO THE SYNTHESIS AND CHARACTERIZATION OF 

SILICON NANOWIRES 

 

Semiconductor nanowires have recently aroused great interest both from a 

fundamental quantum physics point of view but also from an application perspective for 

their use as sensitive detectors. The first reports on the synthesis of semiconductor 

whiskers of Si, Ge or  GaN appeared over 30 years ago; however in recent years, the 

development of new techniques allow much better control of size and structure of low-

dimensional materials and the fabrication of nanowires.  Semiconductor nanowires are 

especially attractive building blocks since these materials can be synthesized in single-

crystalline form with precisely controlled structures, diameters and lengths, chemical 

compositions and doping/electronic properties.  If the nanowire is grown from a 

semiconductor, its electrical properties can be altered by adding small amounts of a 

second substance, called a dopant.  Adding boron to a silicon nanowire, for example, 

increases the number of ‘holes’ within the network of electrons available for conduction, 

whereas adding phosphorus creates additional free electrons (93).  
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Among the nanowires from different materials, silicon nanowires (SiNWs) 

have attracted much attention because silicon is the most important semiconductor 

material as of now.  Silicon nanowires differ significantly from bulk silicon and may find 

applications in the new emerging field of nanoelectronic. Among many researchers, Dr. 

Charles M. Lieber’s research group has developed many applications in nanoelectronic 

and biological and chemical nanosensors using silicon nanowires.  For instance, they 

have used Boron-doped silicon nanowires (SiNWs) to create highly sensitive, real-time 

electrically based sensors for biological and chemical species (94).  Recently, they 

reported two-terminal silicon nanowire electronic devices that function as ultrasensitive 

and selective detectors of DNA (95).  Also SiNWs can be used to configure field effect 

transistors (FET) by depositing the nanomaterial on an insulating substrate surface, 

making source and drain contacts to the nanowire ends, and then configuring either a 

bottom or top gate electrode. This basic approach has open the door to hybrid electronic 

systems consisting of nanoscale building blocks integrated with more complex planar 

silicon circuitry (96).    

 

2.2.1 Synthesis of silicon nanowires 

 

2.2.1.1 Laser ablation 

 

As in the case of carbon nanotubes, SiNW can be produced using a variety of 

methods. The schematic for a laser ablation apparatus for SiNW synthesis is shown in 
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Figure  2.12.  In this method, a pulsed frequency-doubled Nd–yttrium-aluminum-garnet 

laser (wavelength, 532 nm) is used to ablate targets that contain the element desired in the 

nanowire and the metal catalyst component. The target, for example Si1-xFex, is located 

within a quartz furnace tube in which the temperature, pressure, and residence time can 

be varied.  The growth of the Si nanowires occurred only for temperatures greater than 

1150°C when a Fe catalyst is used (97).  Another approach to laser ablation synthesis is 

to use a pure transition ablation target instead of a Si-containing one, to produce metal 

nanoclusters which catalyse the growth. In this case, the Si source is a silicon-containing 

feed (i.e. SiH4) that is flow on the system.    

 

 

 

 

 

Figure  2.12 Schematic of laser ablation method. The output from a pulsed laser (1) is 
focused (2) onto a target (3) located within a quartz tube; the reaction temperature is 
controlled by a tube furnace (4). A cold finger (5) is used to collect the product as it is 
carried in the gas flow that is introduced (6, left) through a flow controller and exits (6, 
right) into a pumping system (97). 

 

Figure 2.13 shows typical SiNW structures grown using laser ablation of a 

Si0.9Fe0.1 target at 1200°C. The transmission electron microscope (TEM) image (Fig. 

2.13A) shows primarily wirelike structures with remarkably uniform diameters on the 

order of 10 nm with lengths >1 mm and often as large as 30 mm.  The TEM images also 
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show that virtually all of the nanowires terminate at one end in nanoclusters with 

diameters 1.5 to 2 times that seem to connect different nanowires.  Higher resolution 

TEM images recorded on individual nanowires (Fig. 2.13B) provide further insight into 

the structure of these materials. A diffraction contrast image (inset) shows that the 

nanowires consist of a very uniform diameter crystalline core, which surrounded by an 

amorphous coating (97). 

 

  

 

 

 

 

 

 

Figure  2.13 (a) TEM images of Si nanowires produced after laser ablating a Si0:9Fe0:1 
target. The dark spheres with a slightly larger diameter than the wires are solidified 
catalyst clusters; (b) Diffraction contrast TEM image of a Si nanowire (97). 

 

Cui et al (93) illustrated that single crystal and even n-type and p-type SiNWs 

can be produced via this approach. SiNWs can be doped with boron (p-type) by 

incorporating B2H6 in the reactant flow or doped with phosphorus (n-type) using a Au-P 

target (99.5:0.5 wt %) additional red phosphorus (99%) at the reactant gas inlet. 

Moreover, some kind of diameter control can be achieved when laser ablation is 

 53



performed in different ambient gases (98).  SiNWs with the diameter distributions around 

13.2 and 9.5 nm have been obtained respectively in He and Ar (5%H2).  Laser ablation of 

Si containing targets in N2 has shown SiNW products with the smallest diameter (around 

6 nm), mixed in with some spherical particles with diameter ranging from about 9 nm to 

several hundred nm.    

 

Silicon nanowires with high yield, uniform diameter distribution, and high 

purity can be grown by laser ablation at high temperatures (99 100). In this particular 

case study the target was made by mixing silicon powder with nano-sized Ni and Co 

powder.  The target was ablated at a temperature of 1200oC by using an excimer laser 

with a wavelength of 248 nm at pressure of about 500 Torr Ar.  Wang et al. (101) have 

reported as well the synthesis of SiNWs with uniform diameter by laser ablation of highly 

pure Si powder targets mixed with SiO2. Bulk quantities of SiNWs were obtained by 

mixing 30-70% of SiO2 into the Si powder target.  They claimed that in this case SiO2 

acted as a special catalyst and greatly enhanced the one-dimensional growth of SiNWs. 

 

2.2.1.2 Chemical Vapor Deposition (CVD) 

 

Decomposition of Si containing feed sover adequate metal catalysts is the 

most widely used route to synthesis of silicon nanowires. Among the catalyst used, gold 

has been generally used in this process because the Au-Si systems shows an eutectic Si-

rich region with Si as the primary solid phase at very low temperatures (~360oC) as 
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shown later in Figure 2.14.  Therefore, the process can take place at temperatures lower 

than those by laser ablation or thermal evaporation, which normally perform at 

temperatures above 1000oC.  Besides gold, other metals such nickel and iron have also 

been used as catalysts in the CVD method. For instance Zhang et al. (102) used a thin Ni 

film to obtained silicon nanowires. In that particular case, the optimum reaction 

temperature was 900oC, which is close to the eutectic temperature of the Si/Ni system 

(966oC).  In the case of iron, Liu et al. used a porous Fe/SiO2 catalyst prepared by sol gel 

process (103) and reported that very straight silicon nanowires could be produced at 

500oC.  The silicon sources that are usually used for the CVD process are silane (SiH4) 

and silicon tetrachloride (SiCl4).  Westwater et al.(104, 105) have reported that the use of 

silane as Si source to prepare silicon nanowires via CVD yields much thinner nanowires 

than the ones produced from SiCl4.  Furthermore, silane is easily decomposed at lower 

temperature than SiCl4 so the synthesis reaction can be carried out at relatively low 

temperatures (102, 104, 105).   

 

Sunkara et al. (106) has reported the method to synthesize SiNWs with 

uniform diameters distributed around 6 nm using gallium at temperatures less than 400°C 

in hydrogen plasma.  Similarly, Pan et al. (107) illustrated the synthesis of silicon oxide 

nanowires using molten Ga as catalyst over an alumina susbtrate. In this case silicon 

oxide nanowires assemblies with fishbonelike, gourdlike, spindlelike, badmintonlike, and 

octopuslike morphologies were obtained by CVD of silane at 1150oC.  The morphology, 
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distribution, and density of products vary gradually with their positions on the alumina 

substrate.  

 

 

 

 

 

 

 

 

 

Figure  2.14 Au-Si binaryphase diagram (108). 

 

Similar to the growth of carbon nanotubes, the size of the metal catalysts 

normally determine the diameter of the nanowires, therefore, SiNWs with a narrow size 

distribution could be obtained by exploiting well-defined catalysts.  Cui et al. (109) 

reported the production of controlled diameter SiNWs by using well-defined Au 

nanoclusters and SiH4. Moreover, by arranging these catalytic nanoparticles in a template 

ordered SiNW arrays can be obtained. An important advantage of this approach is that 

the nanostructures prepared in this way can be diameter-controllable and well defined. 

Along this line, Zhang et al. have synthesized SiNW first by electrochemically depositing 

Au catalyst into nanoporous membranes and then growing SiNWs by pyrolysis of silane.  
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The nanowire diameter and length are dependent on the pore diameter and the growth 

time of the nanowire formed within the template (110,111).   

 

2.2.1.3. Thermal evaporation 

 

Silicon nanowire can be produced in bulk quantities by thermal evaporation.  

In this method, a powder mixture is placed in quartz tube inside a furnace at temperatures 

above 1100oC.  As in the case of laser ablation, an inert carrier gas is generally kept 

flowing during the thermal evaporation process.   Silicon nanowires are formed directly 

on the inside wall of the quartz tube or can be collected using other substrates such as 

silicon wafer, alumina, or zeolite at the exit port of the carrier gas. 

 

Different powder mixtures have been used to synthesize SiNWs by thermal 

evaporation methods.  Pure SiO powder or a mixture of highly pure Si powder and SiO2 

are used.  The product then obtained has two major forms of SiNWs as shown in Figure 

2.15.  SiNWs with uniform diameters and smooth surfaces are one major component, 

while the other kind (Si nanoparticles) coexists with the nanowires.  Notice the absence 

of metal particles when the product obtained by thermal evaporation is compared to the 

one obtained by laser ablation (Figure 2.13a) are compared. The arrow in Fig. 2.15 points 

at an oxide linked chain of Si nanoparticles.  Most SiNWs are extremely long (>10 µm) 

and randomly oriented (112,113).  It has been also reported that the presence of SiO2 in 

the powder targets significantly enhances SiNWs yield.  Typically, products obtained by 
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using a powder target composed of 50% SiO2 and 50% Si have shown to lead to yields 

over 30 times greater than the amount generated when metal containing targets are used.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.15  TEM image showing two major morphologies of Si nanowires (113). 
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2.2.2. Structural characterization techniques 

 

2.2.2.1. Electron microscopy 

 

As for the case of characterization of carbon nanotubes, SEM and TEM are 

powerful tools for SiNW structural characterization and provide valuable information on 

the structural arrangement, spatial distribution, yield, and geometrical features of the 

nanowires.  Examples of SEM micrographs shown in Figure 2.16 clearly indicate how 

structural features at the 10 nm to 10 µm length scales can be probed (114) by using 

electron microscopy. SEM images of the representative morphology of SiNWs obtained 

from thermal evaporation method at high temperature (1100oC) are shown in Figure 

2.16a and b. In Figure 2.16(a), dense nanowires can be observed. The sample consists of 

SiNWs with diameters ranging from 10 to 100 nm and length up to a few hundred 

micrometres. The SiNWs are tangled together above the Si substrate, and most of the 

SiNWs are smoothly curved with straight sections along the nanowires, as shown in Fig. 

2.16(b). The SEM observation of SiNWs roots remaining on the substrate proves that the 

nanowires were grown directly from the substrate.  Figure 2.16c shows how different 

morphologies of SiNWs obtained from CVD of SiH4 at 1150oC with molten Ga as the 

catalyst (107) can be studied using SEM. Moreover by combining electron microcopy 

imaging with energy dispersive X-ray analysis (EDS) the authors found that nanowires 

have a chemical composition in the form of SiOx with a Si/O atomic ratio of ~1.5. 
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(b) (a) 

 

Figure  2.16 SEM images; (a), (b) a typical SiNWs produced from thermal evaporation 
on Si substrate (114) and (c) other SiNWs morphology obtained from chemical vapor 
deposition of SiH4 with molten Ga as catalyst (107). 

 

TEM and high resolution transmission electron microscopy (HRTEM) are 

powerful imaging tools to study nanowires at the atomic scale as well, and they often 

provide more detailed geometrical features than SEM images. TEM studies can also yield 

information regarding the crystal structure, crystal quality, grain size, and crystal 

orientation along the the nanowires axis.  Figure 2.17a is a typical TEM image 

micrograph showing the morphology of high pure SiNWs with uniform distribution of 

diameters. The crystal quality of nanowires can be revealed from HRTEM images with 

atomic resolution, along with selected area electron diffraction (SAED) patterns.  For 
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example, Figure 2.17b show microstructure details of a straight SiNW, indicating single 

crystallinity and showing [112] lattice planes, thus indicating the growth direction of the 

nanowires (115), this information is supplemented by the corresponding electron 

diffraction pattern (upper right).  

 

 

 

 

 

 

 

 

(b) (a) 

Figure  2.17 (a) A typical TEM image showing general view of morphology of SiNWs 
(116) and (b) HRTEM image of SiNW with diameter of 13.2 nm (115). 

 

The work by Zhou et al. offers another example on useful HRTEM can be for 

SiNW characterization (116). In this study the microstructures of SiNWs synthesized by 

oven-laser ablation are evaluated. Based on HRTEM observations, the authors propose 

that the different morphologies of the SiNWs can be consistently explained on the basis 

of the role of planar defects during SiNWs formation. Wu et al. (115) have also 

employed HRTEM to follow the controlled growth of molecular-scale silicon nanowires.  

They demonstrated that the SiNWs grown with silane reactant in hydrogen have single 
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crystal structures with little or no visible amorphous oxide down to diameters as small as 

3 nm. Structural characterization of a large number of samples showed that the smallest-

diameter nanowires grow primarily along the [110] direction, whereas larger nanowires 

grow along the [111] direction.  The [110] growth of smallest nanowire does not seem to 

arise from the formation of a liquid/solid (110) interface, but from (111) plane which 

forms during initial nucleation. 

 

2.2.2.2. Raman Spectroscopy 

 

Raman scattering is a valuable technique to characterize the lattice 

microstructure and the crystal symmetry of nanocrystalline materials. As for the case of 

carbon nanotubes, the Raman spectra of silicon nanowires provide useful information on 

the nanostructure of these materials. Raman spectra of silicon nanowires, single-crystal 

silicon (c-Si) and completely oxidized silicon nanowires are shown in Figure 2.18 

(100,117).  A Raman peak at 520 cm-1 with the full width at half maximum (FWHM) of 

2.8 cm-1 can be seen in the Raman spectrum of c-Si (Fig. 2.18a).  This Raman band is 

associated to to the scattering of the first-order optical phonon of c-Si.  In addition, there 

are two broad peak at ~300 and 970 cm-1, which are originated by the scattering of two 

transverse acoustic (2TA) phonons and two transverse optical (2TO) phonons, 

respectively. In contrast, the Raman spectrum of SiO2 nanowires (Fig. 2.18d) contains a 

very broad and asymmetrical peak at ~460 cm-1 with a sharp peak at 490 cm-1.  A redshift 

of the phonon frequency has been consistently observed in the Raman spectra of SiNWs 
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and has been related to the compressive stress from the oxide skin at the wire surface 

(118).  The Raman spectra also show prominent features at ~504 and 511 cm-1 for SiNWs 

with diameter distribution of 13+3 and 15-60 nm, respectively (Fig. 2c and 2b).  In both 

cases the Raman peaks are downshifted and broaden respect to that of bulk silicon.  

Moreover the intensity of the red shift seems to be related to the diameter of the 

nanowire. 

 

 

 

 

 

 

 

 

Figure  2.18 Raman spectra of (a) crystalline silicon, (b) SiNW with 20 nm diameter, (c) 
SiNW with 13 nm diameter, and (d) nanowires of SiO2 (117). 

 

Whereas it is well-known that effects of sample heating caused by laser 

radiation and compressive stress give rise to a frequency shifts of Raman peaks, the cause 

for the frequency shift of the Raman bands of SiNW is the confinement of the phonon 

along the nanowire the cause. In an ideal crystal, the correlation length is infinite, the 

phonon eigenstates are plane waves and therefore, the usual k = 0 momentum selection 
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rule of the first-order Raman spectrum can be satisfied.  As the crystallite is reduced to 

the nanoscaled, the crystal momentum conservation rules are relaxed, allowing phonons 

with wave vector ⏐k⏐ = ⏐k’⏐ + 2π/L to participate in the first-order Raman scattering.  

