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ABSTRACT 
 

Carbon nanofibers (CNFs) and carbon nanotubes (CNTs) have attracted intense 
research efforts with the expectation that these materials may have many unique 
properties and potential applications. The most promising way for large-scale 
synthesis of CNFs and CNTs is chemical vapor deposition (CVD).  

CNFs were synthesized on a series of hydrotalcite (HT) derived 77 wt.% Ni-
Fe/Al2O3 catalysts in order to achieve the optimization of productivity and quality. It 
was found that only the Fe catalyst was active in CO disproportionation and only the 
Ni catalyst was active in ethylene decomposition, whereas all catalysts were active in 
ethylene decomposition when the reactants were a mixture of C2H4/CO. More control 
over the structure and diameter of the CNFs has been realized with the HT catalysts. 
At the same time, a high yield can be obtained. The synthesis process has been further 
studied as a function of various process parameters. It turned out that high hydrogen 
concentration, space velocity, and reaction temperature would enhance the production 
of CNFs. However, a slightly lower quality was associated with the higher 
productivity. The optimum CNF yield of 128 gCNF/gcat could be reached within 8 h 
on the HT catalyst with a Ni/Fe ratio of 6:1. Therefore, HT derived catalysts present a 
new promising route to large-scale controlled synthesis of CNFs.  

CNTs has been synthesized from CO disproportionation on Ni-Fe/Al2O3 
supported catalysts with metal loadings of 20 and 40 wt.%. A high space velocity 
resulted in a high production rate but a short lifetime and a low carbon capacity. 
Increasing the metal loading to 40 wt.% significantly increased the reaction rate and 
productivity, and produced similarly uniform CNTs. Furthermore, H2 was found to be 
necessary for a high productivity, and the H2 partial pressure could be changed to 
adjust the orientation angle of the graphite sheets. 

 The effects of catalyst particle size and catalyst support on the CNT growth rate 
during CO disproportionation were studied over SiO2 and Al2O3 supported Fe 
catalysts with varying particle sizes. It was found that there was an optimum particle 
size at around 13-15 nm for the maximum growth rate, and the growth rate was 
influenced both by the particle size and the support but the particle size was the 
dominating factor. The trends have been demonstrated at two different synthesis 
temperatures of 600 and 650°C.   

The effect of gas precursors on the yield and structure of carbon growth has been 
systematically investigated over powder Fe and Fe/Al2O3 catalysts. CO/H2, CO, CH4, 
and C2H6/H2 were the gas precursors studied. The carbon yield was higher on powder 
Fe from CO, but the yield was higher on Fe/Al2O3 from hydrocarbons. Completely 
different or similar carbon nanostructures were synthesized, depending on the gas 
precursors. It was suggested that the reactivity of gas precursors and the structures of 
carbon deposits are determined by the size and crystallographic faces of the catalyst 
particles, which are dictated by the interactions among metal particles, support, and 
the reactants. Controlled synthesis of CNT, platelet nanofiber, fishbone-tubular 
nanofiber, and onion-like carbon with high selectivity and yield was realized. A 
mechanism was proposed to illustrate the growth of different carbon nanostructures. 
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1 INTRODUCTION 
 

1.1 CNFs and CNTs, historical development 
Carbon materials are found in variety forms such as graphite, diamond, fullerenes, 

carbon nanofibers (CNFs), and carbon nanotubes (CNTs). The new carbon allotrope, 
fullerene, was discovered by Kroto et al. [1] in 1985. It is a closed-cage carbon 
molecule with sp2 carbon atoms, the best know being C60. It was not until the 
discovery of CNTs by Iijima [2, 3], that the research in these new carbon materials 
has undergone an explosive growth in the past decades.   

The origin of the concept of CNTs can be found in fullerenes and the traditional 
vapor grown carbon fibers (VGCFs). A single walled carbon nanotube (SWNT) may 
be considered as an elongated fullerene. For several decades there has been active 
research on carbon fibers [4, 5]. Very small diameter (less than 10 nm) carbon 
filaments were prepared in the 1970’s and 1980’s by the deposition of hydrocarbons 
at high temperatures in the presence of transition metal particles. These processes are 
not very different from the current chemical vapor deposition (CVD) method used for 
CNF and CNT synthesis [6]. 

These new nanocarbon materials have sparked a considerable amount of 
excitement for chemists, physicists, and materials scientist worldwide. The past 
decades have seen an exponential increase in patent filings and publications on CNTs 
(Figure 1.1). Research has shown that the nanotubes have superior mechanical, 
thermal, and electrical properties, making them unique for many applications. 
Smalley et al. [7] conjectured diverse applications, ranging from molecular 
composites to microelectronics to nanoprobes for chemical and biological 
applications to hydrogen storage devices. Some fascinating applications have already 
been demonstrated at the prototype stage, and future nanotechnologies in many areas 
could well be built on the advances that have been made for CNTs. 
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Figure 1.1. Number of publications on CNTs during last decades (From SciFinder; In 1991 CNTs are 
called microtubules of graphitic carbon). 
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1.2 Structures and properties 
A SWNT can be seen as a graphite sheet (sometimes called graphene) rolled up 

into a cylinder with a typical diameter on the order of 1.4 nm (Figure 1.2).  The 
sidewall of SWNTs consists of sp2 hybridized carbon atoms that exhibit similar 
bonding and structure as graphite. A multi-walled carbon nanotube (MWNT) consists 
of concentric cylindrical layers of graphite sheets.  

In addition to the cylindrical CNTs, there are also other types of the arrangement 
of graphite sheets. In a fishbone nanofiber the graphite sheets are stacked with an 
angle to the fiber axis. In a platelet nanofiber the graphite sheets are perpendicular to 
the fiber axis. In MWNTs or nanofibers, the interlayer distance is approximately 0.34 
nm, close to the interlayer distance in graphite. 

 

                                   
 
Figure 1.2. Different carbon nanostructures (from left): SWNT, MWNT, fishbone nanofiber, and 
platelet nanofiber. 

 
The distinction between CNTs and CNFs by name is far from clear. Endo et al. [8] 

defined carbon fibers as a one-dimensional filament morphology consisting of sp2 
bonded graphitic carbon oriented along an axis parallel to the basal plane. This 
essentially defines CNTs. In this study CNTs or CNFs are distinguished according to 
the occurrence of a hollow core and the graphite sheets arrangement: those with a 
hollow core and with graphite sheets parallel to the axis are called CNTs, while others 
are classified as CNFs.  

The different carbon nanostructures will exhibit major differences in their physical 
and chemical properties. CNFs will only have edge sites exposed, and they will be 
unstable because of the dangling bonds of the fiber edges, but will be ideal candidates 
for gas adsorption. The tubular structure will have their surface consisting primarily 
of basal planes and will have high electrical conductivity. The peculiar thermal, 
mechanical, and electrical properties are primarily associated with SWNTs.  

 

1.3 Synthesis methods 
Carbon nanostructures can be synthesized via three main processes: arc-discharge, 

laser ablation, or chemical vapor deposition (CVD). Apparatus for the three different 
processes is schematically displayed in Figure 1.3. 
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Figure 1.3. Schematic representation of the CNT synthesis apparatus. 
 

In the arc-discharge process, a DC arc discharge between two graphite electrodes 
is ignited in an inert gas (Ar or He). The electric arc vaporizes a hollow graphite 
anode packed with a mixture of a transition metal (Fe, Co, or Ni) and graphite powder. 
This results in the consumption of one electrode forming different carbon 
nanostructures such as SWNT, MWNT, fullerenes. A large amount of soot and carbon 
nanoparticles are also formed. Arc discharge yields the most highly graphitized tubes 
because of the very high temperatures (2000-3000°C) [9]. The synthesis of MWNTs 
at the gram level by arc discharge was first achieved by Ebbesen et al. [10], and the 
first success in producing substantial amount of SWNTs was achieved by Bethune et 
al. [11]. 

