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Influences of operating conditions on the production of carbon nanotubes
(CNTs) were studied using Fe and Fe-Ni bimetallic catalysts supported on silicon
monoxide (SiO). The catalysts were prepared in three steps: (1) impregnation of Si0
powders with ferric nitride or combinations of ferric and nickel nitrides, (2) oxidation
of nitrides in an air stream, and (3) grinding the powders obtained. CNTs were
successfully synthesized by catalytic CVD using NH3/CH4 mixtures in a horizontal
tubular flow reactor. The following process parameters were varied to investigate their
effects on the growth rates of CNTs. The morphologies of catalysts and product CNTs

were observed by scanning electron microscope (SEM).

* The particle size of SiO,

* metal composition,

* metal loading,

* temperature for catalyst oxidation,
* extent of grinding of catalysts,

* NHj pretreatment time,



* reaction temperature for CNT growth,
e reaction time, and
* NH;3/CHy feed ratio.

Two different average sizes of SiO particles, 8 pm and 44 pm, were compared
based on the growth of CNTs in 5 min. Catalysts supported on 44 pm average sized
SiO particles demonstrated higher yields when they were not pretreated in an NHj3
stream. When 1 wt% Fe was loaded, aligned CNTs were formed, and a highest growth
rate per unit mass of catalyst was observed. The range of oxidation temperature to
achieve highest catalyst activities depended on metals and metal contents: 600 - 750°C
for 1 wt% Fe, 450 - 600°C for 3 wt% Fe, and 750 - 900°C for Fe-Ni. Grinding
catalysts for at least 3 minutes increased the growth rate of CNTs by approximately 40
percent. The growth of CNTs was enhanced when no NHj; pretreatment of catalysts
was carried out, regardless of metals and metal contents. However, CNTs did not grow
appreciably from methane without ammonia. An NH3/CHjy feed ratio of 0.15 - 0.25
was observed to yield highest growth rates. The reaction temperature to achieve
highest CNT growth rates was found to be in the range between 990 and 1000 °C. The

growth of CNTs was not linear but decreased with reaction time.
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1 INTRODUCTION

Following the discovery of fullerenes, the soccer-ball shaped Cg clusters, by
Kroto, et. al. in 1985 [1], carbon nanotubes (CNTs) were discovered by lijima in 1991
[2]. Carbon nanotubes have very simple chemical composition and atomic bonding
configurations, but they represent outstanding chemical and physical properties
associated with their diverse structures. Based on their electronic, mechanical, optical,
and chemical characteristics, a variety of potential applications have been suggested,
such as a composite for reinforcements, a field emitter for flat panel displays, and
chemical sensors. The large-scale production of purified CNTs for practical use has
been eagerly studied.

For the synthesis of CNTs, several methods have been already developed,
including arc-discharge, laser vaporization of graphite targets, electrolysis of carbon
electrodes in molten halide salts, and various types of chemical vapor deposition
(CVD). The first two techniques come from the same principle basically, in which the
plasma produced by the evaporation of high-purity graphite electrodes condenses and
forms single-walled carbon nanotubes (SWNTs) or multi-walled carbon nanotubes
(MWNTs). Electrolysis is performed using a graphite anode and cathode in a liquid
phase, and SWNTs and MWNTs can be made by the erosion of the cathode. In the
CVD, different energy sources and support materials are used depending on the
techniques. The growth of CNTs is mainly achieved by the thermal decomposition of
hydrocarbon vapor, such as ethylene (C,H,4) and methane (CHy), over transition metal
catalysts, such as Fe, Ni, Co, and Mo. Silica (SiO,), alumina (Al,O3), or magnesium

oxide (MgO) are mainly used as a support material.



Each of the above mentioned techniques has some advantages and
disadvantages in the synthesis of CNTs. For instance, only the electrical arc discharge
and laser vaporization can produce SWNTs with high crystallinity, but their
production rates seem to be smaller compared to the catalytic CVD (CCVD) method
[3, 4]. Electrolysis may be the least expensive way for synthesizing MWNTs due to its
simple apparatus, raw energy consumption, such as low reaction temperature, and
inexpensive raw materials [5, 6], but some issues, including the endurance of a
cathode and low yields of products, have to be resolved. In the CCVD, the
achievement in large-scale production has already been reported using a fluidized-bed
reactor capable of producing 50 kg of carbon materials a day with a yield of 70 - 80%
CNTs or 15 kg/h with a purity of 99.9% [7, 8]. Therefore, the CCVD seems to be most
promising for mass production of high quality CNTs at low cost, and we have focused
on this technique.