Here k’ is the wave vector of the incident light and L is the size of the crystal.  As a 

result, redshift, broadening, and asymmetry of the first-order optical phonon are observed 

(117, 119). 
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CHAPTER 3  

 

TEMPERATURE DEPENDENCE OF THE QUALITY OF SILICON 

NANOWIRES PRODUCED OVER A TITANIA-SUPPORTED GOLD 

CATALYST 

 

3.1. INTRODUCTION 

 

Silicon nanowires (SiNWs) have been widely studied because of their unique 

growth behavior, their electrical and mechanical properties, as well as their potential 

applications in nanoelectronic devices and circuits (1-3).  Several synthesis methods have 

been reported in the literature including laser ablation (1, 4-5), chemical vapor deposition 

(3,6-13), and thermal evaporation (14-17).  Among these synthesis methods, the most 

widely used has been chemical vapor deposition (CVD), whose production mechanism 

has been explained in terms of a vapor-liquid-solid (VLS) growth model.  In this 

mechanism, the role of the metal catalyst is to form a liquid alloy droplet of relatively 

low solidification temperature (6).  Gold has been generally used in this process because 

the Au-Si alloy has a low eutectic temperature in which a silicon–rich eutectic alloyed is 

formed.  Therefore, the process can take place at temperatures lower than those by laser 

ablation or thermal evaporation.  Besides gold, other metals such nickel and iron have 

been used as catalysts in the CVD method. For instance Zhang et al. (3) used a thin Ni 
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film to obtained silicon nanowires. In that particular case, the optimum reaction 

temperature was 900oC which is close to the eutectic temperature of the Si/Ni system 

(966oC).  In the case of iron, Liu et al. used a porous Fe/SiO2 catalyst prepared by a sol 

gel process (11) and reported that very straight silicon nanowires could be produced at 

500oC.  The silicon sources that are usually used for the CVD process are silane (SiH4) 

and silicon tetrachloride (SiCl4).  Westwater et al. (7,8) have reported that the use of 

silane as Si source to prepare silicon nanowires via CVD yields much thinner nanowires 

than the ones produced from SiCl4 (3,6).  Furthermore, silane is easily decomposed at 

lower temperature than SiCl4 so the synthesis reaction can be carried out at relatively low 

temperatures (3,7,8).  

 

For a long time, gold has been considered a catalytically inactive metal.  

However, recent studies (18, 19) have shown that its reactivity can be drastically altered 

when it is in the form of very small clusters and supported on a suitable substrate.  Highly 

dispersed Au supported on titania, alumina, or other supports exhibits a very high activity 

for several reactions.  One of the supports used that have resulted in the greatest activity 

enhancement as been titania, TiO2 (20-22).  In the production of Si nanowires, we may 

expect that the decomposition of the silane precursor can be accelerated by the presence 

of a catalytic surface.  Therefore, it is important to investigate the production of Si 

nanowires on a catalyst such as Au/TiO2, which has shown enhanced catalytic activity. 
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 Most CVD nanowire growth procedures reported in the literature have 

focused on flat substrates, over which catalytic particles have been deposited.  The 

present contribution reports the growth of silicon nanowires by silane CVD on Au-

containing porous TiO2 powders of high-surface area.  In this report, the catalyst was 

prepared by the incipient wetness impregnation technique, which is perhaps the simplest 

method for catalysts preparation.  The growth temperature has been varied from 300 to 

600oC in order to find the optimum conditions for SiNWs growth.  The product was 

characterized by TEM and SEM electron microscopy combined with Raman, and X-ray 

photoelectron spectroscopy (XPS).  The fresh catalyst and product synthesized at 600oC 

were also characterized by EXAFS. 

 

3.2. EXPERIMENTAL 

  

Silicon nanowires were prepared by chemical vapor deposition of silane on a 

1 wt % Au/TiO2 catalyst, synthesized by incipient wetness impregnation of AuCl3 onto 

calcined TiO2 (surface area 50m2/g).  After impregnation, the catalyst was dried at 120oC 

and then reduced in hydrogen flow at 200oC for 2 hours.  The catalyst was then placed 

into a quartz reaction cell, preheated at 200oC in vacuum (pressure lower than 10-3 Torr) 

for 1 hour and then further heated to the reaction temperature.  When the temperature was 

stabilized, the silane was fed into the reaction cell and kept for 30 minutes.  The 

approximate pressure inside the reactor was about 400 Torr.      
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Before the silane decomposition reaction, the color of the catalyst was a light 

purple.  After the reaction, the sample treated at 500oC displayed a yellowish green.  By 

contrast, those reacted at 300, 400, and 600oC were dark blue, almost black. 

 

The products were examined by scanning electron microscopy on a SEM, 

JEOL JSM-880 and by transmission electron microscopy on a TEM, JEOL JEM-

2000FX.  Raman spectra of the Si deposits were obtained using a Jovin Yvon-Horiba 

LabRam 800 equipped with a CCD detector with a laser excitation source of 632nm (He-

Ne laser).  X-ray photoelectron spectroscopy (XPS) was conducted on a Physical 

Electronics PHI 5800 ESCA system equipped with monochromatic Al Kα X-ray source 

to quantify the surface composition and the oxidation state of the silicon product.  The 

binding energies were corrected by reference to the C(1s) line at 284.5 eV.  The fitting of 

the XPS spectra and the quantification of the surface atomic ratios were obtained with 

Gauss-Lorentz peaks, using the MultiPak software from Physical Electronics.   

 

X-ray absorption characterization of fresh and spent catalysts was conducted 

at the National Synchrotron Light Source at Brookhaven National Laboratory, using 

beam line X-18B equipped with a Si (1 1 1) crystal monochromator. The X-ray ring at 

the NSLS has an  energy of 2.5 GeV and ring current of 80–220 mA.  The EXAFS 

experiments were conducted in a stainless steel sample cell at liquid nitrogen 

temperature. 
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3.3. RESULT AND DISCUSSION 

 

Within the range of reaction temperatures investigated, the sample obtained at 

500oC produced the highest density of Si nanowires with the best structure.  The SEM 

observations shown in Figure 3.1 illustrate the type of Si structures obtained in this 

sample.  It can be observed that large quantities of SiNWs are formed over the Au/TiO2 

catalyst at 500oC. The SEM micrographs also show that these nanowires have a very high 

aspect ratio, with lengths ranging from 10 to 40 micrometers and diameters in the range 

8-35 nm.  The TEM analysis of this sample further demonstrated the high uniformity of 

the nanowires along their axis.  As seen in Figure 3.2, almost the full body of the 

nanowire is well-crystallized silicon while a very thin amorphous layer (thinner than 

about 3 nm) covers the surface.  In the inset, the electron diffraction pattern is included.  

This perfect pattern indicates that the nanowire is essentially a Si single crystal.  As 

shown below, a small amount of silicon oxide was detected by XPS.  This oxide may be 

the thin amorphous layer that cover the surface of the nanowires. 

 

To compare the structure of the Si deposits produced at different temperatures, 

we analyzed the various products by SEM.  As illustrated in Figure 3.3, striking 

differences are observed as a function of the reaction temperature.  In contrast with the 

high density of well-structured nanowires obtained at 500oC, very low densities were 

observed at either lower (400oC) or higher temperatures (600oC).  No SiNW were 

observed after reaction at 300oC.   
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Figure  3.1 SEM micrograph of silicon nanowires produced at 500oC over a titania 
supported gold catalyst. 
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Figure  3.2 TEM micrograph of silicon nanowires produced at 500oC over a titania 
supported gold catalyst. 
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Figure  3.3 SEM images of different silicon containing products obtained at four different 
reactions temperatures: (a) 300oC, (b) 400oC, (c) 500oC and (d) 600oC. 
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To obtain a more quantitative comparison of the density of SiNW left on the 

catalyst surface after reaction at different temperatures, the samples were analyzed by X-

ray photoelectron spectroscopy (XPS).  The XPS intensity ratio of Si (2p) to Ti (2p3/2 + 

2p1/2) can be taken as a relative measure of the Si nanowire density.  The results shown in 

Figure 3.4 are in perfect agreement with the SEM observations.  
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Figure  3.4 Silicon to titanium surface atomic ratio (diamonds) and Si0 to Si+4 surface 
atomic ratio (squares) as calculated from XPS analysis of the Si2p and Ti2p lines. 

 

The maximum Si/Ti ratio was obtained on the sample prepared at 500oC, with 

much lower values for those prepared at either lower or higher temperatures.  At the same 

time, to evaluate the degree of Si oxidation on the four samples after exposure to air at 
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ambient temperature, the ratio of metallic Si to oxidized Si was obtained from the XPS 

spectra.  This ratio was calculated by fitting the Si signal using two different Gaussian 

components, one corresponding to Si0 (EB= 99 eV) and the other one to Si+4 (EB= 103 

eV).  Again, in agreement with the TEM observations, the sample produced at 500oC 

showed a much lower degree of oxidation than the other samples.  The high Si/Si+4 ratio 

on the sample obtained at this temperature reveals that the SiNWs are composed mostly 

of silicon with a small contribution from silicon oxide.  At 300, 400, and 600oC the 

Si/Si+4 ratio greatly decreases.  It may be expected that, under these non-optimal 

conditions, more amorphous Si deposits are formed, which are therefore more prone to 

oxidation.  It is also interesting to notice that the Si/Si+4 ratio for the product obtained at 

600oC is slightly higher than those obtained below 500oC.   

 

Raman spectroscopy was employed to further characterize the different 

products obtained in this study.  Figure 3.5 shows the Raman spectra for the samples 

obtained at the four different temperatures.  Since both, the bare catalyst and the product 

may generate Raman bands, the spectra of a reference silicon wafer and that of the fresh 

catalyst are included in the figure.  The spectrum for the fresh catalyst reveals the 

presence of broad bands at 400, 516 and 639 cm-1, while the Silicon wafer shows a sharp 

and symmetric peak at 520.5 cm-1. Therefore, the band at 518 cm-1 observed on the 

product obtained at 500oC can be ascribed to Si deposits.  The observed downshift is 

indeed significant, reproducible, and has been previously observed.  A downshift respect  
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Figure  3.5 Upper panel: Raman spectra of the silicon nanowires produced at four 
different temperatures. The Raman spectra of silicon wafer and of the fresh Au/TiO2 
catalyst are also included for comparison. Lower panel: Raman spectra of the silicon 
nanowires obtained at 500oC using two different 633nm laser powers: 3.0 mW (solid 
line) and 0.3mW (thick solid line). 
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to the Si wafer has been consistently observed and attributed to the quantum confinement 

of the SiNW structure (15, 12, 11, 23, 24).   

 

It is very interesting to note that the band at 518 cm-1 was only observed on 

the product generated at 500oC.  The materials produced under other reaction 

temperatures (300oC, 400oC, and 600oC) had the Si band located at 516 cm-1. In 

agreement with the observations from the other techniques, the material obtained at 

300oC gave a very weak Si signal, and overlapped with the spectra of the fresh catalyst, 

indicating a low yield of metallic Si.  Another interesting variation in the Raman was 

observed when the power of the laser energy was varied, while keeping the excitation 

wavelength constant.  It was found that the Raman band (Figure 3.5b) obtained using a 

high laser power (3.0 mW) was more asymmetric and broader than that obtained with a 

lower laser power (0.3mW).  When the laser power was increased, the position of the 518 

cm-1 band was shifted to 513 cm-1.  This phenomenon has been previously reported and it 

has been ascribed to nanowire heating by the laser beam.  The change in the symmetry of 

the peak has been explained in terms of a Fano interference between scattering from the 

k=0 optic phonon and laser-induced electronic continuum electron scattering in the 

conduction band (24).  Therefore, both band shift by heating and the asymmetry of the 

band are fingerprints of Si nanowires. 

 

To explain the strong dependence of the Si nanowire yield and reaction 

temperature reported in this work, one needs to consider the plausible growth mechanism.  
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The eutectic of a Si-Au mixture is determined by the composition of X%SI Y%Au and 

temperature of 363oC.  It is expected that at least a fraction of the supported gold will be 

in the molten state under most of the reaction conditions employed in this work.  

Therefore, the so-called vapor-liquid-solid VLS model could be evoked again to describe 

the SiNW growth process. According to the VLS model the growth of crystalline Si 

nanowire should take place in a sequence of steps that includes the catalytic 

decomposition of the SiH4 over Au, followed by dissolution of Si into the molten silicon-

gold solution and precipitation at the other end of the droplet in the form of crystalline Si.  

Depending on the reaction conditions any of these steps could be the rate-limiting.  Since 

chemical reactions typically require a high energy of activation, one may expect a sharp 

(i.e. exponential) variation with temperature for the rate of silane decomposition.  

Conversely, the rate of diffusion is typically a less pronounced variation with temperature 

(i.e. square root).  At low temperatures, the rate of decomposition may become very low 

and consequently limiting step of the overall growth rate.  Under those conditions, the 

rate of SiNW growth would be low, but as the temperature increases, the growth would 

quickly increase until the rate of decomposition and diffusion become comparable.  At 

even higher temperatures, the rate of decomposition becomes much higher than the rate 

of diffusion.  As a result, Si may accumulate in high concentrations at the Au surface, 

causing the encapsulation of the particle with little growth of SiNW.  At the same time, 

when the temperatures are exceedingly high, sintering of the Au nanoclusters may occur, 

which would also limit the nanowire growth and promote encapsulation.  EXAFS was 

used to characterize the catalyst, both as a fresh catalyst and after reaction at 600oC.  It 
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was observed that the magnitude of the Fourier Transform for the Au–Au bonds, 

corresponding to the spent sample was 15% higher than that of the fresh catalyst, 

indicating that the spent catalyst has Au particles larger than those in the fresh catalyst, 

which shows that some sintering of the Au clusters occurs under reaction at high 

temperature. 

 

3.4. CONCLUSIONS 

 

The production of silicon nanowires via chemical vapor deposition of silane 

over gold supported on TiO2 catalyst has been investigated at varying temperatures.  It 

was found that the optimum reaction temperature is 500oC.  Silicon nanowires produced 

at this temperature have a well-crystallized silicon core with a very thin amorphous 

silicon dioxide outer layer.  The length of the nanowires is in the range of 10 to 40 

micrometers.  At lower temperatures, nanowires are produced in lower yields and with 

lower quality than those obtained at the optimum temperature (500oC).  Similarly, at 

temperatures higher than the optimum, lower yields and quality were obtained.  The 

appearance of an optimum temperature is due to a change in rate limiting step in the 

growth process. 
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CHAPTER 4  

INFLUENCE OF CATALYST SUPPORT ON THE STRUCTURE OF 

SILICON NANOWIRES SYNTHESIZE BY DECOMPOSITION OF 

SILANE ON GOLD 

  

4.1 INTRODUCTION 

 

Silicon nanowires (SiNWs) can be synthesized by several methods; the most 

widely used is chemical vapor deposition (CVD) of Si-containing compounds on Au 

nanoparticles that act as a catalyst.  The model used to explain the growth mechanism for 

this method is called Vapor-Liquid-Solid mechanism (VLS) (1-8).  In the VLS 

mechanism, the role of the metal particle is to catalyze the decomposition of the gaseous 

molecules and to form an alloy of relatively low melting temperature to allow for the 

formation of a liquid droplet through which the growing species can diffuse (1).  Gold 

has been widely used in this process because the Au-Si alloy exhibits a eutectic at 

relatively low temperatures, easy to achieve under laboratory conditions (9-11).    

 

The VLS model consists of three main steps, (i) catalytic decomposition of the 

Si-containing molecule, preceded by adsorption on the Au surface; (ii) diffusion of the Si 
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deposited over the Au surface through the liquid Au-Si alloy; and (iii) nucleation and 

growth of the Si nanowire after supersaturation of the liquid Au-Si alloy has been reached 

(12, 13).  It has been proposed that the rate-limiting step for the growth process is the 

catalytic decomposition of the Si containing molecule on the Au surface rather than the 

diffusion step.  For example, Lew and Redwing (12) have noted that the activation energy 

of 22 kcal/mol experimentally observed for the growth of Si nanowires on Au in the 

temperature range 400-500oC is much higher than that expected for Si diffusion in liquid 

metal (1-4 kcal/mol) and more consistent with a catalytic decomposition reaction.   

 

Being a noble metal with fully occupied d-orbitals, gold has been generally 

considered unsuitable as a catalyst for any reaction.  In fact, Au is notably unreactive for 

most reactions and has poor adsorption abilities (14).  However, at the nanoscale level Au 

has been found to be a remarkably active catalyst.  Recent studies (15,16) have shown 

that the reactivity of Au can be enhanced when it is dispersed in the form of very small 

clusters and supported on a suitable substrate.  Specifically, the catalytic properties of Au 

depend on three major factors, which are the support, the preparation method, and the 

size of the Au clusters (17,18).  On suitable metal oxide supports, Au was found to be 

active for several reactions, for instance Au supported on reducible metal oxides (TiO2, 

α-Fe2O3, Co3O4) or hydroxides of alkaline earth metal (Be(OH)2, Mg(OH)2) is very 

active for low temperature oxidation of CO (19), while Au supported on activated carbon,  

TiO2, SiO2 or ZrO2 have shown unusual activity for hydrochlorination of 

acetylene,(20,21) and for hydrogenation of acrolein,(22,23) respectively.  Additionally, 
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compared to platinum, Au nanoparticles are far more active for the low-temperature 

oxidation of certain compounds, such as CO (15).  

 

All these studies clearly indicate how the support affects the catalytic activity 

of Au species in the case of solid Au particles.  Therefore, it is interesting to investigate 

the effect of different supports on the catalytic activity of Au in the context of Si 

nanowires growth by chemical vapor deposition of silane in which Au is in the liquid 

state.  In this contribution we have investigated the catalytic activity of Au supported on 

different metal oxides powders (TiO2, SiO2, ZrO2, and MgO).  High-surface-area 

supported catalysts could have an impact if large-scale production of Si nanowires is 

attempted.  This type of catalysts are currently used in large-scale manufacture of 

materials based on fluidized-bed reactor technology.  The product obtained by chemical 

vapor deposition of silane has been characterized by transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM) combined with Raman, and X-ray 

photoelectron (XPS) spectroscopies, while the fresh catalysts have been characterized 

using TEM and X-ray absorption spectroscopy (EXAFS, XANES).  