In laser ablation, a graphite target mixed with a small amount of transition metal 
particles as catalyst is positioned at the end of a quartz tube enclosed in furnace. The 
target is exposed to a laser beam that vaporizes graphite and nucleates CNTs just in 
front of the target. Argon flow through the reactor heated to about 1200°C by the 
furnace carries the vapor. The nanotubes deposit at the cooler zone at the end of the 
tube furnace in the direction of the gas flow. This produces SWNTs and MWNTs 
with high yield, with the rest being catalyst particles and soot. The growth of high 
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quality SWNTs at the 1-10 gram scale by laser ablation was achieved firstly by 
Smalley et al. [12].  

All kinds of carbon nanostructures can be synthesized employing the CVD 
method: a reactor is loaded with a metal catalyst and fed with a carbon-containing gas 
or gas mixture. The growth process involves heating the catalyst to moderate 
temperatures in the range of 500 to 1000°C in the furnace. Carbon is deposited on the 
catalyst surfaces.  

The first two methods produce high-quality and nearly perfect nanotube structures, 
despite large amounts of byproducts. With regard to large-scale synthesis, the CVD 
route is by far the most feasible option in terms of cost and energy requirements. 
Nanotubes obtained by CVD are longer than those obtained by arc-discharge, 
although not as well crystallized and contain high densities of defects [13].  

 

1.4 Scope of the present work 
Our interests in CNFs and CNTs were initially in the application as hydrogen 

storage materials and as catalyst supports. For these applications a large amount of 
CNFs or CNTs is necessary. Therefore, synthesis of CNFs/CNTs with high 
productivity is a major purpose of the present study.  

The properties and applications of CNFs and CNTs depend significantly on their 
structures. This study has aimed at tailoring the carbon filament structures by 
changing the reaction conditions and/or the catalyst precursors. It has also aimed at 
synthesizing CNFs and CNTs with high quality, small size and narrow size 
distribution, and good crystallinity, which are all desirable properties for applications. 
Therefore, an optimized CNF/CNT productivity and quality is another purpose of this 
study. 

In addition, a hydrogen storage apparatus has been designed and built. Subsequent 
hydrogen storage experiments will be performed with this apparatus.  
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2 LITERATURE REVIEW 
 

Few materials have elicited so many reviews as CNFs and CNTs. Some of the 
earlier reviews have described quite extensively various aspects of carbon fiber 
growth [14-18]. Recent comprehensive reviews on CNFs can be found by de Jong [19] 
and Chesnokov [20]. Extensive reviews [21-34] and several monographs [35-39] have 
also been published on CNTs. 

As the present work mainly involves the synthesis of CNFs and CNTs by varying 
the catalyst precursors, catalyst supports, gas precursors, temperatures, etc., the effects 
of these parameters on the growth characteristics, carbon yield, structure and quality 
of CNFs/CNTs have been focused in the following review. This was followed by a 
mechanistic description of the CVD growth process. Finally, the application as 
hydrogen storage materials is briefly summarized. Concerning the vast literatures on 
CNTs, the discussion will not be exhaustive, but only representative examples will be 
included. 

 

2.1 CVD growth of CNFs/CNTs 
The CVD process has appeared as the most promising method in CNF/CNT 

synthesis due to its relatively low cost and high yield production. It has been applied 
both in the absence and in the presence of a substrate. The former is a gas phase 
homogeneous process based on the decomposition of two precursors, one for the 
metal catalyst and the other for carbon. The latter is a heterogeneous process which 
uses either bulk catalysts or supported catalysts. Both processes appear very sensitive 
to the nature and structure of the catalytic system and to the operation conditions. The 
literature below is mainly based on the heterogeneous processes which have been 
explored much more intensively. Though, the conclusions should also give some 
insight on the homogeneous processes.  

 

2.1.1 Powder catalysts vs supported catalysts 
Baker and coworkers have undertaken extensive studies of CNF production using 

a series of unsupported mono and bimetallic catalyst powders [40-46]. Unsupported 
powder catalysts are highly efficient for a high CNF yield (up to 300gC/gcat) [47, 48], 
but lead mainly to the production of CNFs. Another major shortcoming of power 
catalysts is that one has little control over the size and structures of the final CNFs. 
This is mainly due to the uncontrolled changes of the catalyst precursors during the 
reduction and subsequent carbon growth processes. In order to produce small 
structured CNFs with a controlled size, it is necessary to disperse the metal catalyst 
particles on a suitable support [47].  

Anderson et al. [49, 50] demonstrated that major modification in the growth of 
CNFs can be achieved when metals are used in a supported form than in a powder 
form. The use of support material generated CNFs with width dictated by the 
dimensions of the supported metal particles [49]. The support may also alter the 
precipitation faces of the catalyst particle, which in turn influences the structural 
characteristics of the CNFs. For example, CNFs grown from iron powder from CO/H2 
at 600°C possess a platelet structure, whereas CNFs grown on the silica supported 
iron possess a tubular structure [47].   
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Therefore, using supported catalysts is essential for the control of both the size 
and morphologies of the catalyst particles. Nevertheless, the use of supported 
catalysts suffers the problem of removal of the support without damage to the carbon. 
More seriously, only a low productivity can be achieved, most probably due to the 
low active metal loading, but also possibly due to the metal support interaction, which 
is not favored for a high carbon yield [51]. 

 

2.1.2 Catalyst supports 
While powder and supported metals exhibit different reactivity and CNT growth 

characteristics, metals on different supports seem also to have different activity and 
CNT growth due to different nature and strength of the metal-support interactions. 
The effects have been manifested in many studies [51-55]. 

Park et al. [52] studied the catalyst support effects in the carbon growth from 
ethylene decomposition on supported Ni catalyst. It was found that the characteristics 
of CNFs generated can be readily manipulated by a judicious choice of the support 
materials. The occurrence and ramifications of Ni/support interactions, in terms of Ni 
particle size/morphology/orientation, are related to the carbon structure/dimensions 
and yield. de los Arcos et al. [55] found that formation of thin tubes and fast growth 
rate were associated with the underlying Al2O3 layer, whereas thick MWNTs were 
grown from Fe on the TiN and TiO2 layers. The influence has been attributed to a 
combination of chemical and morphological changes induced in the catalyst due to the 
catalyst-substrate interaction.  

The support may have impact on the product quality. Li et al. [56] found that 
MgO was the best for CNT synthesis from methane decomposition compared with 
other supports such as SiO2, Al2O3, ZrO2 and CaO. 

The support effects have also been documented quite extensively by the B.Nagy 
group [57-60]. Interestingly, for acetylene and methylacetelene decomposition on 
supported Ni, Co, or Fe catalysts, Hernadi [60] disclosed that the catalyst supports 
have more influence on CNT selectivity than the metallic particle itself.  

A good summary of the effects of metal-support interaction was given by 
Anderson et al. [49]: it induces electronic perturbations throughout the metal; it 
generates significant differences in metal morphology and the arrangement of the 
surface atoms; it exerts an influence of the growth characteristics of the supported 
metal particles; and it possibly modifies the chemistry of the system.  