 

4.2 EXPERIMENTAL  

  

 The catalysts used in this work were prepared by incipient wetness 

impregnation of AuCl3 on selected supports, which are TiO2, SiO2, ZrO2 , and MgO.  The 

ZrO2 support was prepared by calcination of Zr(OH)4 in air at 800oC.  The TiO2 was P25 
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from Degussa (50 m2/g), it was calcined in air at 550oC before impregnation.  The SiO2 

(silica gel, 500 m2/g) and MgO were obtained from Aldrich.   The AuCl3 was dissolved in 

distilled water and impregnated on the solid support to give a total loading of 1 wt.% of 

Au.  After impregnation, the catalysts were dried at 120oC and then reduced under 

hydrogen flow at 200oC for 2 hours.  A second pretreatment at 500oC in H2 was used also 

for the MgO supported catalyst.  Because of the nature of the MgO support (see below), 

an alternative catalyst preparation method based on chemical vapor deposition (CVD) 

was used. In this method the MgO support was heated under vacuum at 300oC for 3 

hours.  The pretreatment was performed in a packed bed reactor with an on/off valve at 

each end of the reactor, which allowed for a quick isolation of the sample after treatment. 

Pretreated MgO was then mixed with the appropriate amount of solid gold acetate 

necessary to achieve a total loading of 1.0 wt.% gold.  The mixture was then reloaded on 

the reactor and slowly heated to 200oC to decompose the acetate.  This sample will be 

denoted as 1%Au/MgO (CVD) to differentiate it from the sample obtained using 

conventional incipient wetness impregnation, which will be labeled 1%Au/MgO (IWI).  

Before reaction, the corresponding catalyst was placed in a quartz reactor and heated in 

vacuum for 2 hour, then heated to the reaction temperature.  To effect the growth of 

Silicon nanowires silane vapor was decomposed at 500oC for 30 minutes at a total 

pressure of about 150 Torr.   

 

The silicon products were examined by scanning electron microscopy, JEOL 

JSM-880 and by transmission electron microscopy, JEOL-2000FX.  Raman spectra of the 
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Si deposits were obtained using a Jovin Yvon-Horiba LabRam 800 equipped with a CCD 

detector with a laser excitation source of 632nm (He-Ne laser).  X-ray photoelectron 

spectroscopy (XPS) was conducted on a Physical Electronics PHI 5800 ESCA system 

equipped with monochromatic Al Kα X-ray source to quantify the surface composition 

and the oxidation state of the silicon product.  The binding energies were corrected by 

reference to the C(1s) line at 284.5 eV.  The fitting of the XPS spectra and the 

quantification of the surface atomic ratios were obtained with Gauss-Lorentz peaks, using 

the MultiPak software from Physical Electronics. Before reaction, the fresh catalysts 

were characterized by Transmission Electron microscopy and X-ray absorption.  The X-

ray absorption spectra were obtained at the National Synchrotron Light Source at 

Brookhaven National Laboratory, using beam line X-18B equipped with a Si (111) 

crystal monochromator. NSLS runs at dedicated mode with an energy of 2.5 GeV and 

ring current of 80-220 mA. The XAFS experiments were conducted in a stainless steel 

sample cell at liquid nitrogen temperature.   

 

4.3. RESULT AND DISCUSSIONS 

 

After chemical vapor deposition of silane over the Au catalysts, the products 

were characterized by Raman spectroscopy to determine the presence of silicon 

nanowires. As shown in Figure 4.1 the products obtained over the 1%Au/TiO2, 

1%Au/SiO2, 1%Au/ZrO2 , and 1%Au/MgO (CVD) catalysts show a Raman band at about 

515-518 cm-1.  This band is downshifted with respect to the Raman band observed for a 
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Si wafer (bulk crystalline Si, 520.5 cm-1).  This shift is due to a quantum confinement 

effect of nanowire structures (24).   
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Figure  4.1 Raman spectra of silicon nanowires synthesized over gold supported on 
different supports (TiO2, SiO2, ZrO2, and MgO) reduced at 200oC.  Au/MgO prepared by 
impregnation were reduced at 200 and 500oC, denoted as MgO(R200) and MgO (R500), 
respectively.  Au/MgO prepared by CVD method, denoted as MgO (CVD). The solid line 
shows the band at 520.5 cm-1(bulk crystalline Si), and the dash line show the band at 470 
cm-1 (amorphous Si).  The bands downshifted to 518 cm-1 indicates the presence of 
SiNW. 

 
 

In the case of the product obtained over the 1%Au/MgO (IWI) catalyst 

reduced at 200oC, there is a broad band appearing at 475 cm-1, which is characteristic of 
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amorphous silicon (25), however no band is observed in the region of crystalline silicon.  

This could imply that either no silicon nanowires have been formed on the catalyst or that 

the yield of the nanowires is very low.  The sample obtained over a 1%Au/MgO (IWI) 

catalyst reduced at a higher temperature, shows a Raman band at 520.5 cm-1, while a 

small broad band at 475 cm-1 is still observed. The downshift due to quantum 

confinement effect was not observed in this case. This result indicates that, as in the case 

of the 1%Au/MgO (IWI) catalyst, a very low yield of nanowires was obtained even after 

reduction at high temperature.  It is also important to mention that the product obtained 

over the 1%Au/ZrO2 and 1%Au/MgO (CVD) catalysts show a very small and broad band 

at 475cm-1, which indicates that the product contains some amount of amorphous silicon 

in addition to silicon nanowires (band at 518cm-1). 

 

Figure 4.2 shows the SEM micrographs of the silicon nanowires produced 

over each catalyst.  The products obtained from 1%Au/TiO2 and 1%Au/SiO2 show very 

high yield of silicon nanowires, while the product obtained from 1%Au/ZrO2 has lower 

yield.  In the case of 1%Au/MgO (CVD) catalyst, the yield of nanowires is higher than 

the product obtained over the ZrO2-supported catalyst but not as high as the ones 

obtained over the TiO2 and SiO2 supports.  However, a lot of small particles can be 

observed on product obtained over 1%Au/MgO (CVD) catalyst as indicated with the 

arrows in Figure 2f.  As discussed above, Raman spectra of product produced over this 

catalyst shows the presence of a broad band at 475 cm-1, which is the characteristic of 

amorphous silicon. Therefore, it is plausible that these particles are amorphous silicon  
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(e) (f) 

Figure  4.2 SEM micrographs of silicon nanowires obtained from 1%Au supported on 
different supports; a) 1%Au/TiO2, b) 1%Au/SiO2, c) 1%Au/ZrO2, d) 1%Au/MgO (IWI, 
reduced 200oC), e) 1%Au/MgO (IWI, reduced 500oC), and f) 1%Au/MgO (CVD). 
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formed during the decomposition of silane.  In contrast, the SEM micrographs indicate 

that only a few nanowires are obtained over the 1%Au/MgO (IWI) catalyst.  These 

results perfectly agree with the Raman spectra.  The difference in behavior between these 

two different catalyst preparation methods is discussed below. 

 

Interesting differences on the quality of the SiNW can be observed from a 

detailed analysis of the SEM micrographs. Clearly, the morphology of nanowires 

obtained over the 1%Au/ZrO2 catalyst is quite different from that of the nanowires 

obtained over the other catalysts (1%Au/TiO2, 1%Au/SiO2, and 1%Au/MgO (CVD)).  

The nanowires obtained over the ZrO2-supported catalyst have larger diameter and 

shorter length, while the Au particles are clearly seen at the tip of the nanowires.  

Moreover, some of these appear kinked or bent.  In contrast, in the product obtained 

using the Au/TiO2, Au/SiO2, and Au/MgO (CVD) catalyst, the nanowires are several tens 

micrometers long, very straight, and with smaller diameter. These results are better 

described in Figure 4.3, which presents the diameter distribution obtained from a detailed 

analysis of several SEM and TEM micrographs.  The total count of nanowires was more 

than 100 for TiO2 and SiO2-supported catalysts, but only 50 for the case of ZrO2 due to 

the lower yield obtained on this support.  It can be seen that the product obtained from 

1%Au/TiO2 has the narrowest diameter distribution with an average diameter of 

nanowires of 8-15 nm.  The nanowires synthesized on the SiO2.-supported gold have 

similar average diameter to those from TiO2 support but a broader distribution.  In 

contrast, the nanowires obtained on the ZrO2 supported catalyst have a very large average  

 97



0

10

20

30

40

50

60

70

80

5-
15

16
-3

0

31
-5

0

51
-8

0

81
-1

00

10
1-

15
0

15
1-

20
0

20
1-

30
0

30
1-

40
0

>4
00

Diameter (nm)

%

1%Au/TiO2

0

5

10

15

20

25

30

35

40

45

5-
15

16
-3

0

31
-5

0

51
-8

0

81
-1

00

10
1-

15
0

15
1-

20
0

20
1-

30
0

30
1-

40
0

>4
00

Diameter (nm)

%

1%Au/SiO2

   

 

 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

30

35

40

45

5-
15

16
-3

0

31
-5

0

51
-8

0

81
-1

00

10
1-

15
0

15
1-

20
0

20
1-

30
0

30
1-

40
0

>4
00

Diameter (nm)

%

1%Au/ZrO2
 

 

 

 

 

 

Figure  4.3 Diameter distribution of silicon nanowires produced from 1%Au supported on 
TiO2, SiO2, and ZrO2. 
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diameter and the broadest diameter distribution, ranging from 50  to more than 400 nm. 

 

(a)  

 

 

(c)  

 

 

 

 

(b) 

(d) 

 
Figure  4.4 icrographs of silicon nanowires obtained from 1%Au supported on 
different supports; a) 1%Au/TiO2, b) 1%Au/SiO2, c) 1%Au/ZrO2, and d) 1%Au/MgO 

VD). 

 TEM m

(C
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The microstructure of the silicon nanowires was investigated by TEM as 

shown in Figure 4.4.  For 1%Au/TiO2, 1%Au/SiO2, and 1%Au/MgO (CVD) catalysts, it 

is obvious that the nanowires consist of a well-structured crystalline silicon core and a 

very thin layer of amorphous silicon oxide sheath.  In the case of the ZrO2 support, the 

silicon crystalline core and silicon oxide amorphous layer cannot be clearly 

differentiated.  However, XPS data shown in Table 4.1 shows that the Si /Si  ratio for 

the product obtained on the ZrO2 support is much lower than the one obtained on the 

TiO2 and MgO (CVD) supports.   

anowires obtained from various catalysts. 

 
Catalysts Reduction  

(oC) 

Si0/Si4+ Si/Metal support  

/Zr) 

0 4+

 

Table  4.1 XPS analysis of silicon n

Temperature (Si/Ti and Si

1%Au/TiO2 200 3.243 6.38 

1%Au/ZrO2

 

1%Au/MgO (CVD) 

200 0.672 1.22 

1%Au/MgO 200 0.627 - 

1%Au/MgO 500 1.759 - 

- 1.06 - 
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As mentioned above, the nanowires from the ZrO2 support have much larger 

diameters than those produced on TiO2, SiO2, and MgO (CVD) supports.  Although the 

orphous oxide layer and silicon crystalline core may not be 

much diffe

supported (IWI) catalyst reduced at 

200oC and 500oC the XPS data also agree well with the Raman results (Figure 4.1).  The 

product obtained over the MgO-supported (IWI) catalyst reduced at 200oC showed the 

presence o

relative thickness of the am

rent than those on TiO2, SiO2, and MgO (CVD) supports, the absolute 

thickness of the amorphous oxide layer may be larger.  XPS is a surface-sensitive 

technique, that is, the observed signal corresponds to the electrons coming from less than 

a few nanometers from the surface, i.e. Si4+species.  As a result, the nanowires produced 

on the ZrO2 support may show a lower value of the Si0/Si4+ ratio.  These results also 

match the Raman spectra of this sample shown in Figure 4.1.  Indeed, the product 

obtained over the ZrO2-supported catalyst shows a peak at 475cm-1 indicating the 

presence of amorphous silicon.   

 

For the product obtained over the MgO-

f amorphous silicon (Raman band at 475 cm-1). This material is, in turn, easily 

oxidized in air. Consequently, the resulting Si0/Si4+ ratio is lower than unity, indicating a 

large amount of silicon oxide.  On the other hand, the product obtained over the MgO-

supported (IWI) catalyst reduced at 500oC has a relatively high Si0/Si4+ ratio; this 

observation is consistent with the previous Raman result, which indicates the presence of 

crystalline silicon (Raman band at 520cm-1).  It is also noteworthy that the Si0/Si4+ ratio 
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of the product obtained from 1%Au/MgO (IWI) reduced at 500oC is higher than the one 

produced from 1%Au/MgO (CVD) catalyst.  This result can be explained based on the 

previous SEM observations, which shows the presence of small particles of amorphous 

silicon on the product obtained from 1%Au/MgO (CVD) catalysts, resulting in a lower 

value of the Si0/Si4+ ratio.  The atomic ratio of Si/Ti or Si/Zr obtained by XPS is also 

shown in Table 4.1.  This ratio could be taken as a measurement of the yields of silicon 

nanowires.  It can be seen that the yield of silicon nanowires obtained on the TiO2 

support is higher than that synthesized on the ZrO2 support.  This difference is in 

agreement with the SEM results shown in Figure 4.2.  In the case of 1%Au/MgO, the 

peak of Au (4f7/2+4f5/2) overlaps with the Mg (2p) and hence the yield could not be 

determined by XPS.          

 

To understand the differences observed in the performance of the different 

supports the fresh catalysts were characterized by EXAFS and XANES.  By a proper data 

handling, these techniques can provide an estimate of the cluster size (EXAFS) and 

identify th

                     

e chemical state (XANES) of gold before reaction.  The magnitude of the 

Fourier Transform for k3-weighted Au L3-edge EXAFS function for each catalyst and the 

corresponding coordination numbers are shown in Figure 4.5A and Table 4.2, 

respectively.  Table 4.2 also includes other structural parameters that result from the 

fitting routine (bond length, Debye Waller factor, and energy shift).  The normalized 

radial distribution (Figure 4.5A) clearly show the presence of significant Au-Au 

coordination on the freshly reduced catalysts supported on TiO2, SiO2, and MgO (CVD).    
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Figure 4.5 Au L3-edge X-ray absorption 
spectroscopic comparison of fresh Au 
supported on different supports (TiO2, 
SiO2, ZrO2, and MgO) reduced at 200oC.  
Au/MgO prepared by impregnation were 
reduced at 200 and 500oC, denoted as 

D 
MgO(R200) and MgO (R500), 
respectively.  Au/MgO prepared by CV
method, denoted as MgO (CVD).  
A) Fourier transform of k3-weighted and  
B) XANES analysis. 
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Table  4.2. The coordination parameters of Au sites obtained from curve fitting of 
EXAFS (b). 

Catalysts Reduction 
Temperature 

(oC) 

Shell N R(Å) σ2 (Å2 ) ∆E0 

(eV) 

Au/TiO 200 Au-Au 9.63 2.87 0.0041 2 3.08 

Au/SiO2 200 A 7  

Au/MgO 200 Au-O 1.37 1.97 0.0026 

Au/MgO 500 Au-Au 7.86 2.84 0.0048 2.92 

Au/MgO - Au-Au 9.07 2.87 0.0048 6.93 

u-Au .92 2.86 0.0049 6.63 

9.85 

(CVD) 

[a] Th ata and f  roughly  from ange o sidual  b  
N, 0.25% for R, 10% for σ2 and 4 eV for ∆E0. No ambiguities of the theoretical standards are included. 
[b] Sh  the type ds for e f the s the c tion n is al-
scatterer distance. σ2 is a m quare de . ∆ e shift for th al ng 
functi
 

he different supports, the size of the Au particles can be predicted.  It is smaller 

on SiO2 th

o

e errors of d its are estimated  the ch f the re  factors to e 15% for

ell indicates of ligan
ean s

ach shell o
viation in R

fit. N i
E

oordina
 in E

umber, R 
e theoretic

the met
scatteri0 is th 0 

ons.  

By contrast, when supported on MgO (IWI), gold tends to exhibit Au-O bonds 

and a high state of dispersion.  From a detailed analysis of the coordination numbers of 

u over tA

an on TiO2 and MgO (CVD).  Similarly, the Au particles on MgO support, 

prepared by impregnation, appear as highly dispersed even after reduction at high 

temperature.  The intensity of the white line observed in the XANES spectra shown in 

Figure 4.5B clearly illustrates that the Au species present in the fresh Au/MgO (IWI) 

catalyst reduced at 200 C is not in the metallic form, but rather as an oxide.  This would 

explain the unusually low activity of this sample.  That is, the 1%Au/MgO (IWI) catalyst 

reduced at 200oC does not produce silicon nanowires under conditions at which the other 
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catalysts clearly do.  Since according to the Vapor-Liquid-Solid mechanism it is required 

that the Au particle form an alloy with the Si species decomposed from silane, if no 

metallic Au species are present in the system the Au-Si alloy cannot be formed; which 

explains the low activity of the Au/MgO (IWI) catalyst. Moreover, if gold is in the oxide 

form, the catalytic decomposition of SiH4 (rate-limiting step) might be slower, thus 

resulting in diminished growth rate and very low yield of Si nanowires.  

 

The difference on activity observed on the MgO-supported obtained from 

three different preparation methods cannot be explained solely in light of the EXAFS 

results. Wh e on the sample reduced at 200oC gold is oxidic, on the Au/MgO (CVD) and 

Au/MgO (I

il

WI) reduced at 500oC Au it is in metallic form; however, a high yield of high 

quality silicon nanowires are just observed in the case of the CVD-prepared catalyst.  It is 

clear then that the differences in activity cannot be attributed solely to the Au oxidation 

state, but on the support-metal interaction itself. Zdrazil (26) has reported the effect of 

preparation method on the morphology of MgO-supported catalysts.  He found that 

during the aqueous impregnation technique, MgO can react with H2O to form Mg(OH)2.  

Although MgO is formed again during subsequent calcination, it might cover the metallic 

particles, avoiding the contact between them and the gas phase.  Based on this 

explanation it is possible that the Au particles supported on MgO prepared by incipient 

wetness impregnation might be embedded into MgO substrate during the catalyst 

preparation and therefore not being exposed to the surface.  As a consequence, under 

reaction conditions, the Au/MgO prepared by impregnation method shows lower activity 
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than the one prepared by CVD method, which has most of the Au particles exposed to the 

gas phase. 

 

It is a well-known fact that at the nanoscale level Au may be an active 

catalytic metal while it is inactive at a larger scale, i.e. gold particles of nanometric size 

are active for low-temperature oxidation while larger particles are not.  From TEM 

analysis of

articles.  As shown in Figure 

4.5A, the size of Au particle supported on SiO2 is smaller than those observed for the 

TiO2 supp

 the fresh catalysts shown in Figure 4.6, it is obvious that the size of Au 

particles on ZrO2 support is larger than that of TiO2 and SiO2 supports. This might be the 

cause for the lower activity of the ZrO2-supported catalyst. 

 

Another prediction of the VLS mechanism is that the diameter of the 

nanowires should be similar to the size of the metallic Au p

ort; however the silicon nanowires produced from these two supports have 

similar average diameters.  The silicon nanowires observed on the SiO2 support exhibited 

a broader diameter distribution.  Although the EXAFS analysis indicates that the average 

diameter of Au particles is smaller for the SiO2 support than for the TiO2 support, we 

need to emphasize that EXAFS provides an average of particle sizes.  By contrast, the 

TEM micrographs obtained on the fresh catalysts show that the Au particles supported on 

SiO2 exhibit a wide range of particle sizes.  The plausible explanation can be the 

agglomeration of Au particles under reaction conditions. In this case the metal support 

interaction would play a central role. It is well known that Au particles supported on TiO2  
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Figure 4.6. TEM micrographs of fresh catalysts; a) 1%Au/TiO2, b) 1%Au/SiO2, c) 
o o

 

 

1%Au/ZrO2, d) 1%Au/MgO (Reduced 200 C), and e) 1%Au/MgO (Reduced 500 C). 
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are more effectively stabilized than those supported on SiO2 and ZrO2 (27). This would in 

turn result in a higher mobility of Au particles supported on SiO2 and ZrO2 than on TiO2.  

As a r ilicon nanowires obtained fr u/SiO2 and 1%Au/ZrO2 should have 

broader diameter distribution than the one obtained over 1%Au/TiO2.  In the case of the 

ZrO2 support, the Au particles observed from TEM are quite large, which then resulted in 

larger silicon nanowires, as expected from the VLS mechanism. 

 

4.4. CONCLUSIONS

esult  s, om 1%A

 

 The synthesis of silicon nanowires by chemical vapor deposition of silane 

has been studied over Au supported on different supports at 500oC and at about 150 Torr.  

Gold supported on TiO2 and SiO2 gives a high yield of high quality silicon nanowires.  

These nanowires consist of well-crystallized silicon core and very thin layer of 

amorphous silicon oxide.  Gold supported on ZrO2 gives silicon nanowires of larger 

diameter and with a wider diameter distribution.  The material obtained using this 

e presence of some amounts of amorphous silicon.   In case 

of MgO-supported catalysts, 1%Au/MgO prepared by CVD method gives a high yield of 

high quality SiNW but not as high as TiO2 and SiO2 support.  On the other hand, 

1%Au/MgO prepared by incipien impregnation show very few nanowires in 

both 1%Au/MgO reduced at 200oC and 500oC due to the presence of Au oxide and the 

morphology of the Au particles on the support, respectively. 

 

t wetness 

particular support indicates th
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CHAPTER 5  
 

SYNTHESIS OF SINGLE-WALLED CARBON NANOTUBE BY 

CATALYTIC DECOMPOSITION OF ETHANOL 

 

5.1. INTRODUCTION

 

In chapter 2, we have mentioned that among the SWNTs synthesis methods 

available the catalytic chemical vapor deposition (CVD) method is the most appropriate 

for large-scale production of these materials.  The floating catalyst approach is one of the 

interesting methods.  The advantage of this method is that there is no support materials 

used in the catalyst because the metal catalyst particles are produced in-situ; therefore, no 

purification step to remove the catalyst support is needed, which helps decreasing the 

amount of defects in SWNT generated during purification processes.   

 

In fact,  production of long nanotube strands, up to several centimeters in 

length, consisting of aligned SWNTs has been reported using mixture of n-hexane, 

ferrocene and thiophene (1,2).  This mixture was also used to co-synthesize of SWNTs 

and carbon fibers (CFs) under different reaction conditions (3).  Benzene has ben used as 

well to produce the rope-like bundles of SWNTs using ferrocene as catalyst source, and 

thiophene as promoter (4).  In this particular case, the authors claimed that with the 
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addition of different amounts of thiophene, either SWNTs (0.5-5 wt.% addition) or 

MWNTs (higher than 5 wt.% addition) can be obtained.   

 

Using the floating catalyst method, continuous gas phase techniques have 

been developed using coalesced iron catalyst particles using either metallocene (5,6) or 

iron pentacarbonyl (Fe(CO)5) (7) supplied to the reactor together with a carbon source 

gas.  For example, the so-called HiPco process (8,9,10) using the disproportionation 

reaction of high-pressure and high-temperature CO with (Fe(CO)5) as a catalyst seed is 

producing nowadays almost amorphous-free commercial SWNTs.  Double-walled carbon 

nanotubes (DWNTs) produced by the floating catalyst method have been reported as well 

(11). Indeed, aligned DWNTs long ropes with a narrow diameter distribution have been 

grown using CH4 as hydrocarbon source (12). 

 

In this chapter, we explored the synthesis of SWNT using the floating catalyst 

method, but using ethanol as carbon source and ferrocene as catalyst. The election of 

such feedstock was based on reports by Maruyama and coworkers indicating the 

synthesis of  high purity single-walled carbon nanotubes over Fe/Co catalysts supported 

on zeolite (13, 14) and Co/Mo mixtures deposited on Si wafers and quartz substrates (15, 

16). The products we obtained using the ethanol/ferrocene system were characterized 

mainly by Raman spectroscopy and transmission electron microscopy. 
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5.2. EXPERIMENTAL 

 

5.2.1. SWNT production   

 

Ethanol (C2H5OH) was used as carbon feedstock.  Ferrocene (C10H10Fe) was 

dissolved into ethanol to obtain Fe/C molar ratio of 0.001. Using a mixture of H2 (200 

sccm) and He (50 sccm) as carriers the liquid mixture was injected to a preheating zone 

(180oC) a rate of 0.5 ml/min using a syringe pump.  After vaporization of the liquid 

mixture in the preheating zone the vapor passed through a reaction chamber held at 

reaction temperature. The film of SWNT was collected at the cold part of the reactor. The 

total reaction time was 30 minutes.  The reaction temperature was varied from 700-

1100oC in order to find the optimum conditions.  The reactor schematics are illustrated in 

Figure 5.1.  Experiments changing the carrier gas composition were also performed (total 

flow rate held at 250 sccm) in order to study the effect of the carrier gas composition in 

the synthesis of SWNT at 800 and 1000oC.  In some experiments a lower Fe/C molar 

ratio (0.0005) was used as well. 

 

All the products were characterized by Raman spectroscopy (Jovin Yvon-

Horiba LabRam 800 equipped with a CCD detector with a laser excitation source of 

632nm, He-Ne laser), transmission electron microscopy on a TEM, JEOL-2000FX and 

temperature programmed oxidation. TPO measurements were carried out by passing a 

continuous flow (0.25 cm3 s-1) of 2% O2/He (Airgas 99.99%) over the samples as the 
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temperature was increased linearly at 10oC s-1 to 900oC. CO2 and CO formed were 

quantitatively converted to methane in a methanator by mixing the effluent with 0.83 cm3 

s-1 H2 and passing over a 15% Ni/Al2O3 catalyst held at 673 K. CH4 formation rates were 

measured by a flame ionization detector (SRI model 110), calibrated with 100 µl pulses 

of CO2, and by combustion of known amounts of graphite. 

 

 

Carrier gas 

Liquid mixture 

Cold part

Furnace 

Quartz reactor 

Vent 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure  5.1 Schematic of SWNT reaction apparatus. 
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5.2.2. SWNT purification 

 

After reaction the obtained material was purified. The purification procedure 

started with the oxidation of the as-prepared SWNT film, collected from the cold part of 

the reactor, in wet air at a flow rate of 50 sccm at 225oC for 10 hr in order to get rid of 

amorphous carbon.  Subsequently, the film was sonicated in concentrated HCl for 1 hr, 

the suspension was then filtered and washed with deionized water and finally dried at 

100oC for 2-3 hr.  The purified sample was then characterized using Raman spectroscopy 

and TEM.  

 

5.3 RESULT AND DISCUSSION

 

5.3.1. Effect of reaction temperature 

 

The effect of the reaction temperature on the quality and yield of the SWNT 

was studied by varying the temperature from 700oC to 1100oC. Figure 5.2a shows the 

Raman spectra of the products obtained from five different samples produced at different 

reaction temperatures.  It is observed that in the case of the materials grown at 

temperatures between 800-1000oC, the G band displays a very high intensity while the 

intensity of the D band is very low.  Also, the radial breathing mode bands of SWNT are 

clearly observed and show a relatively high intensity indicating the presence of high 

quality SWNTs in the product.  A contrasting behavior is observed in the case of the 
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materials grown at 700oC and 1100oC. In these two cases the intensity of the D band is 

quite high, whereas radial breathing mode bands are not observed.  Figure 5.2b illustrates 

the values obtained for a quality parameter calculated from the Raman spectra, as 

[G/(D+G)]; where, D and G are the integrated areas of the D (disorder) and G Raman 

bands, respectively.  This term is a good indication of the quality of the SWNT sample, 

since it qualitatively measures the amount of ordered SWNT compared to defects and 

other disordered sp3 carbon species.  As we have reported before a (G/(D+G)) parameter 

approaching unity is representative of a high-quality product. (17).  The values obtained 

for this quality parameter clearly indicate that the sample produced 1000oC exhibits the 

highest (G/(D+G)) quality, while the samples obtained at lower temperatures show much 

lower values, which obviously point to the presence of undesirable forms of carbon.  As 

we approach 1000oC, which seems to be the optimal reaction temperature, the (G/(D+G)) 

parameter increases; however, when the reaction temperature increases to 1100oC the 

selectivity dramatically decreases once again. The TEM micrographs obtained for the 

product synthesized at 800,1000, and 1100oC are shown in Figure 5.3 and match 

perfectly with the Raman observations. At 800oC, small amount of SWNT are observed 

together with residual iron particles which some are encapsulated by graphite.  Whereas 

big bundles of SWNTs are observed in the sample produced at 1000oC.  Finally, for the 

case of the product obtained at 1100oC, the TEM images clearly show that it is composed 

of carbon nanofibers, amorphous carbon and metal particles  encapsulated with carbon. 
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Figure  5.2  a) Raman spectra and b) G/(D+G) ratio of products obtained at different 
reaction temperature.  
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(b) 

 

Figure  5.3  TEM images of products obtained at a) 800oC, b) 1000oC, and c) 1100oC 
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(c) 

Figure 5.3 (cont’d) TEM images of products obtained at a) 800oC, b) 1000oC, and c) 
1100oC 

 

The production of SWNTs from this method could be explained by the 

mechanism proposed in Figure 1.10. When the liquid mixture of ethanol and ferrocene is 

vaporized into the reactor zone, thermal decomposition of the mixture occurs, leading to 

the formation of iron clusters and carbon.  Iron and carbon then form a metal alloy; once 

the alloy is formed diffusion of more carbon into the alloy occurs, which results in carbon 

supersaturation. The supersaturation is then followed by the formation of a nanotube cap, 

which precedes SWNT growth (18,19,20).  In fact, Kanzow et al. (21) has proposed that 

the growth of SWNTs depends on the kinetic energy of the system and the work of 

adhesion between the graphitic sheet and the metal particle.  If the kinetic energy is 

greater than the work of adhesion in such a way that it is enough to provide the energy for 
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bending the graphitic sheet, nucleation of SWNT occurs.  If not, the formation of 

MWNTs or encapsulation of metal particle takes place instead.  This could be used to 

explain the reason for which the optimum reaction temperature is 1000oC.  At lower 

temperatures, the kinetic energy of the system may not be enough to overcome the work 

of adhesion. However, at temperatures above 1000oC the rate of thermal decomposition 

of the reactant is very fast, resulting in the rapid segregation of a graphitic sheet which 

would finally lead to encapsulation of the metal particle.  Additionally, at this 

temperature the rate of agglomeration of the iron particles is faster (e.g. Figure 5.3c, large 

metal particles are observed). These large particles result in the formation of carbon 

nanofibers since the system has high kinetic energy together with a high carbon supply.     

 

5.3.2. Effect of carrier gas composition. 

 

As observed in the previous session, the optimum temperature for production 

of SWNT by pyrolysis of ethanol is 1000oC.  The carrier gas used in that case was a 

mixture of H2 (200 sccm) and He (50 sccm).  In this session, the effect of carrier gas 

composition is studied at two different reaction temperatures: 800oC and 1000oC.  Figure 

5.4A shows the Raman spectra of each product obtained using different carrier gas 

compositions at 1000oC.  It can be seen that intensity of G band is very high while that of 

D band is very low for the products obtained at each gas composition, indicating that 

there is not much effect on the quality of SWNT produced at this temperature when the 

gas composition is changed.  On the other hand, at 800oC even though the characteristic 
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bands corresponding to SWNT were observed (high G and low D band intensity, together 

with breathing mode), the effects of carrier gas composition are noticeable.  As described 

in Fig. 5.4B and Table 5.1, when the relative  amount of  He increases in the He/H2 

mixture introduced into the system the quality parameter (G/(D+G)) decreased.   This can 

be explained based on the growth mechanism showed in Figure 1.10 as well.  As 

described in section 5.3.1, the cap formation is a critical step in SWNT growth.  At the 

optimum temperature (1000oC), the cap formation is favored by the high kinetic energy 

of the system; however, we expect that the cap formation and therefore SWNT nucleation 

is slower at 800oC because of the lower kinetic energy of the system.  Therefore, at 800oC 

even though carbon atoms do segregate from the metal particle nucleation does not take 

place resulting in metal encapsulation.  At this reaction conditions, it is likely that ethanol 

undergoes decomposition, leading to the formation of  CH4, H2, and CO or dehydration to 

give C2H4 and H2O as shown in equation (5.1) and (5.2), respectively (22-25).  CH4, 

C2H4, and CO can continue to decompose providing carbon supply to the metal particle 

as illustrated in Eq. (5.3), (5.4), and (5.5), respectively.   

 
     
 CH3CH2OH                CH4 + CO + H2                            (5.1)  

 
CH3CH2OH                C2H4 + H2O       (5.2) 
 

CH4                 C + 2H2    (5.3) 
 

C2H4               2C + H2    (5.4) 
 

2CO          C + CO2    (5.5) 
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As mention above, at 800oC and when H2 was used as carrier gas the quality 

parameter (G/(D+G)) is higher than in the case of a pure He flow.  As described in the 

equations above, H2 is byproduct of carbon deposition in all three cases (ethanol, CH4, 

and C2H4 decomposition).  Therefore when H2 is used as carrier gas, a shift on the 

reaction to the reactant side is observed. Moreover a decrease on the fugacity of 

carbonaceous species on a metal surface (26,27) is also expected. In this case, as H2 is 

introduced to the system, it can react with the carbon atoms that are deposited over the 

metal surface.  This phenomenon helps slowing down the formation of a graphitic sheet, 

leading to a lower rate of metal encapsulation, resulting in higher quality parameter 

(G/(G+D)). As a matter of fact, the effect of hydrogen on the morphology of carbon 

deposits has been previously studied in the context of vapor-grown carbon fiber 

synthesis. In those studies it was proposed that the presence of a critical level of H2 on a 

CO containing feed serves to keep “clean” the active sites responsible for the 

decomposition of the carbon bearing gas during the early stages of the reaction, leading 

to the deposition of ordered forms of carbon over the catalyst (28-31).    

 

5.3.3. Effect of Fe/C ratio 

 

As observed from the TEM micrographs shown in Fig. 5.3a and b, a large 

amount of metal particles are observed at both reaction temperatures. In previous 

experiments, the Fe/C ratio used was 0.001; this ratio was decreased to 0.0005 to attempt 

to reduce the amount of metal particles in the product.   
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Figure  5.4  Raman spectra of products obtained at (A) 1000oC and (B) 800oC using 
different carrier gas mixture 
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Table 5.1. Quality parameter (G/(D+G)) of SWNTs obtained using different carrier gases 

at 800 and 1000oC. 