 

2.1.3 Catalyst precursors 
The growth rate, diameter, and crystallinity of the CNTs can be manipulated by 

the selection of the catalyst precursors. Several studies have focused on supported Ni, 
Fe, Co catalysts for CNT growth from acetylene decomposition [61-64]. Lee et al. [61] 
used silicon support and found that the growth rate shows the order of Ni>Co>Fe. The 
average diameter follows the sequence of Fe, Co, and Ni. The structures of CNTs 
reveals almost same morphology regardless of catalyst but the crystallinity is better 
from Fe than Ni and Co. Soneda et al. [63] used MgO support and found that Co is 
the most effective catalyst for MWNT synthesis, because of a significantly high 
production rate and high quality tubes with a narrow diameter distribution. Huang et 
al. [64] used TiO2 support and concluded that Ni is the best catalyst for the growth of 
aligned CNTs. Therefore, the outcome of the CNT synthesis is a complex interplay 
among the metal precursors, the support, and the reaction conditions.  
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When the transitional metals are alloyed with another metal, both the carbon yield 
and the structure of the CNTs can be changed dramatically. This has been 
demonstrated most extensively by Baker and co-workers with powder catalysts [44, 
45, 65]. They have been able to tailor the carbon nanostructures by designing different 
alloy catalysts. For supported metal catalysts, a similar effect has been observed [66-
68]. The ratio of bimetallic catalyst is also important [47, 69]. For CO decomposition 
on Co-Mo catalysts at 700°C, it was found that a particle with low Co content (<15 
at.%) tends to produce a long CNT, while a particle with high Co content (>85%) 
tends to produce onion-like structure [69].  

Even the origin of the metal precursors [70] or the catalyst preparation procedures 
[71] might play a role. Serp et al. [70] found that among iron chloride, iron sulphate, 
and iron carbonyl, Fe3(CO)12 was the best precursor, producing longest fibers from 
methane.  

 

2.1.4 Gas precursors 
Systematic studies of the relationship between the nature of the carbon-containing 

gas and the structure of the resulting CNFs are very scarce. The intrinsic activity of 
the gases will of course determine the CNF growth rate over different catalysts. 
Hernadi et al. [72] observed that over supported iron or cobalt catalysts, the activity of 
acetylene is higher than that of ethylene and propylene, which are in turn higher than 
methane. Flame synthesis of CNTs has shown that Fe reacts preferentially with 
CO/H2 to produce SWNTs, while Ni reacts preferentially with C2H2/H2 to produce 
nanofibers [73]. Therefore, the activity of the gases seems to be metal dependent 
which again illustrates the complex interplay between the gases and the metal 
precursors. 

Interestingly, Toebes et al. [74] reported opposite reactivity of CNF production 
from the decomposition of CH4, CO/H2, or C2H4/H2 over supported Ni or powder Ni 
catalyst at 550°C. They found that the small supported Ni particles need gases with a 
relatively low activity, like CH4 or CO to produce CNFs. The large unsupported Ni 
only produces CNFs using C2H4. The CNF yield has been attributed to a subtle 
interplay between the nickel particle size and consequently the exposed crystal planes 
on the one hand and the reactivity of the gases on the other. 

Otsuka et al. [75] have shown the effect of the gas precursors on the structure and 
crystallinity of the CNFs from the decomposition of different hydrocarbons on 
Ni/SiO2 catalysts. Zigzag fiber structure was formed from methane, and a rolled fiber 
structure was formed from alkenes and acetylene. The degree of CNF graphitization 
was in the order, alkanes > alkenes > acetylene.  

 

2.1.5 Temperature 
The temperature appears to influence the CNT yield differently depending on the 

specific reaction system. Kukovecz et al. [76] reported that the amount of CNTs 
increases with increasing temperature from acetylene decomposition. Takenaka et al. 
[77] found that the CNF yield decreases with increasing temperature from methane 
decomposition. The CNT yield might also decrease with temperature due to catalyst 
particle sintering at high temperatures [78]. 

The effect of temperature on the structures of CNTs has been investigated on 
Fe/SiO2 by acetylene decomposition from 600 to 1050°C and gas pressure of 0.6 and 
760 Torr. At low gas pressure, the CNTs are completely hollow at low temperature 
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and bamboo-like at high temperature. While at 760 Torr, all the CNTs are bamboo-
like structure regardless of temperature [79]. Therefore, the effect of temperature on 
carbon structures depends on the gas pressure. Takenaka et al. [77] reported fishbone 
CNFs at 500°C but MWNT at 700°C from methane decomposition on Ni/SiO2. In 
addition, the diameter and diameter distribution of the nanotubes will increase with 
increasing temperature [79-81]. 

Finally, the reaction temperature influences the graphitic order of CNFs. It has 
normally been found carbon fibers with more ordered or more disordered carbon after 
growth at high and low temperatures, respectively [82, 83]. 

 

2.1.6 Pressure 
Studies of the effect of gas pressure on the production of CNTs and CNFs are less 

performed. Higher pressures will normally increase the carbon yield but decrease the 
CNT selectivity [84, 85]. From acetylene decomposition over supported Fe and Co 
catalyst, Hernadi et al. [84] reported that carbon deposit increases with higher 
pressure, but leads to worse selectivity and many other kinds of carbon structures.  

Some studies have observed an optimum partial pressure [86-88]. Liu et al. [86] 
discovered a critical methane partial pressure (~0.4 atm) for SWNT synthesis on 
supported Fe catalyst. Below this value, the production rate is proportional to the 
partial pressure. Li et al. [88] found that the yields of CNTs increase significantly 
with the gas pressure from acetylene decomposition over Fe/SiO2 catalyst, reached 
600% at 600 Torr and then decreases with further increase of gas pressure. Li et al. 
[88] also observed a change in the internal structures: completely hollow structure at 
low pressure but bamboo structure at high pressure.  

 

2.1.7 Hydrogen 
The role of hydrogen has been described quite extensively in both the VGCF and 

CNT literature. Hydrogen is known to either accelerate [78, 89-91] or suppress [80] 
the formation of CNTs. 

The most significant effect of hydrogen is to change the orientation of the graphite 
sheets [82, 89], which has been illustrated nicely by Jiao and Nolan. Jiao et al. [92, 93] 
found that when no hydrogen was present, only closed forms of carbon deposits such 
as MWNTs were produced from CO. As the hydrogen partial pressures increased to 
0.1 vol%, the filament with open edges was observed. The number of open edges and 
the angle between the graphite sheets and the axis increased with increasing H2 
concentration. Nolan et al. [94] found that carbon deposition from CO resulted in 
encapsulated carbon only when hydrogen was absent. Nolan et al. [95] proposed that 
hydrogen atoms serve to satisfy valences at the free edges of graphite sheets. Without 
hydrogen, carbon will deposit in closed forms such as shells and nanotubes. Equations 
were derived to calculate the minimum number of hydrogen atoms necessary to form 
a CNF. Nolan et al. [96] further derived thermodynamic expressions for the 
relationship between filament cone angle and hydrogen partial pressure. Therefore, 
the orientation of graphite basal planes of carbon filaments can be tailored. 

 

2.1.8 Particle size 
Though it is widely accepted that the final CNT diameter is determined by the 

starting catalyst particle size, the relationship between tube diameters and sizes of 
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initial catalyst particles can be complicated by particle mobility, sintering and 
redispersion. Catalyst particles could either be aggregated by contact with the reactant 
[97], or be changed by the deposited carbon [98]. Kukovitsky et al. [99] investigated 
more systematically the dependence of CNT diameter on the size of the Ni catalyst: 
At low temperature of 700°C, the nanotube growth is conducted through the solid tip 
catalyst and the tube diameter reproduces essential features of original particle size 
distribution. At 800°C, it grows via liquid catalyst particle by extrusion mode and 
tubes exhibit universal Gauss-like distribution irrespective of the catalyst particle 
sizes. 

Recently it has been noticed that the catalyst particle size is an important factor in 
CNT growth rate [77, 100, 101]. Indeed, it has been shown decades ago both 
experimentally and theoretically that the carbon filament growth rate increases with 
decreasing catalyst particle size [102, 103]. Some recent studies showed that the CNT 
growth rate and productivity are higher on the larger particles [104], while others 
found that the growth rate is higher on smaller particles [54]. This suggests that there 
is probably an optimum particle size for CNT growth, which has been implicitly 
demonstrated [85, 105, 106]. Peigney et al. [85] examined the decomposition of 
CH4/H2 on α-Al1.9Fe0.1O3 solid solution. Almost all the CNTs have an inner diameter 
in the range of 1-6 nm, indicating that the catalyst particles active for CNT formation 
are in this size range. Another study showed that the hematite particles with a 8-20 nm 
size range are involved in the formation of MWNTs during C2H2 decomposition at 
700°C [105].  

 
In addition to the above discussed parameters, other factors such as run duration 

[78, 107] , phosphorus [108], and sulfur [109, 110] etc. have  been found to influence 
the CNF and CNT growth. Therefore, the growth of CNTs is a very complex process 
which involves the interplay of all the process parameters. 

 

2.1.9 SWNT 
The synthesis of SWNT needs additional notice. The lack of methods for large 

scale synthesis has limited fundamental research and application development of this 
unique material. A yield of 550% relative to the weight of metal [111], or 120% to 
200%  [112, 113] relative to the catalyst weight has been claimed as very high.   

It is very important that the metal particles are not aggregated during the SWNT 
growth process [107, 114]. Li et al. [115] demonstrated an upper limit size of 8.5 nm 
to nucleate SWNT over Fe-Mo catalysts dispersed on Al2O3 film. Particle aggregation 
could be prevented by providing a nucleating agent such as Mo, Ru, and W, in 
addition to catalyst precursors, which would rapidly adsorb the precursor atoms (Fe, 
Co, Ni) [114]. Therefore, the catalysts consist of Fe-Mo [116-118] or Co-Mo [119-
122] bimetallic species have been very frequently used. Other special catalyst 
precursors have also been studied, for example ferritin [123-125], nickel formate 
[126], or ferrocene [127].  

Mo provides a synergistic effect to Fe in SWNT synthesis [128]. The interaction 
mechanism was studied by Hu et al. [129], and has been systematically investigated 
by Alvarez et al. [120-122]. It was concluded that the catalysts are effective when 
both metals are simultaneously present. When they are separated they are either 
inactive (Mo alone) or unselective (Co alone). The selectivity of the Co-Mo catalysts 
toward SWNTs depends on the stabilization of Co species in a nonmetallic state 
before exposure to the carbon containing gases [130]. If Co-Mo interaction is 
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disrupted, SWNT selectivity decreases sharply [131]. The Co-W synergism has been 
disclosed accordingly [132].  

With respect to the catalyst support, MgO seems to be the preferable support for 
SWNT growth [133]. MgO is easier to be removed and provides higher yield with a 
smaller diameter compared with for example Al2O3 [134]. The gas sources used in the 
synthesis of SWNT are mostly methane, though CO, ethylene or acetylene have been 
frequently used. 

The most successful process up to now is the HiPCO process [114, 135], in which 
the production of SWNTs is induced by the decomposition of Fe(CO)5 in flowing CO 
at high pressure and elevated temperature. Iijima et al. [136] very recently reported a 
breakthrough in the synthesis of SWNTs. By adding water to the standard SWNT 
synthesis scheme, the yields reached astonishingly 50000% relative to the starting 
metal. The results are so remarkable, suggesting that large scale synthesis of SWNTs 
is no longer a dream.  
 

2.2 Growth mechanism 
The mechanism of the catalytic growth of CNFs has been studied and debated for 

a long time [17, 19, 137]. It is now commonly accepted that the growth of a carbon 
filament proceeds through three steps, which can be represented by a simplified 
model as in Figure 2.1. The first step is the decomposition of carbon-containing gases 
on the metal surface at the gas-particle interface. The second step involves carbon 
dissolution in the particles, and carbon diffusion through the bulk or on the surface of 
the metal particles. In the final step, carbon precipitates on the form of CNFs or CNTs 
at the other side of the particle.    

 
CO2
H2

CO
CxHy

C

Support

C C

C C

 
 

Figure 2.1. A simplified model of the CNF/CNT growth process. 
 

This mechanism works well at least for the formation of CNFs and MWNTs. In 
most cases, the rate determining step is the diffusion of carbon through the catalyst 
particle. Justification for this claim is based on the remarkable agreement between the 
measured activation energies for filament growth and those for carbon diffusion [17, 
20, 137, 138]. B.Nagy et al. [138] compared the activation energy for nanotube 
growth measured by in situ electron microscopy and the activation energy for carbon 
diffusion on Ni, α-Fe, γ-iron, Ni-Fe, Co, V, Mo, Cr, the values are always strikingly 
similar. Resasco et al. [139] also concluded that in the SWNT synthesis once the 
nucleation is completed, the formation rate is controlled by mass transfer.   
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In certain cases the rate-limiting step can be reversed. For example, for CNF 
formation from acetylene decomposition on α-Fe, the diffusion of carbon is the rate-
limiting step. However, when CNF grows from a number of more stable hydrocarbons, 
the carbon diffusion is not rate limiting but rather the surface reactions [20].  

The similarity between the activation energies of filament growth and carbon 
diffusion suggests that carbon diffuses through the bulk of the metal. However, 
Helveg et al. [140] believe that only surface carbon diffusion has taken place. They 
directly imaged the CNF growth process using in situ high resolution transmission 
electron microscope. It was observed that Ni step edges play a key role and that the 
process involves the transport of C atoms towards and Ni atoms away from the 
graphene-Ni interface. This observation is also consistent with a molecular dynamics 
study [141]. Then probably both surface and bulk diffusion take place, depending on 
the reaction conditions. 

The details of the nucleation of both SWNTs and MWNTs have been formulated 
by Dai et al. [142] through the so-called yarmulke mechanism. They proposed that a 
graphene cap will be assembled on the particle surface, with its edges strongly 
chemisorbed to the metal. Newly arrived carbon will continue to assemble on the 
surface of the catalytic particle, and will go to three possible sites: (1) The original 
surface shell can continue to grow, which would result in overcoating and 
deactivation of the catalytic particle. (2) A second cap can form underneath the first, 
spaced by roughly the interlayer spacing of graphite. Then old caps are forced to lift 
up by forming cylindrical tubes whose open end remains chemisorbed to the catalytic 
particle. (3) Carbon can add to the cylindrical section of a growing layer. B.Nagy et al. 
[138] depicted a more explicit picture of how such a cap forms for SWNTs (Figure 
2.2): the supersaturation leads to the segregation of the carbon atoms, which move to 
the surface and combine to form an initial graphene or haeckelite layer. After reaching 
a critical size and if the system contains enough kinetic energy, it may detach from the 
particle surface and form a fullerene-like cap. This early stage of carbon nucleation on 
the metal surface is probably common for both MWNTs and SWNTs. 

 
 

 
 

Figure 2.2. Schematic view of the nucleation of a cap and a SWNT. (a) Hydrocarbon decomposition. (b) 
Carbon diffusion in the surface layer. (c) Supersaturation of the surface and formation of the cap. (d) 
Growth of a SWNT (from B.Nagy et al. [138]). 
 