 

Flow rate (sccm) G/(D+G) 

H2 He 800 (oC) 1000 (oC) 

250 

200 

0 

0 

50 

250 

0.911 

0.773 

0.778 

0.958 

0.964 

0.964 

 

 

This experiment was conducted at 1000oC using He at a flow rate of 250 sccm 

as carrier gas.  The Raman spectra of the two products are shown in Figure 5.5.  Both 

Raman spectra show high quality SWNTs.  Nevertheless, temperature programmed 

oxidation (TPO) showed that the carbon amount obtained from the solution mixture of 

ethanol and ferrocene with Fe/C ratio of 0.001 is about 50 wt. %, which is remarkably 

higher than that amount of product obtained  using the solution with Fe/C ratio of 0.0005,  

which yielded a carbon amount of about 15 wt.%.  It is likely that in the case of a lower 

amount of Fe, the total rate ethanol decomposition decreases, leading to a lower amount 

of carbon deposition.  However, even though the Fe/C ratio was decreased by half, large 

amount of metal particles were still observed under the electron microscope, as 

demonstrated in Figure 5.6.  
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Figure  5.5  Raman spectra of SWNTs obtained from Fe/C ratio of a) 0.001 and b) 0.0005 

 

 

5.3.4. Purification of SWNTs 

 

As mentioned in the previous section, the SWNT materials obtained showed a 

large amount of metallic impurities. To remove these impurities the raw SWNTs obtained 

at 1000oC using a solution mixture with a Fe/C ratio of 0.001 and He as carrier gas were 

purified using the following protocol.   
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Figure  5.6  TEM images of SWNTs produced at 1000oC using solution with Fe/C ratio 
of (a) 0.0005 and (b) 0.001. 
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The amorphous carbon was oxidized first using wet air at 225oC, then the 

materials were treated with HCl to remove the iron particles. The Raman spectra of the 

purified sample and as-prepared SWNTs are shown in Figure 5.7.  When compared to the 

as-prepare SWNTs, the purified sample shows a higher intensity of the D band, which as 

mentioned above, is the signature of disorder carbon in the sample. This increase in D 

band intensity might originate from damage in SWNT walls resulting from the 

purification process.  TEM was used as well to investigate the quality of the purified 

sample. From a detailed analysis of low magnification TEM micrographs (Fig. 5.8a) it is 

clear that there are still a number of metal particles present in the purified samples but 

clearly a lower amount when compared to the as-prepared materials (Fig. 5.6b.) On the 

other hand, the high magnification image shown in Figure 5.8b shows a big bundle of 

SWNTs together with the graphitic rings and some amorphous carbon.  These graphitic 

rings are the ones formed during the encapsulation of the metal particles during synthesis, 

while the amorphous carbon might have been generated from the SWNTs damaged 

during the purification process.  The TEM results are in perfectly agreement with the 

Raman spectra shown in Figure 5.7, showing again an increase on the amount of 

amorphous carbon after the purification step. 
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Figure  5.7  Raman spectra of as-prepared SWNTs compared with the sample after 
purification. 
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Figure  5.8 (a) and (b) TEM images of purified SWNTs at low and high magnification, 
respectively. 
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5.4 CONCLUSIONS

 

SWNTs were produced using the floating catalyst method using a mixture of 

ethanol and ferrocene.  Under our reaction conditions the optimum reaction temperature 

for SWNT synthesis seems to be 1000oC.  The quality of SWNTs is not changed with the 

carrier gas composition is varied at this temperature; however, at 800oC, the quality of 

SWNTs can be improved by increasing the amount of H2 in the carrier gas.  The reason 

for the effect of the carrier gas composition at 800oC on SWNT quality was explained 

based on the VLS growth mechanism.  The yield of SWNTs depends on the Fe/C ratio 

used in the precursor solution; when this ratio decrease, the amount of carbon obtained 

decreased but the quality of product does not change.  In addition, substantial removal of 

remaining iron catalyst form the raw SWNT material was achieved by oxidation in wet 

air and HCl dissolution. The quality of SWNTs slightly decreases after purification 

process, mainly by formation of amorphous carbon. 
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CHAPTER 6  
 

SYNTHESIS OF SINGLE-WALLED CARBON NANOTUBE ON 

QUARTZ SUBSTRATES USING BIMETALLIC    Co-Mo 

CATALYSTS 

  

6.1 INTRODUCTION 

 

Single-walled carbon nanotubes are widely considered as ideal candidates for 

interconnections and active components in nanoscale electronic devices, such as quantum 

wires (1), field-effect transistors (2, 3) and field emitters (4).  Most of the SWNT-based 

devices used materials synthesized by either laser ablation or the arc discharge method.  

Recently, surface CVD growth of SWNTs has attracted much attention (5-10) as an 

alternative route for fabrication of such devices. Indeed, it has been demonstrated that the 

direct CVD growth of SWNT over flat substrates is a relatively inexpensive method 

which can be tuned to create isolated, low-defect SWNTs (10), whereas nanotubes 

fabricated by laser ablation or arc discharge are initially synthesized as bundles and have 

to be purified and suspended in solution before deposition onto a surface for device 

fabrication. These post-synthetic treatments may introduce defects and alter the electronic 

properties of SWNTs due to the highly oxidative chemicals and ultra sonication processes 
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used for purification and dispersion.  Huang et al. have directly grown millimeter-long, 

well-aligned SWNTs in large areas on a flat substrate using monodispersed Fe/Mo 

nanoparticles as catalysts and CO as feeding gas. The lengths of the SWNTs reported 

were more than 2 mm. Moreover, they reported that the orientation of nanotubes is 

directly controlled by the direction of gas flow in the CVD system without the use of any 

external force like an electric or magnetic field (11,12).  Kim et al. (13) have used a 

mixture of methane and ethylene as the feed gas in the SWNT synthesis on flat substrates 

using well-controlled isolated catalytic Fe2O3 nanoparticles. Reports on the growth of 

vertically aligned single-walled carbon nanotubes on silicon and quartz substrates using 

ethanol (14), ethylene (15 ), and methane (16) have recently appeared in the literature 

 

Our group has reported several times the good performance of a CoMo 

bimetallic catalyst formulation supported on SiO2 used in the production of SWNTs using 

CO as feed gas (17- 20).  In the present chapter we report an attempt to impregnate this 

bimettlaiic  CoMo catalyst over a flat quartz substrate using the liquid based dip-coat 

method reported by Murakami et al. (21).  SWNTs were then directly synthesized on the 

substrate using CO and ethanol as carbon containing molecule. The results indicate the 

suitability of this catalyst for SWNT synthesis over flat substrates. 
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6.2 EXPERIMENTAL 

 

6.2.1. Surface preparation  

  

A metal acetate solution containing both Co and Mo was first prepared by 

dissolving molybdenum acetate (CH3COO)2Mo)2 and cobalt acetate tetrahydrate 

(CH3COO)2Co.4H2O in ethanol to achieve a 0.01 wt% concentration of each metallic 

species. To obtain total dissolution, the mixture was sonicated for 2 hr.  Fused quartz 

plates with a thickness of 1 mm were used as substrate. Two different kinds of quartz 

substrates were used; (i) as purchased, denoted as “smooth surface” and (ii) after a gently 

scratch of the surface using a solid abrasive to roughen the surface on both sides of the 

substrate, this substrate is denoted as “scratched surface”.  The substrate was cut into 

stripes of about 5x10 mm2, in order to remove any metallic impurity the strips were 

soaked in 3%H2O2 solution at 50oC for 15 minutes and carefully rinsed with deionized 

water.  The substrate piece was then submerged into the metallic acetate solution 

decribed above for 10 min.  The surface of the substrate was rapidly dried above the 

liquid contact level as soon as it was removed from the solution. All these processes were 

run in a exhaust hood to avoid surface contamination by dust particles.  Right after drying 

the samples were placed on a closed Pyrex petri dish and placed in a furnace maintained 

at 400oC for 5 min in air to decompose acetates or any other organic residues and to form 

the mixed oxide of Co-Mo bimetallic catalyst.  
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The surface was characterized by X-ray photoelectron spectroscopy (XPS), 

Physical Electronics PHI 5800 ESCA system, equipped with monochromatic Al Kα X-

ray source. The binding energies were corrected by reference to the C(1s) line at 284.5 

eV.  The fitting of the XPS spectra and the quantification of the surface atomic ratios 

were obtained with Gauss-Lorentz peaks, using the MultiPak software from Physical 

Electronics.   

 

6.2.2. SWNT production 

 

The substrate was put into a reactor where they were reduced at 500oC in H2 

flow (100 sccm) for 30 minutes and heated up to reaction temperature (850oC) in He 

using a flow rate of 100 sccm and a heating ramp of 10oC/min; after reaching 850oC CO 

(50 sccm) or ethanol were fed to the reactor for 1 hr.  In the case of ethanol, He, H2, or a 

mixture of these two gases was used as carrier gas with He to H2 ratio of 1:1, 1:2, 1:3, 

and 1:5 keeping the overall flow rate constant at 150sccm. Before reaching the reactor 

this gas mixture was passed through an ethanol bubbler kept at room temperature.  

 

The synthesized SWNTs were characterized by Raman spectroscopy using a 

Jovin Yvon-Horiba LabRam 800 equipped with a CCD detector with a laser excitation 

source of 632nm (He-Ne laser), 514, and 488nm (Ar laser). Scanning electron 

microscopy (JEOL 880) and transmission electron microscopy (JEOL 2000FX) were also 

used for SWNTs analysis. 
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6.3 RESULT AND DISCUSSION 

 

6.3.1. Production of SWNTs 

 

First, the smooth surface impregnated with Co-Mo bimetallic catalyst was 

used to undergo the reaction with CO and ethanol at 850oC, in this study He was used as 

carrier gas when ethanol was used as feed.  After reaction, the substrate was still 

transparent in the case of CO; however, it looks dark when ethanol was used.   Raman 

spectra of the surface after reaction with CO and ethanol at 850oC are shown in Figure 

 6.1. It is noticeable that SWNTs were observed only when CO was used as carbon 

containing molecule as a sharp peak of G band and radial breathing mode were detected 

with low intensity of D band.  However, in the case of ethanol, the D band and G band 

intensity are comparable with no characteristic breathing mode at low frequency.  This 

can imply that there are no SWNTs generated when ethanol was used as feed.  The 

surface was then investigated using scanning electron microcopy, the micrographs are 

illustrated in Figure  6.2a and b.  From SEM images, the low density of tube-like materials 

was detected after the surface was reacted with CO (Fig. 6.2a).  On the contrary, very 

high density of these tube-like materials was observed in the case of ethanol as feed.  As 

monitored by Raman spectroscopy, the tube-liked materials in the case of CO are 

believed to be SWNTs, while the ones observed on the surface after reaction with ethanol 

are either MWNTs or carbon filaments.  This observation was confirmed by transmission 

electron microscopy (TEM) as the image in Figure 6.2c shows.  It is clear that the 
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materials obtained from ethanol decomposition using He as carrier gas are mostly 

MWNTs.  Unfortunately, because of low density of materials obtained after reaction with 

CO, TEM analysis could not be performed on this sample.        
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 Figure  6.1 Raman spectra of products obtained on smooth quartz surfaces after reaction 
with CO and ethanol at 850oC (Laser excitation source of 632 nm). 

 
 

Interestingly, in the case of CO used as feed, although the Raman spectra is 

better than when ethanol was used as feed, we detected by doing SEM analysis in 

different regions of the substrate, that the distribution of SWNTs on the surface was not 

homogenous.   
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Figure  6.2 (a) and (b) SEM images obtained on smooth quartz surfaces after reaction 
with CO (a) and ethanol (b). TEM images of product obtained on the smooth quartz 
surface after reaction with ethanol (c). 
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Figure 6.2 (cont’d) (a) and (b) SEM images obtained on smooth quartz surfaces after 
reaction with CO (a) and ethanol (b). TEM images of product obtained on the smooth 
quartz surface after reaction with ethanol (c). 
 

 

In addition, it was brought to our attention that the materials obtained near the 

edge of the quartz stripes (coarse edges) showed Raman spectra of SWNT with lower D 

band intensity, indicating a product of better quality in this case.  Therefore we attempted 

a roughening of the quartz surface before impregnation of the cobalt and molybdenum 

acetates onto the substrate. These new “scratched” substrates also went through the same 

process as the smooth substrate (calcinations, reduction, and reaction with CO at 850oC). 

The Raman spectra of the SWNT materials obtained on this “scratched” surfaces are 

shown in Figure  6.3.  It clear that in the case of the Raman spectra obtained for the 

products synthesized over the scratched surface (Fig.6.3b), the D band intensity is lower 
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than in the case of product obtained on CoMo impregnated on the smooth quartz 

substrate (Fig. 6.3a).  This indicates that the amount of amorphous or disorder carbon in 

the case of CoMo impregnated on smooth surface is larger than in the case of scratched 

surface.      
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Figure  6.3 Raman spectra of products obtained over a) smooth quartz surface and b) 
scratched quartz surface after reaction with CO at 850oC. 
 

To corroborate the Raman observations electron microcopy was performed on 

these two different samples. SEM images of these two surfaces are compared in Figure 

 6.4.   
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Figure  6.4 SEM images obtained on smooth quartz surfaces (a and b) and scratched 
quartz surfaces (c and d) after reaction with CO at 850oC. 

 

As mentioned above, in the case of smooth surface SEM analysis indicated 

heterogeneity on the product distribution. By observing this substrate using SEM (Fig. 

6.4a and b) it is clear that the yield of SWNT is not the same in all areas.  A contrasting 

behavior is observed in the case of the materials obtained over the scratched surface. In 

this particular case, the product distribution is improved as shown in the SEM image of 

this substrate obtained at low magnification (Fig.6.4c).  With higher magnification, high 
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density of SWNTs entangle on the surface is observed. This difference between smooth 

and scratched surface was rationalized in terms of the catalyst distribution as discussed 

below. 

 

As illustrated by Raman spectroscopy and SEM above (Figure  6.1 and Figure 

 6.2), when ethanol is used as feed, MWNTs were synthesized. However, in these 

experiments, He was used as carrier gas.  In the previous chapter we demonstrated that 

the effect of varying the carrier gas composition is critical in production of SWNTs using 

the floating catalyst method with ethanol as feed. Indeed, when H2 was employed as 

carrier gas at 800oC, the quality of the material obtained increased (Table 5.1). Based on 

this observation we attempted to improve the quality of the material obtained using 

ethanol decomposition over the flat quartz surface by changing the carrier gas from He to 

H2. We performed this study on the smooth quartz surface. Raman spectra of the 

carbonaceous deposits obtained on the smooth surface using He and H2 as carrier gases 

after ethanol decomposition are shown in Figure  6.5.  The Raman spectra of the product 

obtained over the scratched surface using H2 is also show.  It can be seen that the relative 

intensity of the D band compared to the G band decreases when H2 was used as carrier 

gas.  Also the radial breathing mode which is the characteristic band of SWNTs is clearly 

visible when H2 is used a carrier gas indicating the presence of SWNTs.  The reason for 

the improving on product quality might be rationalized in the same way proposed earlier 

in section 5.3.2 That is it is possible that when H2 was used as carrier gas, the reaction 

equilibrium of the possible chemical reactions is shifted toward the reactants, resulting in 
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a slower reaction rate, otherwise it might due to the so-called “cleaning effect”.  As H2 is 

introduced to the system, it can react with the carbon atoms that are deposited over the 

metal surface.   This phenomenon helps slowing down the formation of a graphitic sheet, 

leading to a lower rate of metal encapsulation, resulting in higher quality parameter 

(G/(G+D)). 

 

We attempted to further improve the product quality by using the scratched 

surface under the same conditions (i.e. H2 carrier gas, ethanol as carbon source). The 

product quality on this surface shown to be further enhanced as the decrease on the D 

band intensity indicates in Figure  6.5c.  
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Figure  6.5  Raman spectra of products obtained on quartz surfaces after reaction with 
ethanol at 850oC using different carrier gases: a) smooth quartz surface with He as carrier 
gas, b) smooth quartz surface with H2 as carrier gas, and c) scratched quartz surface with 
H2 as carrier gas. 
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We also studied the effect of different ratios of He and H2 on the quality and 

morphology of the SWNT materials obtained over a CoMo impreganted scratched quartz 

surface. The molar ratio of He to H2 used in these series of experiment were 1:1, 1:2, 1:3, 

and 1:5.  The Raman spectra and quality parameter (G/(D+G)) of the products obtained 

over the substrate treated using these different molar ratios of He to H2 are shown in 

Figure  6.6. As the amount of He introduced into the system increases the intensity of the 

D band shows a systematic decrease. Indeed, the value of the quality parameter 

(G/(D+G)) increases from 0.7 (in case of pure H2) to 0.9 when about 20% of He (He to 

H2 ratio 1:5) is introduced in the system.  The (G/(D+G)) value remains constant at about 

0.9 even at about 35% of He in the carrier gas (He to H2 ratio  1:2).  Then it drops to 0.8 

when 50% of He was mixed with H2   (He to H2 ratio 1:1).  Therefore, the quality of 

product obtained on the surface can be improved by mixing small amount of He in H2 

stream as the carrier gas (He to H2 ratio 1:2, 1:3, and 1:5).  However, if a lot of He is 

added to the system (He to H2 ratio 1:1), the quality of product began to decrease and 

product of a similar quality to that obtained using the smooth quartz surface with pure 

He, i. e.  MWNTs. 

 

To evaluate the effect of the carrier composition on the morphology of the 

material obtained we performed a detailed Raman analysis of the material using three 

different excitation lines. By using this kind of analysis it is possible to obtain an accurate 

description of the SWNT diameter distribution by probing the different energy gaps 

between singularities in the valence and conduction bands of the electronic density of 
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states of SWNTs through the resonant Raman effect. Indeed, calculations linking these 

singularities with nanotube diameters have been conducted by Kataura et al. (22) and their 

results are reproduced in Figure  6.7 and used to evaluate our experimental data.  In this 

Figure, the calculated results for each possible nanotube structure (Kataura’s plot) is used 

as a background; with the solid and open circles representing nanotubes with metallic and 

semiconducting character, respectively. The diameter distribution of the SWNTs obtained 

over our quartz surface using different He:H2 ratios are shown in Figure  6.7. As 

mentioned above, three different laser excitation energies were used to identify the tube 

diameters obtained on each He to H2 ratio. Superimposed over the so-called Kataura’s 

plot, the Raman data obtained in the present work for each observed nanotube diameter, 

as inferred from the frequency of the radial breathing mode bands (see section 2.1.2.2),   

are indicated with solid circles. The different colors red, green, and blue indicate results 

obtained using laser lines with 2.0, 2.4, or 2.55 eV energies respectively.  It can be seen 

that the different He to H2 ratio used shows a very broad diameter distribution, and a 

clear trend in diameter change at different He:H2 rations cannot be observed, indeed all 

the materials seem to yield SWNT with diameters ranging from 0.7 to 1.8 nm.  This 

result seems to point out that although under our reaction condition the gas composition 

changes the quality of the product obtained it does not have an impact on the nanotube 

diameter.  

 

 SEM images obtained on the surfaces after reaction with ethanol using 

mixtures of He and H2 with ratios 1:1, 1:2, and 1:3 are shown together with that one 
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obtained on the material synthesized using pure H2 as carrier gas in Figure  6.8.  The most 

important observation is that when He is added to the system, the amount of short 

nanotubes decreases dramatically.  As we can seen from Figure  6.8a, when pure H2 is 

used as carrier gas, a large number of short nanotubes is observed.  With using a 1:1 He 

to H2 ratio the amount of short nanotubes obtained decreases, as the ratio change to 1:2 

and 1:3, only few short nanotubes are detected and the material becomes abundant in 

nanotubes of longer length. This observation is in agreement with Raman spectra that 

show the decreases in D band intensity with a decrease in the He to H2 ratio, since shorter 

length of SWNTs have commonly a larger density of defects than longer nanotubes.  

 

As mentioned in section 5.3.2, H2 can help reducing the amount of carbon 

supplied to the catalyst by shifting the reaction equilibrium of the possible chemical 

reactions toward the reactants, resulting in a slower reaction rate, and to clean the catalyst 

surface as well, by reacting with the carbon atoms that are deposited over the metal 

surface, which helps slowing down the formation of a graphitic sheet, leading to a lower 

rate of metal encapsulation.  These two effects might play an important role in the case of 

ethanol decomposition over the flat quartz surfaces.  On the other hand, as observed 

above, the quality of the products obtained using a mixture of He and H2 gases is further 

improved as the amount of He in the carrier  increases as the  calculated values of the 

quality parameter (G/(D+G)) calculated from the Raman spectra indicate (Figure  6.6).   

 

 

 147



 

100 600 1100 1600
Wavenumber (cm-1)

In
te

ns
ity

e) pure H2

a) 1:1

d) 1:5

c) 1:3

b) 1:2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.6

0.7

0.8

0.9

1.0

1:11:21:31:5

He:H2 ratio

G
/(D

+G
)

632

514

488

pure H2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  6.6 (Upper) Raman spectra of products obtained after reaction with ethanol at 
850oC using mixtures of He and H2 gas as carrier with different He:H2 ratio: (a) pure H2, 
(b) 1:1, (c) 1:2, (d) 1:3, and (e) 1:5.  (Lower) Quality parameter (G/(D+G)) calculated 
from Raman spectra obtained using different laser energy. 
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Figure 6.7 Diameter distribution of SWNT products obtained after reaction with ethanol at 850oC using mixtures of 
He and H2 gas as carrier with different He:H2 ratios: (a) pure H2, (b) 1:1, (c) 1:2, (d) 1:3, and (e) 1:5. 
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Figure 6.7 (cont’d) Diameter distribution of SWNT products obtained after reaction with ethanol at 850oC using 
mixtures of He and H2 gas as carrier with different He:H2 ratios: (a) pure H2, (b) 1:1, (c) 1:2, (d) 1:3, and (e) 1:5. 
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Figure  6.8 SEM images of the products obtained after reaction with ethanol at 850oC 
using a mixture of He and H2 gas as carrier with different He:H2 ratios: (a) pure H2, (b) 
1:1, (c) 1:2, and (d) 1:3. 

 

We can rationalize this behavior in terms of the competition between the rate 

of carbon supply to the metal particle and the rate of metal agglomeration. In the case of 

pure H2 as carrier gas, the amount of carbon supply from ethanol decomposition 

decreases and as consequence the reaction rate of carbon decomposition decreases; 

moreover hydrogen might also remove already deposited carbon from the metal surface 
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by a gasification mechanism (formation of methane or another light hydrocarbons). These 

two effects prevent metal encapsulation by graphite and also the formation of MWNT or 

carbon nanofibers, which are observed when pure He was used as carrier gas.  However, 

since the substrate used in these series of experiments has an extremely low surface area 

compared to catalyst supports commonly used, the distance between different metal 

particles in this substrate might be smaller. As a consequence at the high temperatures 

used here the rate of metal agglomeration should be higher than in case of porous 

supports, particularly when H2 is present. This leads to a higher amount of large metal 

particles and therefore formation of MWNT, carbon nanofibers, or metal encapsulation is 

observed.  In the case of a small amount of He added to dilute the H2 stream, it is possible 

that the rate of metal agglomeration slows down leading to a decrease on the formation of 

MWNT or metal encapsulation. Moreover, when a small amount of He is introduced, the 

rate of ethanol decomposition increases, resulting in a higher rate of carbon supply to the 

nanoparticle which in turn leads to a higher amount of long SWNTs in contrast to the 

product observed when H2 alone was used as carrier gas (short SWNTs). However, as the 

amount of He further increases the rate of carbon supply increases accordingly, resulting 

again in higher rate of MWNTs formation and the decrease in product quality.   

 

 

 

 

 

 152



6.3.2. Surface analysis of the quartz substrate 

 

In section 6.3.1 we showed that the surface morphology (whether smooth or 

scratched) plays a crucial role on the quality and homogeneity of product obtained over 

the quartz substrate. The surface that was roughened before impregnation with CoMo 

yields SWNTs of  higher quality than those obtained over the smooth quartz surface as 

shown by Raman spectra in both CO and ethanol cases. To understand the catalyst 

morphology   XPS analysis of the impregnated CoMo surface was performed after 

calcination in air at 400oC, reduction in H2 at 500oC,  heating up to 850oC in He, and 

reaction with CO at 850oC.  The binding energies of the Co 2p3/2 and Mo 3d5/2 levels 

obtained for both smooth and scratched quartz surfaces are shown in Table 6.1. From a 

detailed analysis of the data in Table 6.1, it is clear that smooth and scratched quartz 

exhibit similar chemical states after calcination, reduction, and reaction.  After 

calcinations in air at 400oC, the main peak in the spectra corresponding to the Co 2p3/2 

level shows a maximum at about 781 eV, which has been previously attributed to Co2+ in 

CoMoO4 species (780.5-781.4 eV) (19, 23-26).  After reduction and reaction with CO, 

the spectra shows an additinal peak centered at about 778 eV, which correspondis to 

metallic Co (777.8-778.5 eV) (19, 24-27).  In the case of the Mo 3d5/2 level, it can be 

observed that after calcination the surface is mainly composed of a single doublet, with 

the main peak centered at  232 eV, which is attributed to Mo6+ in MoO3 (232.2–233.0 

eV) [19, 25-30] and/or nonstoichiometric Co molybdates, CoMoOx (232.1–232.3 eV for 

stoichiometric Co molybdate  where x = 4) [19, 24, 25].  After reduction in H2 and 
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heating up to 850oC in He, there are two additional bands that appear in the Mo spectra , 

one at about 228 and the other one at  231 eV, which correspond to Mo4+ in MoO2 and to 

an intermediate state such as Mo5+, respectively (19)    

 

The fraction of the different chemical states of Co and Mo were obtained from 

the fitting of the XPS spectra using asymmetric curves. The results are shown in Table 

6.2. Several interesting observations can be drawn form a detailed analysis of the results 

illustrated in Table 6.2. First, it is clear that the change in the chemical state of Co with 

different treatments is more dramatic for the smooth than for the scratched quartz surface. 

Indeed, the peak centered at 781 eV, which corresponds to Co2+ species decreases to 

about 27% of the overall Co content, together with the appearance of about 73% of 

metallic Co after reduction. Moreover, after reaction with CO the amount of Co in 

metallic state increases to 87% of the overall Co content. For the case of the scratched 

quartz surface, the amount of oxidized cobalt is around 36% respect to 64% of metallic 

Co after reduction, and after reaction with CO, the Co2+ contribution to the XPS spectra 

decreases to about 25%.  From these values it is possible to conclude that the reduction of 

Co during the pretreatment and reaction stages is easier when CoMo is impregnated on 

the smooth quartz surface.   
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Table 6.1 Binding energies for CoMo impregnated quartz surface after subsequent 

treatments calcination (calcined), reduction and heat up to 850oC in He (reduced), and 

reaction with CO (reaction). 

 

Co 2p3/2 peak 

position (eV) 

Mo 3d5/2 peak 

position (eV) 

Catalysts 

Smooth Scratched Smooth Scratched 

Calcined 781.83 781.57 232.36 232.31 

Reduced 778.37 

781.62 

779.01 

781.66 

228.03 

231.02 

232.58 

227.79 

231.04 

232.40 

Reaction 778.92 

781.83 

778.80 

781.59 

228.39 

231.60 

228.54 

231.37 

 

 

Our previous work (19) has clearly established that in the case of SWNT 

production using CoMo (1:3)/SiO2 as catalyst, after calcination Co and Mo are in the 

form of CoMoO4 species.  EXAFS and XANES analysis of the real powder catalyst 

showed that even under the H2 environment at high temperature Co and Mo species are 

still in the oxidized state, forming a Co-Mo suboxide instead of stoichiometric CoMoO4 

species.  When CO is in contact with the catalyst, these pre-reduced cobalt molybdate 

species are converted to an unstable CoMo carbide; Co is no longer stabilized in this new 
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matrix and starts migrating towards the surface where it gets reduced to form very small 

Co metallic clusters which trigger SWNT growth.   

 

Table 6.2 XPS fitting results for the chemical state for Co and Mo on the quartz surface 

after subsequent treatments calcination (calcined), reduction and heat up to 850oC in He 

(reduced), and reaction with CO (reaction). 

 

Composition (%) 

Scratched surface Smooth surface 

 

Calcined Reduced Reaction Calcined Reduced  Reaction

Co2+  
(781 eV) 100 36.09 25.18 100 27.43 13.23 

Co0  

(778 eV) 0 63.91 74.82 0 72.57 86.77 

Mo6+

(232 eV) 100 11.82 0 100 6.62 0 

Mo5+

(231 eV) 0 29.68 31.98 0 37.72 18.29 

Mo4+

(228 eV) 0 58.50 68.02 0 55.66 81.71 
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From the XPS results obtained on the CoMo impregnated on the quartz 

substrate shown above, we can also state that after calcination Co and Mo are forming 

CoMoO4 species.  However, after reduction at high temperature some of these CoMoO4 

species get reduced, yielding metallic Co and Co2+ that might still be interacting with Mo 

in the form of a cobalt molybdate suboxide.  This difference from the CoMo/SiO2 real 

catalyst is possibly arising from the low surface area of the quartz substrate compared to 

that of silica gel used as support in the case of CoMo/SiO2 catalyst and also to the fact 

that in the case of the flat surface samples the molar ratio of Co to Mo is about 1.6.  

Therefore, there is excess amount of Co that does not interact with Mo; these Co can be 

reduced easier than the ones that interact with Mo (19), yielding metallic cobalt after 

pretreatment in hydrogen.   

 

The Co and Mo atomic percentage obtained based on the XPS results on the 

scratched and smooth surfaces after each treatment is shown in Figure  6.9.  It can be seen 

that the amount of Co and Mo on smooth quartz surface is higher for almost an order of 

magnitude than those in the case of the scratched quartz surface.  Both smooth and 

scratched quartz surfaces exhibit similar trends after treatment with H2 at 500oC  heating 

up to 850oC in He and reaction with CO at 850oC.  However, the quantity of Co and Mo 

detected by XPS on the smooth surface after calcination is much higher than on the 

scratched surface.  After the reduction in H2 at 500oC and heating to 850oC in He, the 

amount of Co and Mo significantly drop from 12% to 4% (atomic %) in the case of the 

smooth quartz surface, while these same quantities slightly decrease in the case of 
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scratched quartz surface from about 2% to 1%.  After reaction with CO at 850oC, the 

concentration of Co and Mo on the surfaces dimly changes compared to the large 

variation observed when the calcined samples are reduced in H2. In order to obtain a 

better description of the surface composition at each stage we also calculated Co to Mo 

and Co to Si atomic ratios; the results are shown in Figure  6.10.  In the case of Co/Mo 

ratio, a similar trend is observed on both smooth and scratched surfaces, that is an 

increase in the Co/Mo ratio at each stage ( Figure  6.10).  These changes probably arise 

from the exposure of Co atoms onto the surface after treatments with H2 and CO.  The 

Co/Si ratio obtained on the smooth quartz surface after calcinations is very high 

compared to the value obtained for the scratched quartz surface. This same value then 

drops dramatically after treatment in H2 at 500oC and decreases slightly after reaction 

with CO.  This trend is the same as the one observed in each treatment step for the % of 

atomic Co (Figure  6.9.)  Therefore, it is possible that the change in this ratio is mostly 

effected by a variation of the amount of Co on the surface indicating that the dispersion 

of Co on the smooth quartz surface decreases significantly after treatment in H2.  In the 

case of scratched quartz surface, the values for atomic %Co and Co/Si atomic ratio are 

not affected as dramatically by the treatment step. These two different behaviours can be 

explained if one assumes that in the case of the smooth quartz surface, the cobalt 

molybdate species are forming a thin layer over the silica after calcination; then after 

treatment in H2 at high temperature, reduction of the metal oxide species takes place, 

some metallic cobalt nucleation takes place and the inital thin film of cobalt molybdate 

dewets the silica surface.  As a consequence the relative amount of cobalt on the surface 
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detected by XPS decreases.  However, in the case of scratched quartz surface, because 

the roughness of the surface might yield a higher surface area, the amount of cobalt 

molybdate might not be enough to form a thin film to cover the entire quartz surface, 

leading to a relatively low concentration of cobalt on the surface observed by XPS. 

Therefore, after treatment in H2 at high temperature, even though dewetting of the film 

might occur, the change is not as dramatic because in this case the silica surface is 

already exposed before treatment. 

 

To summarize, from XPS results, we can conclude that in both smooth and 

scratched quartz substrate the Co and Mo species are in the form of CoMoO4 after 

calcination in air at 400oC.  This cobalt molybdate species are reduced at high 

temperature in the presence of H2 to give metallic Co together with some of Co-Mo 

suboxide species. Then after reaction with CO at 850oC the amount of metallic Co 

increases. However, on the case of the smooth quartz surface, the formation of metallic 

Co is faster than in the case of the scratched quartz surface as XPS shows higher fraction 

of metallic Co compare to Co2+.  As a result, metal agglomeration take place, leading to 

the rapidly decrease in the dispersion of Co on the smooth quartz surface, which then 

result in lower quality of SWNT obtained on this surface as observed in Figure  6.3.  For 

the case of the scratched quartz surface, the roughness of the surface might give a higher 

surface area which helps preventing metal agglomeration, resulting in the improvement 

of SWNT quality. 
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Figure  6.9  Atomic percentages of Co and Mo of CoMo impregnated on quartz surface 
after calcination at 400oC (Calcined), reduction at 500oC and heat up to 850oC in He 
(Reduced), and reaction with CO at 850oC (Reaction) as obtained for XPS analysis. 
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Figure  6.10 Co/Mo and Co/Si ratio calculated from XPS analysis for CoMo impregnated 
on quartz surface after calcination at 400oC (Calcined), reduction at 500oC and heat up to 
850oC in He (Reduced), and reaction with CO at 850oC (Reaction). 
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6.4. CONCLUSIONS 

 

In this chapter, we have showed that SWNT can be synthesized over flat 

quartz substrates impregnated with CoMo bimetallic catalysts by using CO or ethanol as 

carbon feedstock. The surface structure of the quartz substrate plays a critical role on the 

quality of the SWNTs obtained.  The surface roughened before catalyst impregnation 

yields SWNT of higher quality. The reason for this observation has been attributed to the 

lower rate of metal agglomeration on the surface compared to that one observed on the 

smooth quartz surface.  In the case of ethanol used as carbon containing molecule, the 

carrier gas composition also has a significant impact on the quality of SWNTs.  When He 

was used as carrier gas, MWNTs are obtained instead of SWNTs.  However, when H2 

was employed, SWNTs were obtained. The quality of the product improves when He was 

added to the H2 stream up to about 35%.  This phenomenon has been rationalized in 

terms of a balance between the rate of carbon supply and rate of metal agglomeration.   
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CHAPTER 7  
 

MICROSCOPIC ANALYSIS OF SWNT GROWN ON Co-Mo 

CATALYSTS SUPPORTED ON A TEM GRID USING CO AND CH4

 

7.1. INTRODUCTION 

 

The chemical vapor deposition (CVD) method is a technique widely used for 

the synthesis of SWNTs.  Many researchers consider chemical vapor deposition (CVD) 

as the only viable approach to large-scale production. As a result, research is underway to 

optimize the CVD growth, i.e., to investigate the effect of catalyst composition, variation 

of supporting/substrate materials, synthesis temperature and hydrocarbon gases.  Various 

carbon-containing molecules are used as feed, such as CH4, C2H4, C2H2, CO, or C2H5OH 

(1-8).  Our group has focused on the disproportionation of CO over bimetallic CoMo 

catalysts, which exhibited a high selectivity towards the production of SWNT at 

relatively low temperatures (9, 10).   