The nucleation of a fishbone or platelet nanofiber would differ from that of a 
parallel tube. For the fishbone or platelet structure, each layer is probably segregated 
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separately due to supersaturation. There is no continuity in the flux of carbon atoms 
through the particle surface to the fiber. One of the prerequisite for the formation of 
fishbone/platelet fibers is hydrogen being abundantly present on specific surface 
planes of the catalyst particle. Hydrogen saturates the dangling bonds at the edges, 
and probably also initiates the segregation of graphite layers. This leads each graphite 
layer to nucleate separately [143]. 

During the CVD growth, the metal particles are possibly in the molten state [144, 
145]，which has been always assumed in high temperature process such as laser 
vaporization [146-149]. This is because the carbon saturated metallic nanoparticles 
melts at temperatures far below the bulk melting point of the metal [144]. B.Nagy et 
al. [138] proposed only a  liquid surface layer for SWNT growth. 

The last question is why different carbon nanostructures occur. The carbon deposit 
structure seems to depend in a complex manner on the reaction conditions, gas 
precursors, and the metal catalysts. For example, large particles are not able to grow 
SWNTs, but known to grow MWNTs and nanofibers [139, 150]. Too large metal 
particles tends to form encapsulating carbon instead of carbon filaments [142, 151]. 
The use of metals characterized by a higher metal carbon energy bond yields 
nanotubes with smaller diameters [145]. 

Snoeck et al. [152] have provided an elegant kinetic model explaining why full or 
hollow fibers are formed from supported metal particles. This model shows that CNFs 
tend to form at low temperatures and tubular structures tend to form at higher 
temperatures. The carbon deposit structure is also affected by thermodynamic factors. 
Carbon deposits will have their basal planes predominantly parallel to the planes of 
the catalytic particles. This occurs because the interfacial free energies between the 
particles and the carbon deposits is smaller [153]. Therefore, the morphology of the 
carbon deposit is also determined by the surface orientation of the particles, which in 
turn is influenced by the reaction conditions. 

It is not clear whether or not exactly one mechanism accounts for the growth of all 
CNTs. In situ thermal analysis-mass spectroscopic study of CNT growth surprisingly 
detects no hydrocarbon species decomposed from benzene over Fe-Co/γ-Al2O3 at 
700°C, indicating that C-C bonds were never broken during CNT growth [154]. 
 

2.3 Application in hydrogen storage 
The first report on hydrogen storage in SWNTs estimated a high storage capacity 

of 5-10 wt.% [155]. In 1998 an extremely large hydrogen uptake of 67 wt.% was 
announced by Baker & Rodriguez [156]. Later, Liu et al. [157] reported a capacity of 
4.2% for SWNTs and Chen et al. [158] reported up to 20% in Li doped CNFs. 
Researches on hydrogen storage in carbon nanostructures have exploded since then, 
and numerous reviews can be found [159-167].  

It should be noted that nearly all results are not confirmed or reproduced by other 
independent groups, and has been doubted ever since. The hydrogen uptake in the 
alkali-doped CNT of Chen et al. [158] has been shown to be due to the contamination 
of water [168, 169]. Hirscher et al. [170, 171] demonstrated that the contamination of 
carbon materials with metals have lead to the majority of uptake in SWNTs. Later 
more studies have claimed that the high storage capacities in carbon nanostructures 
are unjustified and are indeed very low [161, 172-174]. The literature is full of debate, 
and this “hydrogen storage controversy” was highlighted by an article in Nature [175]. 
Despite all these controversies, there are still new results attracting the interests of 
researchers and energy and car companies. 
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Most of the hydrogen adsorption experiments have been carried out with 
volumetric [156, 176] and gravimetric methods [157, 168, 169], or temperature 
programmed desorption spectroscopy [165]. Each method can easily bring erroneous 
results if the system is not carefully designed and calibrated. For good accuracy of the 
volumetric method, it typically requires specimen masses of 500 mg or higher. Any 
leakage or ambient room temperature variations may give rise to large experimental 
errors [174]. For the gravimetric method, upon a change in temperature or gas 
flowrate, the accompanying change caused by changes in buoyancy and friction 
forces from the gas flow can be usually of the same order of magnitude as the signal 
that is being measured [168].  

The storage capacity at room temperature has been demonstrated to be correlated 
with the BET specific surface area [160, 177-179]. This suggests that physisorption is 
responsible for the hydrogen uptake. However, Browning et al. [180] observed 
substantial levels of hydrogen uptake up to 6.5 wt.% under conditions of 12 MPa 
pressure and ambient temperature, which can not be interpreted by physisorption 
alone and a slow chemisorption process has been suggested. Orimo et al. [160] 
proposed the defect mediated hydrogen sorption, which is an intermediate state 
between physisorption and chemisorption. They believe that the formation of 
defective structures is critical for producing the nonphysisorbed hydrogen. This is 
manifested by Lueking et al. [181], who found that the generation of structural defects 
is essential for hydrogen storage. 

More recent research efforts have concentrated on the carbon-metal composite 
materials [182, 183]. Callejas et al. [184] observed an increase of 40% in hydrogen 
adsorption when the SWNTs are reduced. The reduction process will lead to hydrogen 
dissociation by the reduced metal nanoparticles with subsequent hydrogen spillover 
and chemisorption. The metal can also increase the adsorption rate [185] and reduce 
the desorption temperature [186]. 

Careful in situ pretreatment of CNF samples is a critical procedure in order to 
reach high adsorption capacity [165, 187-189]. It will remove chemisorbed gases 
from edge regions [187]. In metal doped CNTs, the increase in pretreatment 
temperature also likely enhances the metal-support contact for higher hydrogen 
uptake [189]. 

 Ning et al. [190] have for the first time used large quantities of MWNTs up to 
85 g for hydrogen storage by a volumetric flow meter. It was claimed that a precision 
of 0.01% can be obtained. At a pressure of 12 MPa, the hydrogen uptake by pretreated 
MWNTs at room temperature was no more than 0.30 wt.%, though reached 2.27 wt.% 
at 77 K. 
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3 EXPERIMENTAL 
 

3.1 Catalyst preparation 
The catalysts used in paper 1, 2, and 3 are hydrotalcite (HT) derived Ni-Fe/Al2O3 

catalysts, which have high metal loadings. The catalysts used in paper 4 are Ni-
Fe/Al2O3 supported catalysts prepared by homogeneous deposition-precipitation from 
cyanide precursors. The catalysts used in paper 5 and 6 are prepared by homogeneous 
deposition-precipitation using different precipitation agents, impregnation, or sol-gel 
methods to obtain varying particle sizes. The catalysts used in paper 7 are a Fe 
powder catalyst with small particle size and a Fe/Al2O3 catalyst derived from HT. In 
all cases, a small particle size and narrow size distribution have normally been the 
purposes. The detailed preparation procedures are given in the respective papers with 
references to relevant literature. 
 

3.2 CNF/CNT synthesis 
The CNF/CNT synthesis apparatus is presented in Figure 3.1. The synthesis was 

performed in a vertical quartz flow reactor with 4 cm diameter and 50 cm length. A 
quartz sinter is located in the middle of the reactor upon which the catalysts can be 
loaded. In each synthesis, a weighted amount of catalyst samples were reduced in 100 
ml/min He/H2 mixture (50% vol) at 600°C overnight. The temperature was raised to 
600°C at 5°C/min. Following reduction the system was flushed for 0.5 h with helium. 
The reactor was then raised to the synthesis temperature, and a desired mixture of 
carbon-containing gases was introduced into the reactor. The composition of the 
gaseous products out of the reactor was analyzed by an online gas chromatograph (HP 
5890). The carbon selectivity, CNF growth rate, and CNF productivity can be 
calculated from GC analyzed results. The total amount of CNFs produced on the 
catalysts during time on stream was also determined gravimetrically after the system 
had been cooled down to ambient temperature under flowing helium. In most cases 
the gravimetrically determined CNF amount was very close to the GC calculated 
result.  