 

Significant efforts are currently focused on trying to understand the 

mechanistic details of the SWNT growth.  Understanding the growth mechanisms could 

lead to higher controllability in the SWNT production.  There are two main proposed 

growth mechanisms, which are base-growth and tip-growth mechanism.  The “tip-
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growth” mechanism is well demonstrated for certain multiwalled carbon nanotubes 

(MWNTs) (11) and “base-growth” for both MWNTs (12) and SWNTs (13).  In case of 

SWNTs grown from CVD on the powder catalyst, it is very difficult to image the origin 

of the SWNTs by TEM because the metal particles are usually small and also disturbed 

by the catalyst support.  Direct observation of SWNT growth from the thin substrate 

containing isolated metal particle was first made by Li et al. (13, 14).  In that work, 

discrete catalytic nanoparticles were placed on ultrathin alumina membrane.  It has been 

found that under certain operating conditions the catalyst nanoparticle remains on the 

supporting substrate, whereas the nanotube grows away from the particle with a closed-

end. This observation has leaded the authors to propose their result as a clear evidence for 

base growth model.  Gavillet et al. in a series of transmission electron microscopy studies 

(15-17) have proposed a similar growth mechanism for SWNTs obtained from arc 

discharge or laser ablation.  This mechanism, which adopts the concepts of the vapor-

liquid-solid (VLS) model (18), is called root-growth mechanism in which the bundle of 

SWNTs nucleates from a catalyst nanoparticle that is supersaturated with carbon.  Similar 

models have been reported by Alvarez et al. for SWNTs produced by the solar method 

(19). 

 

In the present contribution, electron microscopy was used to investigate the 

growth mechanism of SWNT over a bimetallic Co-Mo catalyst.  A model system based 

on a silicon dioxide TEM grid impregnated with a CoMo catalyst was used as catalyst 

and treated under similar reaction condition as in the powder catalyst and the 
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observations obtained from this model system were used to explain the differences in 

behavior of this Co-Mo bimetallic in powder catalyst under different reaction conditions.. 

 

7.2. EXPERIMENTAL 

 

7.2.1 Model catalyst study 

  

Lacey silicon monoxide membranes TEM grids were obtained from Ted pella 

Inc.  The grid was first calcined at 500oC for 5 minutes in order to generate a silica 

surface on the membrane.  A solution containing Co and Mo was prepared by dissolving 

cobalt (II) acetate tetrahydrate and molybdenum (II) acetate dimer in ethanol.  The 

solution was then dropped on the calcined grids and further calcined at 400oC for 5 

minutes to decompose the acetate and form Co-Mo metallic oxide species.  The grid was 

then put into a reactor where they were reduced at 500oC in H2 flow and heated up to 

reaction temperature (850oC) in He, after reaching 850oC CO or CH4 were fed to the 

reactor.  Different reaction times were used, ranging from 1 to 10 minutes.     

 

After reaction, the TEM grid was directly characterized by Raman 

spectroscopy using a Jovin Yvon-Horiba LabRam 800 equipped with a CCD detector 

with a laser excitation source of 632nm (He-Ne laser). Transmission electron microscopy 

(JEOL 2000FX  and JEOL 2010) and scanning electron microscopy (JEOL 880) were 

used to investigate the morphology of the catalyst and SWNT obtained after reaction. 
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7.2.2. Real catalyst study  

 

Bimetallic CoMo supported on high surface area SiO2 powder was prepared 

by incipient wetness impregnation. The bimetallic samples, prepared by coimpregnation 

of aqueous ammonium heptamolybdate and Co nitrate solutions on the support, had 

Co:Mo molar ratios of 1:3 and 2:1.  After impregnation, the solids were dried overnight 

at 120°C and then calcined in air at 500oC for 2 hr.  50 mg of catalysts were placed in a 

horizontal quartz reactor of 0.5 inch diameter, heated in H2 up to 500 °C and then in He 

to reaction temperature (i.e. 750oC or 850oC).  Subsequently, the carbon-containing gas 

(either CO or CH4) was introduced at a flow rate of 50 cm3/min for 10 min.   

 

The products were examined by Raman while the amount of carbon deposited 

was determined by temperature programmed oxidation (TPO) as described in our 

previous work (20).  In short, a continuous flow of 5% O2 in He is passed over the 

product containing the carbon deposits while the temperature is linearly increased at a 

heating rate of 10oC/min. The evolution of CO2 produced by the oxidation of the carbon 

species is monitored using flame ionization detector. Quantification of the evolved CO 

was calibrated with 100 µl pulse of CO.  

 

Optical absorption spectra were measured using a Bruker Equinox 55 FTNIR.  

5-10 mg of as-prepared materials was dispersed in 2 ml of 10 CMC (0.48wt. % ) sodium 

dodecylbenzene sulfonate (NaDDBS) using dynamic ultrasonic agitation in a horn sonic 
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dismembrator (Model 500, Fisher Scientific) running at 10% power output for 1.5 hr.  

The suspension was then centrifuged (Sorvall SS-3, Du pontInstruments) at 15000 rpm 

for 30 minutes.  The resulting supernatant was then used for the optical absorption 

measurement.  Transmission electron microscope (TEM, JEOL 2000FX) was also used to 

monitor the SWNTs in these as-prepared materials.  

 

7.3. RESULT AND DISCUSSION 

 

7.3.1 Model catalyst study 

 

Electron microscopy and Raman spectroscopy were used to characterize the 

model Co-Mo catalysts directly prepared over a silicon monoxide coated copper TEM 

grid. The use of this model system has allowed us to get a deeper insight at the 

fundamental level of the bimetallic Co-Mo system. This approach was undertaken in 

order to obtain direct observations of the transformations undergone by the catalyst under 

the different precursor gas during different growth times, as well as to assess the onset of 

the nanotube growth.  Although the catalyst formulation (Co/Mo ratio, support 

composition) and reaction conditions attempt to mimic those of the high-surface area 

support, the resulting particle size and types of nanotube produced were not the same, and 

as described below, the particle size plays an important role.  Nevertheless, the observed 

behavior is expected to be qualitatively the same as that in the real process.   
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Figure  7.1 shows the Raman spectra together with SEM and TEM images 

obtained for a silicon monoxide coated grid impregnated with Co-Mo after calcination in 

air at 500oC. The Raman spectra obtained for analytical references of CoMoO4, and 

MoO2 are also include for a direct comparison.  It is clear that after calcination the 

catalyst shows the presence of CoMoO4 species.  After pretreatment in H2 and before 

reaction, the cobalt molybdate bands become distorted; this change in the spectrum might 

be related to the loss of crystallinity of cobalt molybdate species upon thermal treatment 

in H2.  The observed spectral changes also indicate the formation of free molybdenum 

(IV) oxide species. As shown in Figure  7.1, the Raman spectrum of the MoO2 reference 

shows a sharp peak at ~830 cm-1 indicating that the shoulder observed at this position on 

the spectra of the catalyst pretreated at 850oC might be related to the segregation of free 

molybdenum species from the cobalt molybdate phase.  Therefore, it seems that although 

a direct Co-Mo interaction existed on the calcined catalyst, prior to reaction there is a 

mixture of the original cobalt molybdate species together with a new MoO2 phase 

generated during thermal treatment.  Figure  7.1 also shows SEM and TEM images 

obtained for these catalyst particles after treatment at 850oC, the images show that some 

crystalline structure is still present before nanotube growth. 
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Figure  7.1 (a) Raman spectra of CoMo over silicon monoxide coated grid after two 
subsequent treatments; calcination at 500oC, reduction at 500oC and heaing in He 850oC. 
Raman spectra of CoMoO4 and MoO2 are also shown. (b) SEM and (c) TEM images of 
CoMo over silicon monoxide coated grid after pretreatment to 850oC. 
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Figure  7.2 shows the Raman spectra and electron microscopy images obtained 

on the same materials after contact with CO at different times. For CO exposures of 1 

minute, the spectrum looks similar to that obtained on the material right before contact 

with CO (see Fig. 7.1).  However, the intensity of the peak at ~830 cm-1 decreases, and as 

a result the peak at about 900 cm-1 appears more pronounced. This change implies that 

the MoO2 species generated during pretreatment disappear upon introduction of CO.  

After exposure to CO for 3 minutes, the bands corresponding to Mo=O species 

completely disappear while two small bands become apparent at  ~1580 cm-1  and ~1340 

cm-1  These two bands indicate the formation of carbonaceous species on the catalyst 

surface. Indeed, the band at ~1580cm-1 (G band) is attributed to the in-plane stretching 

mode of ordered crystalline graphitic structures while the band at 1340cm-1 (D band) has 

been related to the vibration of disordered carbon structures(21, 22). A very strong signal 

of the G band is observed after 10 minutes of CO exposure, and new bands at 193, 

261,284, and 300 cm-1 develop. The presence of these new bands together with the G and 

D bands indicates the formation of SWNT over the catalyst surface [23].  

 

Figure  7.2 also shows the SEM and TEM images obtained for the model 

catalyst at different reaction times. First, after contact with CO for 1 minute, SEM and 

TEM images indicate that the catalyst particles start changing their morphology; indeed it 

is clear that the surface of the particles became rougher compared to the ones observed 

before exposure to carbon monoxide (Fig. 7.1).  After 3 minute exposure to CO, a few 
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short SWNTs are clearly observed, while after 10 minutes a high density of long bundles 

of SWNTs is evident, which is in agreement with the Raman results.   
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Figure  7.2 Raman spectra, SEM and TEM images obtained on a CoMo catalyst prepared 
over a silicon monoxide coated grid after reaction with CO for 1, 3, and 10 minutes. 
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Figure  7.2 (Cont’d) Raman spectra, SEM and TEM images obtained on a CoMo catalyst 
prepared over a silicon monoxide coated grid after reaction with CO for 1, 3, and 10 
minutes. 
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In previous work, our group has reported (9, 10), that the strong interaction 

between cobalt and molybdenum in this catalytic system plays a very important role in 

the production of SWNTs. Indeed, cobalt is stabilized by molybdenum in an oxidized 

form in a chemical environment similar to the one of cobalt in CoMoO4.  EXAFS and 

XANES analysis of the real powder catalyst showed that even under the H2 environment 

at high temperature Co and Mo species are still in the oxidized state, however; in the Co-

Mo suboxide form instead of CoMoO4 species.  When CO is in contact with the catalyst, 

these pre-reduced cobalt molybdate species are converted to an unstable CoMo carbide; 

Co is no longer stabilized in this new matrix and starts migrating towards the surface 

where it gets reduced in the form of very small Co metallic clusters which trigger SWNT 

growth.   This explanation is in agreement with what we observed in this study.  The 

presence of these pre-reduced cobalt molybdate species together with some MoO2 species 

is observed right before the reaction starts.  This MoO2 species should be generated from 

the decomposition of some cobalt molybdate during thermal pretreatment. The 

segregation of this free oxidic molybdenum phase might be linked to the formation of 

additional free cobalt. However we did not observed any Raman signal related to carbon 

deposition after 1 minute reaction with CO. It is possible that at the early stages of the 

reaction CO reacts with the cobalt molybdate and MoO2 species first so these species 

began to transform into the unstable Co-Mo carbide and Mo2C as previously reported 

(10).  Then simultaneous formation of additional small Co metallic occurs and the growth 

of SWNTs begins after exposure to CO for less than 10 minutes.  As mentioned above, 

carbon deposits were not observed after exposure to CO for 1 min, indicating that the 
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remaining amount of carbon dissolved into the cobalt nanoparticles after formation of 

carbidic species is not enough for the nucleation of SWNT during this early reaction 

stages.  

 

Figure  7.3 shows a large catalyst particle of about 200 nm observed after 10 

minutes reaction with CO at two different magnifications.  It can be clearly seen that the 

particle is composed of three main regions labeled in the figure as (a), (b), and (c).  This 

large particle is not representative of the powder catalyst, on which all the particles are 

smaller than 2 nm.  However, this relatively large particle has allowed us to identify the 

transformation that take place in the bimetallic moieties.  Using electron dispersive X-ray 

analysis (EDX), we found that region (a) is composed of Co and Mo; however the 

amount of Co in that region is significantly higher than the amount of Mo.  Region (b) 

consists only of cobalt and region (c) also has both Co and Mo but in contrast to region 

(a) in this case the amount of Mo is significantly larger than Co.  Figure  7.3B shows the 

interface between regions (a), (b), and (c).  It is easy to observe in the outer surface of 

region (b) (composed of only Co) a thick layer of graphitized carbon. In contrast, a very 

thin layer of graphitized carbon was detected on regions (a) and (c).  Moreover, a SWNT 

is observed and it seems to emerge from the interface between regions (a) and (b).  Based 

on these observations, we can hypothesize that this phase separation is critical for SWNT 

growth.  Indeed, as observed by Raman spectroscopy, the formation of a Mo-rich phase 

starts during catalyst pretreatment of catalyst prior to reaction. During CO 

 176



disproportionation, this phase separation keeps taking place as CO react with the pre-

reduced cobalt molybdate species.    
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As described above, we have previously proposed a growth mechanism in 

which pre-reduced cobalt molybdate species are converted into unstable CoMo carbide 

when CO is in contact with the catalyst, leading to the formation of very small metallic 

Co clusters which are responsible for the SWNT growth. From the phase separation 

observed in Figure  7.3 it is possible that region (a), (Co>>Mo) is close to the original of 

the cluster composition (fresh catalyst), since the original material was prepared keeping 

a Co to Mo molar ratio of two.  In the case of small particles, we can speculate that as CO 

is fed into the system and phase separation takes place, the pre-reduced cobalt molybdate 

phase begins to transform into Co and Mo carbide; as a result, the original pre-reduced 

cobalt molybdate phase splits into two additional phases.  When very small metallic Co 

region are formed during this phase separation a carbon nucleation cap is formed, 

triggering the growth of SWNT.  By contrast in the case of the observed large particle, as 

the one labeled (b) in Figure  7.3, we believe that as phase separation proceeds, the Co 

clusters are initially formed at the interface between region (a) and region (b), leading to 

the growth of the observed SWNTs.  After longer reaction time, region (b) composed of 

mostly Co became larger; as a consequence a thick layer of graphitized carbon was 

formed over this metallic region.  

 

To compare with the growth from CO, a similar electron microscopy study of 

SWNTs growth from CH4 decomposition was performed using CH4 as a feed; the results 

are shown in Figure  7.4.  Contrary to the long induction period seen with CO, in this 

case, SWNTs were detected right after the grid containing the pretreated model catalyst 
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was exposed to CH4.  However, after 1 minute exposure the length of the observed 

nanotubes was very short and the overall yield very low.  As the grid remained in contact 

with CH4 for longer times, i.e. 3 minutes; the length and yield of the obtained SWNT 

significantly increased.  And after 10 minute reaction, an even higher yield of long 

SWNTs is observed.  Nevertheless, it is clear that the amount of SWNTs produced from 

CH4 is much smaller than that obtained from CO disproportionation (Fig. 7.2). As 

mentioned above for the Co-Mo bimetallic system, Co is stabilized in an oxidized form 

and small metallic Co clusters are released under reaction conditions before SWNT start 

to grow. As a consequence, the ability of the carbon feedstock to react with the cobalt 

molybdate species is critical in the growth process and the reducibility of the catalyst 

under the particular feed seems to play a central role.  
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Figure  7.4 Raman spectra, SEM and TEM images obtained on a CoMo catalyst prepared 
over a silicon monoxide coated grid after reaction with CH4 for 1, 3, and 10 minutes. 
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Figure  7.4 (Cont’d) Raman spectra, SEM and TEM images obtained on a CoMo catalyst 
prepared over a silicon monoxide coated grid after reaction with CH4 for 1, 3, and 10 
minutes. 
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Figure  7.5 shows the TEM images of the model catalyst contact with CH4 for 

3 minutes.  It can be seen in Figure  7.5a that some of the big particles have been 

encapsulated; these particles are composed of Co and Mo as determined by EDX 

analysis.  By contrast, SWNT seem to emerge from the small particles in the same area, 

as shown in Figure  7.5b.  This is a general trend as Figure  7.4 and 5, in the case of CH4 

feed, metallic particles are encapsulated by graphite and SWNTs seem to grow in the area 

that contain small particles. However in the case of the material grown using CO, metal 

particle encapsulation was not observed.  At longer reaction times, nanotubes still grow 

only from the small metal particles in case of CH4, while the larger metal particles 

become encapsulated by graphite; by contrast, it was observed that SWNTs grow also 

from the large particles in case of CO which do not encapsulate (Fig. 7.2 and 7.3).  

 

Moreover, the TEM and Raman results indicate that when CH4 is used 

SWNTs grow immediately after exposure to the gas phase, while with the CO feed 

SWNT only grow after a longer period of time.  

 

The reason for these differences can ascribe to either different reactivity of 

CH4 and CO towards the cobalt molybdate species or to the differences of these two 

feeds in the rate of carbon deposition.  As described above phase separation occurs after 

the thermal pretreatment prior to starting of the reaction. It is likely that the segregation 

of MoO2 from cobalt molybdate is related to a simultaneous formation of a cobalt-rich 

phase or small cobalt particles.  After CH4 is fed into the system, it could react on these 
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metallic Co particles and dissociated leading to incipient carbon deposits which dissolve 

into the metal to initiate SWNTs growth.  During this stage the difference in reactivity 

between methane and CO becomes critical. If phase separation did occur after 

pretreatment prior to reaction, CH4 molecules might prefer to adsorb and react on the Co 

rich region instead of the Mo rich phase, as a consequence SWNT growth initiates from 

the Co-rich phase. In contrast, in case of carbon monoxide, the gas feedstock might prefer 

to react with the Mo rich phase, leading to transformation of the cobalt molybdate and 

molybdenum oxide into carbides before the SWNT growth triggered, accounting for the 

“induction time” observed for SWNT grow from CO  Another scenario could be that both 

CH4 and CO react with cobalt molybdate and molybdenum oxide in the same way as CO 

does, i.e. forming a carbidic phase; however the rate of CH4 decomposition compared to 

CO is faster, as a consequence the amount of carbon deposited on the surface is larger in 

the case of methane. This leads to a higher amount of carbon dissolving into metallic Co 

and nucleation of SWNTs could start right after contact with CH4 for 1 minute.  

      

According to the growth process we proposed for the case of CO feedstock 

(10), pre-reduced cobalt molybdate species began to transform into Co and Mo carbide, 

leading to phase separation after exposure to CO prior to SWNT growth.  In the case of 

CH4, it might be possible that the cobalt molybdate species do not react with CH4 in the 

same way as CO does, therefore there is either a slower rate of separation or no phase 

separation at all after CH4 was fed.  We need to emphasized that the present study was 

performed using a Co/Mo molar ratio larger than one, contrasting with previous studies, 

 183



in which a Co/Mo ratio of 1:3 was used.  This excess in cobalt in the cobalt molybdate 

matrix could result in a weaker interaction between Co and Mo. Once the catalyst is 

exposed to methane, carbon deposition occurs in the cobalt molybdate particles with 

excess in Co, carbon begins depositing in these cobalt rich- areas and nucleation of 

SWNTs occurs. As a result, SWNT growth appears from within the whole cobalt 

molybdate phase which seems to spit out the small metallic cobalt particle that is actually 

responsible for nucleation and growth of the nanotube.  

 

The case of larger particles requires further consideration.  As observed from 

Fig. 7.5a, for the case of CH4 feed, the large particles are encapsulated by carbon 

deposits, while in the case of CO this encapsulation was not observed. It is well known 

that rate of CH4 decomposition is greater than the rate of CO disproportionation (24), 

consequently the amount of carbon deposition on the metal cluster is higher for the case 

of CH4 decomposition.  This could result in a higher rate of metal encapsulation which 

will finally lead to a lower yield of SWNTs.  In fact, Zhang et. al. (25) have reported that 

during CH4 decomposition over Co/SiO2, CHx species are formed over the metal surface. 

They observed formation of carbon monoxide and explained it by proposing that CHx 

species present on the catalyst surface would migrate from the metal to the support and 

this mechanism would help cleaning the catalyst surface. Moreover, their observations 

lead them to conclude that this cleaning of the catalyst surface by migration of CHx 

species to the support is only significant in the first 2-3 minutes of reaction, while at 

longer time, it was not efficient to keep the catalyst surface clean.  This result is in 
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agreement with our TEM observation, indeed our observations clearly indicate that metal 

encapsulation of large particle was observed just after 3 minutes of reaction.  

 

The TEM study on the model catalyst clearly indicates that CO and CH4 have 

different ability to react with the Co-Mo bimetallic system.  CO seems to react with the 

pre-reduced cobalt molybdate species and be able to transform these species into a dual 

Co-Mo carbide trough a phase separation process, generating small Co-rich areas within 

the particle matrix or fully releasing metallic Co particles.  By contrast, CH4 appears to 

follow one of two reaction paths.  It either reacts with the excess amount of Co present in 

the catalyst before reaction or forms a carbon-containing complex alloy with the pre-

reduced cobalt molybdate before the growth of SWNTs, without involving a phase 

segregation step. Moreover, the rate of CH4 decomposition is faster than the rate of CO 

disproportionation, leading to a larger amount of carbon deposition and metal 

encapsulation when CH4 is used as carbon source.   

  

7.3.2 CoMo/SiO2 powder catalyst   

 

We can link the behavior of the model catalyst to that of high surface area 

powder catalysts if we take into consideration the differences in particle size.  We have 

used two different Co/Mo molar ratios: 1:3 and 2:1, SWNT synthesis was carried using 

CO and CH4. Figure  7.6a shows the Raman spectra of the products obtained from either 

CO disproportionation or CH4 decomposition over a CoMo (1:3)/SiO2 catalyst.  It is 
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observed that in the case of the material grown using CO, the G band has a very high 

intensity while the intensity of D band is very low.  Also, the radial breathing mode bands 

of SWNT are clearly observed and show a relatively high intensity indicating the 

presence of high quality SWNTs in the product.  A contrasting behavior is observed in 

the case of the material grown using CH4 feed. In this case the intensity of the D band is 

quite high, whereas the radial breathing mode bands are not observed.  This result 

indicates that either there are not SWNTs in the product obtained from CH4 

decomposition or that their amount is very small compared to other forms of carbon such 

as amorphous carbon, graphite or nanofibers.  The result clearly indicates that CO has a 

better performance than CH4 for production of SWNTs when a bimetallic CoMo (1:3) 

supported on SiO2 catalyst is used. These results might seem to contradict the result 

obtained on the model system in which both CO and CH4 showed a similarly good 

performance.  However, we must note that in the case of the model system, a catalyst rich 

in Co was employed.  As mentioned above, the interaction between Co and Mo plays an 

important role in the production of SWNTs and this interaction is altered when Co/Mo 

molar ratio varies.  Therefore, it is interesting to compare the performance of SWNTs 

production using CO and CH4 as feeds over a catalyst with a similar Co to Mo molar 

ratio as the one used in the model system, i.e. Co/Mo > 1. 
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Figure  7.6 Raman spectra of the productos obtained over  (a) CoMo (1:3)/SiO2  powder 
catalyst using CO and CH4 at 750oC and( b) CoMo (2:1)/SiO2 powder catalyst using CO 
and CH4 at 750oC and 850oC 
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Figure  7.6b shows the Raman spectra of the product obtained over a CoMo 

(2:1)/SiO2 catalyst at 750oC and 850oC using either CO or CH4 as feed.  In contrast to the 

results obtained for the CoMo (1:3)/SiO2 catalyst, both CO and CH4 generate a carbon 

deposit that shows the characteristically Raman signature of SWNTs, i.e. a split G band 

with high intensity, a small D band, and radial breathing mode bands.  Figure  7.7a 

illustrates a quality parameter calculated from the Raman spectra, as (G/(D+G)); where, 

D and G are the integrated areas of the D (disorder) and G Raman bands, respectively.  

This term is a good indication of the quality of the SWNT sample, since it qualitatively 

measures the amount of ordered SWNT compared to defects and other disordered sp3 

carbon species.  As we have reported before a (G/(D+G)) parameter approaching unity is 

representative of a high-quality product. (26).  Using this quality parameter to evaluate 

the Raman spectra shown in Fig.7.6b, it becomes evident that at both reaction 

temperatures (750 and 850oC) CO yields a product of better quality compared to that 

obtained from CH4.  Indeed, in the case of CO, the (G/(D+G)) parameter is nearly unity 

which indicate a product of extremely high quality, and this value does not seem to be 

affected by the reaction temperature.  However, with CH4 the reaction temperature does 

have an effect on the quality of the material; it deteriorates as temperature increases to 

850oC. The amount of carbon present in the samples was quantified by temperature-

programmed oxidation (TPO).  Figure  7.7b shows the carbon yields on each sample.  It 

can be seen that the amount of carbon deposited on the catalysts using CO is around 4% 

and this amount does not seem to vary much with reaction temperature in parallel with 

the constant quality observed with this feed.  By contrast, the carbon yield in the product 
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obtained from CH4 accompanied by a drop in quality changes dramatically with reaction 

temperature.  At 750oC the carbon yield is 2% and it increased to 8% at 850oC.  This 

result is not surprising; indeed, it has been observed before that the amount of carbon 

deposits obtained from CH4 decomposition increases with temperature (27),  On the other 

hand, the value of the quality parameter for the product obtained from CH4 at 850oC 

shows the lowest value when compared to all others.   
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Figure  7.7 (a) contribution of the D band to the Raman spectra and (b) amount of carbon 
deposited from products obtained using CO and CH4 as feed at 750 and 850oC. 
 

 

TEM analysis on each of the samples described above was obtained to 

compare with the Raman spectra. Figure  7.8 shows SWNTs were observed in all samples.  

Interestingly, no significant amounts of graphitic species or nanofibers are observed for 

the sample produced with CH4, despite exhibiting a large D band.  Therefore, it is 

possible that this increased D band is due to defects in the SWNT themselves or to 
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amorphous carbon undetected by TEM.  It is noteworthy to mention that in case of CO 

reaction at 850oC; many small particles were observed, while lesser amounts of small 

particles were noticed in other samples, particularly in the case of CH4 reaction at 750oC. 
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Figure  7.8 TEM images of SWNTs obtained over CoMo (2:1)/SiO2 powder catalysts 
using (a) CH4  at 850oC, (b) CO at 850oC, (c) CH4  at 750oC,and (d) CO at 750oC. 
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As reported in our previous work, SWNTs produced using the CoMoCAT 

process (CoMo (1:3)/SiO2) have very narrow (n,m) distribution (28).  The two dominant 

structures obtained in this case are (6,5) and to a lesser extent (7,5).  In order to compare 

the chirality of the materials obtained using methane and a different catalyst composition; 

we performed optical absorption experiments on the dispersed SWNTs produced. The 

results are shown in Figure  7.9.  In contrast to nanotubes obtained using the CoMo 

(1:3)/SiO2 catalyst, which show a narrow distribution of nanotube structures, the material 

obtained either from CO or from CH4 over a CoMo (2:1)/SiO2 catalyst exhibit a variety 

of nanotube structures.  In order to perform a more quantitative comparison, we fitted the 

optical absorption spectra with Gaussians.  The results of the fittings are summarized in 

Table 7.1. The main structures observed in all samples are (8,7), (7,6), and (8,6).  

Interestingly, for the case of CH4, the nanotube structures do not seem to depend strongly 

on reaction temperature as the relative  amount of the most abundant structures is similar 

at 750 and 850oC , i. e. about 40% for (8,7), 30% for (7,6), and 10% for (8,6).  In the case 

of CO, the reaction temperature has some effect on the nanotube structure although much 

less pronounced than the one we have previously shown for CoMo (1:3)/SiO2.  As seen in 

Figure  7.9, absorption spectra of the sample obtained from CO at 850oC looked similar to 

the one obtained on sample produced from CH4 at the same temperature, however, the 

contribution of the (8,7) nanotube in the spectra of the sample obtained with CO at 850oC  

slightly decreases.  At the same time, the small peak corresponding to the (7,5) nanotube 

increases to some extent.  In the case of CO  at 750oC, the peaks corresponding to  (7,5) 

and (6,5) structures are clearly observed while the contribution of the (8,7) and (8,6) 
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structures  change to about 25% and 20%, respectively.  For comparison, the product 

distribution obtained at 750oC on a CoMo (1:3) catalyst is included in Table 1; the 

differences are noteworthy.   
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Figure  7.9 Optical absorption spectra of nanotubes produced various conditions; (a) 
CoMo (1:3)/SiO2, CO 750oC, (b) CoMo (2:1)/SiO2, CO 750oC, (c) CoMo (2:1)/SiO2, CO 
850oC, (d) CoMo (2:1)/SiO2, CH4 750oC, and (e) CoMo (2:1)/SiO2, CH4 850oC  
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Figure  7.9 (Cont’d) Optical absorption spectra of nanotubes produced various 
conditions; (a) CoMo (1:3)/SiO2, CO 750oC, (b) CoMo (2:1)/SiO2, CO 750oC, (c) CoMo 
(2:1)/SiO2, CO 850oC, (d) CoMo (2:1)/SiO2, CH4 750oC, and (e) CoMo (2:1)/SiO2, CH4 
850oC  
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Table 7.1 Gaussian–Lorentzian fitting obtained on the optical absorption spectra of the 
carbon deposit obtained over CoMo (2:1)/SiO2 using CO and CH4 as feed at 750 and 
850oC. 
 

  CH4 (CoMo 2:1) CO (CoMo 2:1) CO(CoMo 
2:1) 

(n,m) Diameter 
(nm) 

750 
(oC) 

850 
(oC) 

750 
(oC) 

850 
(oC) 

750 
(oC) 

8,7 1.032 40.90 40.77 25.61 33.5 - 

7,6 0.895 31.77 32.47 30.11 29 4.36 

8,6 0.966 11.09 10.98 19.49 9.98 - 

7,5 0.829 4.65 2.08 9.79 5.8 10.85 

6,5 0.757 1.15 0.08 9.46 0.34 75.93 

8,3 0.782 1.66 0.63 1.19 4.26 1.23 

8,1 0.678 1.58 1.26 1.31 0.86 - 

10,2 0.884 2.70 3.8 3.05 1.28 - 

9,7 1.103 1.83 1.99 - 3.12 - 

9,1 0.757 - - - - 0.86 

6,4 0.692 - - - - 1.74 

11,3 1.014 2.63 4.4 - 6.26 - 

10,0 0.794 - 1.5 - - - 

14,0 1.111 - - - 5.59 - 

9,2 - - - - - 5.03 
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The results above clearly indicate that the quality, structure, and yield of 

SWNTs strongly depend on the catalyst formulation, reaction feedstock and reaction 

temperature.  Using two different Co:Mo molar ratios we have observed variations in 

performance when different carbon-containing molecules were used as feedstock.  The 

catalyst with a Co:Mo molar ratio of 1:3 gave good performance only when CO was used 

as feed, while in the case of the CoMo (2:1)/SiO2 catalyst both CO and CH4 are able to 

grow high quality SWNTs (Fig.7.6b).  These results can be rationalized in terms of the 

interaction between Co and Mo.  By using a low ratio of Co to Mo molar ratio (1:3), the 

interaction between Co and Mo seems to be different than when a catalyst with higher Co 

to Mo ratio is used.  XRD analysis of CoMo (1:3)/SiO2 and CoMo (2:1)/SiO2 powder 

catalyst is shown in Figure  7.10.  After calcination at 500oC, CoMoO4 phase were 

observed in both catalysts, however, in the case of CoMo (2:1)/SiO2 Co3O4 phase was 

also detected.  This difference is expected because of an excess amount of Co in the 

CoMo (2:1)/SiO2 catalyst is not interact with Mo.  The significant change in phase 

detected was observed after treatment in H2 at 500oC.  In the case of CoMo (1:3)/SiO2, 

CoMoO4 phase was no longer exists, while MoO2 phase was visible.  In contrast, only 

Co3O4 species was still visible in the case of CoMo (2:1)/SiO2 catalyst, nevertheless, it is 

possible in this case that MoO2 species are very small because the amount of Mo is less 

than in the case of CoMo (1:3) catalyst so it cannot be detected by XRD.  Therefore, it 

can be implied that CoMoO4 species may decompose or reduce under H2 atmosphere at 

high temperature into other form of Co-Mo oxide.  These observations are in agreement 
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with the model catalyst mentioned above and the EXAFS and XANES studies in our 

previous report.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  7.10 XRD analysis of CoMo (1:3)/SiO2 and CoMo (2:1)/SiO2 powder catalyst 
after calcination and reduction in H2 at 500oC 
 

As explained in the model catalyst study, CO and CH4 react differently with 

the pre-reduced cobalt molybdate.  While CO seems to transform the pre-reduced cobalt 

molybdate species into Mo carbide and small metallic cobalt, CH4 appears to decompose 

either by forming a complex carbon containing alloy with the whole matrix or react with 
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the excess of Co released during the thermal pretreatment of the catalyst prior to reaction.  

Therefore, if the interaction between Co and Mo is very strong or Co atoms were 

surrounded by Mo atoms, like in case of the CoMo (1:3)/SiO2 catalyst there would be a 

lower amount of segregated Co produced after the pretreatment of the catalyst, resulting 

in a lower extent of catalytic CH4 decomposition.  By contrast, in the case of CO, the gas 

feedstock is able to transform the pre-reduced cobalt molybdate species into Mo carbide, 

thus releasing at the same time small metallic Co, which initiate SWNTs growth. 

 

  The effects of reaction temperature observed for the catalyst with 2:1 molar 

ratio can be rationalized following a similar line of reasoning. As shown above the 

reaction temperature has almost a negligible effect on the nanotube structure for CH4 

feed.  By contrast, when CO feed is used the distribution of chiralities changes with 

reaction temperature. CO transforms the pre-reduced cobalt molybdate species into Mo 

carbide through a phase separation process, but in the case of CH4 decomposition, a 

phase separation is not involved and instead carbon incorporation into the cobalt 

molybdenum matrix seems to occur.  It is likely that at 850oC, CO is able to release more 

small metallic Co than when the reaction is run at 750oC.  In fact, this is in agreement 

with the TEM observations (Fig. 7.8b), which indicate that larger amounts of small metal 

particles can be detected at 850oC when the reaction is run with CO.   
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7.4. CONCLUSIONS 

  

The mechanistic steps of SWNT growth over a bimetallic CoMo catalyst was 

directly observed using a model system built on a TEM grid. Methane and CO were 

compared as reaction feedstock.  It was found that CO and CH4 react with the cobalt 

molybdate phase present in the CoMo/SiO2 catalysts in different fashion. CO tends to 

transform cobalt molybdate species into Mo carbide and metallic Co throughout metallic 

Co throughout a phase separation.  On the other hand CH4 seems to have less ability to 

convert cobalt molybdate but instead decomposed incorporating carbon into the cobalt 

molybdate matrix for SWNT growth.  In the real catalyst, reaction conditions and catalyst 

formulations play an important role in the performance of the catalyst for SWNTs 

production. The quality, carbon yield and the distribution of chiralities of the nanotubes 

produced are affected by the reaction conditions.   
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