 

3.3 Catalyst and CNF/CNT characterization 

3.3.1 XRD study 
X-ray diffraction (XRD) study was carried out for both the catalysts and CNF 

samples. For phase identification, a Simens D5005 X-ray diffractometer was used. 
Diffraction was performed with Cu Kα radiation and peaks were identified by 
comparison with standards in a database. For determining particle size distribution of 
the catalysts, a Siemens D5000 X-ray diffractometer was used with Cu Kα1 radiation. 
The resulting peaks were analyzed with a profile fitting program (SIEMENS 
DIFFRACplus PROFILE), and crystal size and microstrain software (DIFFRACplus 
WIN-CRYSIZE).  For characterization of the reduced catalyst sample, the catalysts 
were pre-reduced and passivated to prevent bulk oxidation of the catalysts.  

XRD study of CNFs was performed with the Simens D5005 X-ray diffractometer. 
Comparing the d002 values with the theoretical value of graphite, 0.33542 nm, 
provides an indication of the degree of graphitic character [191, 192]. 
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Figure 3.1. The CNF/CNT synthesis apparatus. 

 

3.3.2 Thermogravimetric analysis (TGA) 
Simultaneous thermogravimetry (TG) and differential thermal analyses (DTA) 

were carried out both for the HT precursors and CNFs, using a Perkin-Elmer 
thermogravimetric analyzer (TGA) apparatus. TGA study of the HT catalysts was 
carried out in 40 ml/min air at a heating rate of 10°C/min from 30°C to 800°C using 
11-14 mg samples.  

TGA study of CNFs was performed in 80 ml/min air at a heating rate of 10°C/min 
from 30°C to 900°C using 8-9 mg purified samples. The TGA method provides a 
convenient means of characterizing the stability of CNFs towards high temperature 
oxidation and of assaying the degree of graphitization [193]. The rates of interaction 
with gases are slowest within a basal plane surface and fastest at defects (vacancies, 
dislocations, and steps) and at the termination of basal planes (i.e., dangling bonds at 
edges) [194, 195]. 

 

3.3.3 TPR study 
Temperature programmed reduction (TPR) is a highly sensitive method for 

discriminating the reducibility of different species, providing information about its 
chemical state, as well as its dispersion state. TPR study was carried out in a 
CHEMBET-3000 TPD/TPR instrument. TPR was performed in 80 ml/min H2/Ar 
mixture (7% vol H2) at a heating rate of 10°C/min from 30°C to 1000°C using about 
35 mg samples.  
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3.3.4 Chemisorption 
The measurement of the adsorption capacity of supported metals is useful in 

providing estimates of metal surface, dispersion, and average crystallite diameter. 
Hydrogen chemisorption was performed with a Micromeritics ASAP 2000 apparatus 
with about 0.3 g pre-reduced catalyst samples at 35°C.  

 

3.3.5  BET study 
The BET study was carried out for both the catalysts and the CNF samples. The 

measurement used a Micromeritics TRiStar 3000 apparatus and about 0.12 g samples 
by nitrogen adsorption. Before collecting the BET isotherms the samples had been 
evacuated to 50 mTorr at 300°C. 

 

3.3.6 SEM study 
The characteristics of the carbon deposits were examined using scanning electron 

microscopy (SEM). The SEM study was performed with a Hitachi S4300 field 
emission electron microscope. The samples were prepared by dropping some CNF 
powders onto a wet carbon tape, and then dry the sample at 80°C overnight. The 
pictures were taken with a secondary electron detector.  

 

3.3.7  TEM study 
The transmission electron microscopy (TEM) investigation was performed for 

both the catalysts and the CNFs, using a JEOL 2010F electron microscope equipped 
with a field emission gun. TEM specimens were prepared by ultrasonic dispersion of 
the CNFs or catalyst samples in ethanol, and then a drop of the suspension was 
applied to a holey carbon support grid.  

 

3.4 Hydrogen storage apparatus 
The hydrogen storage apparatus is displayed in Figure 3.2. It consists of a sample 

cell connected to a hydrogen reservoir via a high-pressure mass flow controller 
(MFC), which can endure pressures up to 120 bar. The sample cell can be heated to 
1000 °C inside an electric oven. Thus the samples can be pretreated in situ at high 
temperatures. The sample cell is also connected to a vacuum pump for degassing. The 
system pressure is measured with a high-pressure transducer. All the parameters, 
including temperature, pressure, gas flow rate, and flow time are controlled and 
recorded by a Labview program with the computer. 

For each adsorption-desorption cycle, the hydrogen uptake amount can be 
calculated from the flow rate, flow time, and pressure. The desorbed hydrogen will 
also go through the MFC and is measured in a similar way. Subsequently the 
adsorption-desorption isotherm can be constructed. 

Another feature of the setup is that it has been designed to measure the storage 
capacity with tens of grams sample quantity. Traditionally the hydrogen adsorption 
measurements are performed with sample amounts of only several or tens of 
milligrams. Very easily, parasitic effects may be ascribed to hydrogen uptake. With 
large amount of sample masses, the artificial results are minimized effectively.  
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Figure 3.2. The hydrogen storage apparatus. 
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4 RESULTS AND DISCUSSION 
 

4.1 CNF synthesis on hydrotalcite derived catalysts (Paper 1, 2, and 3) 
HT derived catalysts will result in a highly dispersed mixture of the cations on an 

atomic scale, with desirable properties such as high surface area, high thermal 
stability, and high metal loadings. This will facilitate the growth of CNF with high 
productivity and quality simultaneously.  

Paper 1 presents a detailed study of the preparation and characterization of the HT 
derived Ni-Fe/Al2O3 bimetallic catalysts, with Ni/Fe ratios of 1:0, 8:2, 5:5, 2:8, and 
0:1. The structure and properties of the catalysts were carefully examined by various 
methods such as XRD, TGA, TPR, BET, chemisorption, XPS, and EXAFS. It turns 
out that pure HT structure can only be synthesized at low Fe2+ concentration and that 
the percentage of the impure structure (spinel) increases with the increase of Fe2+ ratio. 
The formation of spinel phase instead of pure HTs from Fe2+ can be attributed to the 
large ionic radius of Fe2+, and the easy oxidation of Fe2+ to Fe3+. It is then difficult to 
incorporate all the Fe2+ ions into the HT structure, and the excessive Fe was separated 
out as Fe3O4 or NiFe2O4 spinels. Pure HT structure derived Ni-Fe catalysts have small 
particle sizes and narrow particle size distribution, in spite of a high metal loading of 
77 wt.%. If impure spinel phase is formed, the particle size distribution increases 
significantly. The HT derived catalysts also have high surface areas, which decrease if 
the spinel phase is formed. Therefore it is essential to prepare pure HT structures. 

The phases of different catalysts after reduction are shown in Figure 4.1. It is clear 
that for the NiFe (5:5) and NiFe (2:8) catalysts, two different alloy phases are present. 
XPS and H2 chemisorption studies found that Fe is enriched on the alloy catalyst 
surfaces after reduction.  
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Figure 4.1. XRD patterns of the reduced catalysts. From bottom: Ni, NiFe (8:2), NiFe (5:5), NiFe 
(2:8), Fe. Peaks marked with * and o are characteristic of two different Ni-Fe alloy phases. For clarity 
when single phase is present, the peaks are not marked. 
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Paper 2 presents the synthesis of CNFs from CO disproportionation and C2H4 
decomposition on the HT derived Ni-Fe/Al2O3 catalysts. It was found that only Fe 
catalyst is able to produce CNFs from CO disproportionation, whereas other catalysts 
will deactivate very fast in CO. Only Ni catalyst can produce CNFs from C2H4 
decomposition, whereas other catalysts will produce tar instead of CNFs. However, 
when C2H4/CO mixtures are the reactant, all catalysts are able to produce large 
amount of CNFs from C2H4 decomposition. Figure 4.2 shows that all the catalysts 
have very high productivity, which slightly decreases with the increase of Fe 
concentration. GC analysis shows that CO is not converted in the reaction mixture and 
that the concentration of CO has no real influence on either C2H4 conversion or the 
carbon selectivity. 
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 Figure 4.2. CNF production as a function of reaction time over various Ni-Fe catalysts from 
C2H4/CO/H2 (30:10:10) at 600°C. 
 

The Ni-Fe bimetallic surfaces are enriched with Fe, which are not preferred for 
C2H4 decomposition. In contrast, in the presence of CO, the surfaces may reconstruct 
to have a set of crystallographic faces, and/or Ni segregation, that are favored for 
C2H4 decomposition, but suppresses CO dissociation. CO may also play an electronic 
effect by electron withdrawing that promotes the C=C bond rupture. These two effects 
made all catalysts active in producing CNFs from the mixture of C2H4 and CO. 

SEM, TEM, TPO, and XRD characterization shows that CNFs with different 
crystalline nature and morphologies were produced from different catalyst 
composition and gas precursors. SEM and TEM studies confirmed that the structures 
are always relatively uniform and that the method used for the synthesis of CNFs was 
selective, since very little other forms of carbon were observed. This is represented by 
a SEM image of CNFs produced over the NiFe (5:5) catalyst from C2H4/CO/H2 
(30:10:10) at 600°C (Figure 4.3). The synthesized CNFs normally have diameters 
ranging from 5 to 80 nm. The average diameters vary from 19 to 55 nm.  

Therefore, more control over the final structure and diameter of the CNFs is 
achieved with the HT catalysts, a condition normally realized with supported catalysts. 
Moreover, a high yield is obtained with the HT catalysts, which is superior to the 
supported catalysts. In conclusion, it is demonstrated that using HT derived Ni-
Fe/Al2O3 presents a new promising route for large-scale controlled synthesis of CNFs. 
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2.5 µm

 
 

Figure 4.3. SEM image of CNFs produced from C2H4 decomposition with C2H4/CO/H2 (30:10:10) on 
the NiFe (5:5) catalyst at 600°C. 

 
Paper 3 is a further study to optimize the large scale CNF synthesis processes 

from C2H4/CO/H2 (30:10:10) on the HT derived catalysts. From paper 2 it was found 
that a high Ni ratio is preferred for ethylene decomposition, therefore a new catalyst 
of NiFe (6:1) was prepared, in addition to the NiFe (5:5) catalyst from paper 2. The 
synthesis has been optimized as a function of various parameters such as hydrogen 
content, gas space velocity, and temperature.  

The effect of these process parameters on the outcome of the CNFs is represented 
in Table 4.1. It was clear that high hydrogen concentration, space velocity, and 
reaction temperature will enhance the production of CNFs. However, a slightly lower 
quality is always associated with a higher productivity. For example, the increase of 
the reaction temperature significantly increased the productivity and crystallinity, but 
produced CNFs with very large diameter and much shorter length. The increase of the 
hydrogen concentration increased the CNF productivity at the expense of a large 
diameter. Therefore, for practical applications, there is a compromise to be made. 
Moreover, the highest productivity has reached 128 gCNF/gcat during 8 h on the NiFe 
(6:1) catalyst with good quality.  
 
 Table 4.1. Influence of catalysts and process parameters on the CNF productivity, production rate, 
and properties. 
 

Ni:Fe C2H4:CO:H2/ 
T ( °C) 

gC/gcat a Rate (gC/gcat 
*h) b

Mean diameter 
(nm) 

Max. weight 
loss T (°C) 

d002
(Å) 

6:1 30:10:5 /600 76.2 (8.3) 9.36   NDc 585 3.454 
6:1 30:10:10/600 100.9  (13.8) 9.98 42 608 3.447 
6:1 30:10:15/600 103.8  (12.0)  10.33   53 611 3.434 
6:1 60:10:10/600 127.8  (8.2) 15.80  47 632  3.461 
5:5 30:10:10/550  29.9  (8.3) 3.73 ND 564 3.469 
5:5 30:10:10/600  63.6  (9.8) 6.90 37 611 3.437 
5:5 30:10:10/650  64.3  (8.1) 7.94 70 634 3.426 

 
a Different synthesis time was used (values in the parenthesis); b For comparison the rates under 
different conditions were calculated based on 8 h synthesis time; c Not determined. 
 

4.2 CNT synthesis on supported catalysts (Paper 4) 
Paper 4 presents CNT synthesis over the supported Ni-Fe/Al2O3 catalysts with 20 

wt.% and 40 wt.% metal loading from CO disproportionation. The parameters of 
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space velocity, loading, hydrogen, and temperature on CNT production rate, 
productivity, and morphology has been studied. 

Table 4.2 shows that a high space velocity will result in a high production rate but 
a short lifetime and a low carbon capacity. Therefore, there is a comprise to be made. 
Increasing the metal loading to 40 wt.% significantly increases the production rate 
and productivity. The effects of space velocity and metal loading on the catalyst 
lifetime and carbon capacity can both be interpreted by the CO2 effect, which acts as 
gasification agent to prevent encapsulating carbon formation. 
 

Table 4.2. Catalyst activity at different metal loadings and space velocities. 
 

Catalysts Space velocity 
(l/gcat*h) 

Lifetime 
(h) 

Carbon capacity 
(gC/gcat) 

gC/g 
metal 

Average growth 
rate (gC/gcat*h) 

Ni-Fe (20) 
Ni-Fe (20) 
Ni-Fe (40) 

9.6 
19.2 
19.2 

74.1 
24.3 
55.6 

41.9 
15.7 
101.3 

209.4 
78.3 
253.3 

0.56 
0.64 
1.82 

 
TEM images show that the CNTs produced over these supported catalysts have 

very homogeneous structure and diameters (Figures 4.4 (a) and (b)). At the high metal 
loading and space velocity, the CNTs are as uniform as those at the low metal loading 
but the CNTs are highly entangled (Figure 4.4 (b)). 
 

    
200 nm

(a)

    
200 nm

(b)

                     
Figure 4.4. Low resolution TEM images of (a) CNTs produced from CO/H2 (40/10) at 600°C on the 
Ni-Fe (20) catalyst; (b) CNTs from CO/H2 (80/20) at 600°C on the Ni-Fe (40) catalyst. 
 

     

 

10 nm

(a)

    
5 nm

(b)

                                                              
Figure 4.5. HRTEM images of CNTs produced on the Ni-Fe (20) catalyst at 600°C (a) graphite sheets 
inclined at an angle to the tube axis from CO/H2 (40/10); (b) walls with no open edges from CO (40). 
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H2 is necessary for a high productivity, since without H2 the catalyst deactivates 
very fast. The partial pressure of H2 can be utilized to adjust the CNT nanostructure. 
Figure 4.5 (a) shows that in the presence of H2 the walls of the CNTs are oriented at a 
small angle with respect to the tube axis, whereas the CNTs produced without H2 
shows no open edges (Figure 4.5 (b)).  

Finally, low temperature results in a high initial production rate but again a short 
lifetime and a low carbon productivity. CNFs with relatively poor crystallinity are 
produced at the low temperature. 
 

4.3 Mechanistic study of CNT growth (Paper 5, 6) 
Paper 5 and 6 presents our understanding of increasing CNT production rate and 

productivity from a mechanistic point of view. In paper 5, a series of silica supported 
Fe catalysts were prepared by different methods in order to obtain varying Fe particle 
sizes. The catalyst particle sizes were studied by XRD and TEM. The CNT growth 
from CO disproportionation was studied in order to establish a relationship between 
the CNT growth rate and the particle size. It is found that there is an optimum catalyst 
particle size at around 13-15 nm which will lead to the maximum growth rate. This 
has been demonstrated at two different synthesis temperatures of 600 and 650°C. The 
correlation is shown in Figure 4.6.  
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Figure 4.6. Dependence of growth rate on the particle sizes at 600 and 650°C. 
 

The size effect can be explained by a mathematical model. At steady state, the 
filament growth rate is directly proportional to the driving force of the carbon 
diffusion, which can be simplified as:  

 )( ,, CCad
D

rFeCfFeCFe
Fe

Cr
−−

−=  

where r is CNT growth rate, Dc is effective carbon diffusivity, aFe is specific 
surface area of Fe, dFe is effective diffusion length, CC-Fe, f is carbon concentration at 
the gas side, and is in equilibrium with surface carbon. CC-Fe, r is carbon concentration 
at the rear side of the catalyst particle, and is identical with the saturation 
concentration of CNT (Csat). Therefore, a small crystal size of Fe will provide a large 
surface area for the surface reactions, a high diffusion flux area and a shorter diffusion 
length, which is beneficial for a high growth rate. On the other hand, a small crystal 
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size will result in a large saturation concentration of CNT, leading to a low driving 
force of carbon diffusion, and a lower growth rate. The net effect of the Fe particle 
size on the rate of CNT formation is a result of the competition among all the factors 
and will lead to an optimum size with the fastest rate. 

Numerous studies have shown that catalyst support will influence the CNT growth 
rate. In paper 6, the dominating factor between the particle size and catalyst support 
that determines the CNT growth rate is demonstrated. The CNT growth was also 
studied from CO disproportionation over Fe catalysts supported on SiO2 and Al2O3. 
The following four catalysts Fe/SiO2 (UREA), Fe/Al2O3 (UREA), Fe/SiO2 (CYA), 
and Fe/Al2O3 (CYA) have sizes of 11.6, 28.9, 30.2, and 38.5 nm, respectively. From 
Figure 4.7 it is clear that the Fe/SiO2 (UREA) catalyst with the smallest particle size 
has a much higher growth rate than the others. The Fe/Al2O3 (UREA) and Fe/SiO2 
(CYA) catalysts have similar particle sizes, and the growth rates are different but the 
difference is not so significant. This trend is demonstrated also at two different 
temperatures of 600 and 650°C. Consequently it can be concluded that the particle 
size is determining the CNT growth rate.  
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Figure 4.7.  CNT growth over different Fe catalysts at 600°C. 
 

The particle size is suggested to have direct impact on the rate-limiting steps of 
CNT growth. The catalyst support will change the crystallographic faces exposed and 
have effect on the surface reactions, which will influence the growth rate but is not 
dominating.  

 

4.4 Controlled synthesis of different carbon nanostructures (Paper 7) 
Paper 7 presents the synthesis of different carbon nanostructures on powder Fe 

and Fe/Al2O3 catalysts from the decomposition of different carbon containing gases of 
CO/H2, CO, CH4, and C2H6/H2. The effect of catalyst support and reactants on the 
yield and structure of carbon growth have been studied. From Table 4.3 it is clear that 
the carbon yield was higher on the powder Fe catalyst from CO disproportionation, 
but the yield was higher on Fe/Al2O3 from hydrocarbons. Completely different or 
similar structures were synthesized, depending on the gas precursors (Table 4.3).  

 
 

 

 23



Table 4.3. Carbon productivitya and structureb from different carbon containing gases. 
 

Reactants Productivity Fe3O4  Productivity Fe/Al2O3  Structure Fe3O4  Structure Fe/Al2O3  
CO/H2  28.8 (171)c 17.6 (62)d Platelet F-T 
CO 1.8 1.1e Onion, CNT Onion, CNT 
CH4 0.37 1.5 Onion, CNT CNT, Onion 
C2H6/H2 0.45 2.24 CNT, F-T CNT, F-T 

 
aCarbon productivity after 8.5 hrs growth, unit: gC/gcat; bThe structure underlined is the dominating 
form; F-T: fishbone-tubular; cValue in the parenthesis gives the productivity after 50.5 hrs growth; 
dValue in the parenthesis gives the productivity after 30 hrs growth; eComplete deactivation after 4 h. 
 

The catalyst activity and the structure of the carbon deposits have been attributed 
to the size and crystallographic faces of the catalyst particles, which in turn are a 
direct consequence of the strength of metal-support interaction, and are further 
influenced by the reactants. Hydrogen plays an essential role in the growth processes 
by surface reconstruction, keeping the surface clean of carbon, and satisfying 
dangling bonds.  

Controlled synthesis of platelet fibers, fishbone-tubular fibers, onion-like carbon, 
and CNTs with high quality and selectivity has been realized in this study (Figure 4.8). 
These different carbon nanostructures will have applications in different fields.  
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(b)
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Figure 4.8. (a) high resolution TEM image shows the platelet structure produced on Fe powder at 600 
°C from CO/H2 (40/10); (b) high resolution TEM image shows the fishbone-tubular structure produced 
over Fe/Al2O3 at 600 °C from CO/H2 (40/10); (c) low resolution image of onion-like carbon over Fe 
powder at 600 °C from CO (40);  (d) low resolution image shows uniform CNTs produced over Fe 
powder at 600 °C from C2H6/H2 (30/50). 
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CONCLUDING REMARKS 
 

The formation of CNFs/CNTs is a very complicated process. Any parameters, 
such as catalyst precursor, catalyst composition, catalyst metal loading, catalyst 
support, metal particle size, reaction temperature, gas precursors, gas space velocity, 
hydrogen concentration, or even reaction time can have a significant impact on the 
structure, yield, and quality of the CNFs/CNTs.   

It is always desirable to get a high carbon productivity with the control of fiber 
quality and structures. However, this study demonstrated that it is hardly possible to 
achieve the two outcomes at the same time. Take HT derived Ni/Al2O3 (77.5 wt.%) 
catalyst as an example, it can achieve a very high productivity  (50 gCNF/gcat  in 5.3 
h) from ethylene decomposition with reasonably good structure and diameter 
distribution. However, the structure and diameter distribution are never as uniform as 
CNFs produced on 20 wt.% Ni/Al2O3 catalyst from ethylene. Unfortunately, this latter 
supported catalyst can only have a productivity of 5 gCNF/gcat in 8 h. It is also 
possible to obtain very uniform structures on 77.5 wt.% Ni/Al2O3 catalyst, but then a 
low reactive gas such as methane has to be used. Nevertheless, the productivity from 
methane is again inherently lower (22 gCNF/gcat in 12 h). Consequently, a comprise 
has to be made. A recurring theme throughout this study is that there is always a 
comprise between CNF/CNT productivity and quality, which can be optimized by 
careful choices of the above parameters. 

An important contribution from this study is that the effect of the catalyst particle 
size in the growth of CNTs has been explicitly demonstrated. Therefore, any 
treatment processes that have potential impact on the metal particle sizes, such as 
calcination or reduction, might influence the growth rate. 
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