For the large-scale production in the CCVD, there are still some difficulties,
including expensive raw materials, systematic purification of CNTs, namely removal
of supporting substrates, and construction of continuous processes. A major cost
increase is usually attributed to the purification that requires acid or alkali treatment
followed by washing with de-ionized water for pH adjustment. To resolve these
difficulties, a combination of CH, and silicon monoxide (SiO) has been developed by
Kimura and Williamson in 2006 as one of least expensive carbon sources and support
materials, respectively [9]. CHy4 is the major component (about 87%) of natural gases

and very abundant. Silicon monoxide has positive possibilities for its elimination from



CNTs when it is heated at high enough temperature. Since SiO sublimates to SiO
vapor at temperature above approximately 930°C and condenses as SiO, and Si
mixtures at low temperature [10-16], it may be collected under vacuum conditions for
recycle use. This recycle use of SiO will be effective for a reduction of raw material
cost, and it may make it easy to contrive a continuous process for large-scale
production of CNTs.

In this research, the CCVD method based on CHy, SiO, and transitional metal
catalysts was used, and influences of process parameters on the growth of CNTs were
studied. Experimental conditions that lead to highest CNT growth rates will be

presented.



2 LITERATURE REVIEW
2.1 Carbon Nanotubes
2. 1.1 Fullerenes

The discovery of CNTs arises from the production of carbon clusters, C, where
1<n<30 and C,, where 20<n<90, which have been produced using a laser vaporization
of graphite by Rohlfing, et. al. [17]. This research showed that the Cg peak in the
mass spectra is largest in a range of even number of atoms, for n>40. Following this
report, Krote and coworkers made it possible to demonstrate the dominance of the Ceg
peak, which is about 40 times larger than neighboring clusters, by increasing a He
pulse and the time between vaporization and expansion [1]. Fullerenes are large,
closed-cage, carbon clusters and have several special properties that are not found in
any other compounds. Consequently, Krote and coworkers described the details of
their crystal structure and bond strength at that time, and their stability in the gas phase

was proven. Figure 1 shows the structure of the fullerene molecule, Ceo [18].

Figure 1 The structure model of fullerene molecule, Ce [18].



2. 1.2 Structure

The bonding, local coordination, and general crystal structure of CNTs are
similar to those of fullerenes, but CNTs can greatly extend their length up to more
than 10 mm [19]. In addition, CNTs are of cylindrical shells, not the soccer-ball shape,
formed by rolling graphene sheets. Figure 2 presents one of the examples of long

CNTs synthesized by University of Cincinnati researchers.

—— o

"1
4

Figure 2 An example of long carbon nanotubes [19].

CNTs are classified into single walled carbon nanotubes (SWNTs) and multi
walled carbon nanotubes (MWNTs); SWNTs are formed by rolling a single graphene
sheet into a cylinder along an (m, n) lattice vector in the graphene sheet, while
MWNTs are composed of multiple graphene sheets [20]. Both SWNTs and MWNTs
have closed ends where hemispherical units cap the hollow tubes. Figure 3 shows

SWNTs and MWNTs respectively [21, 22].



Figure 3. Structures of CNTs; 1) 3-D structure of SWNTs [21]. 2) 3-D structure of
MWNTs [22].

Depending on the manner for rolling graphene sheets, the electrical properties
of CNTs vary. This manner is defined by chiral vectors, C, = na, + ma,, where n and m
are integers and a; and a; are lattice vectors. CNTs can be either semiconductive or
metallic conductive. When the relative orientation of repeating hexagons is in the chair
configuration, CNTs represent obviously high electrical conductivity. Figure 4 shows
the graphene plane that indicates three orientations of SWNTs. Figure 5 shows

different chiral types of SWNTs: armchair, chiral, and zigzag tubes, respectively [23].
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Figure 4 Schematic

Figure 5. Schematic structure of each type of SWNTs [23];
1) arm-chair type, metallic state, 2) zigzag type, semimetallic-semiconducting state,

3) zigzag type, semiconducting state, 4) chiral type, semiconducting state.



2. 1. 3 Properties

CNTs are hybridized as sp” formed by 2s and 2p orbits, which means the two
dimensional structure and shows the highest bond strength among any chemical bonds.
In general, 1s and n-p hybrid orbits are denoted as sp”, and there exist three
hybridization types, sp, sp*, and sp>. Graphite and diamond, as well as CNTs, are also
formed by elemental carbons, but each structure and properties are remarkably
different. Graphite is a good conductor, and has ¢ bonds formed from the overlap of
sp” hybrid orbits. It consists of stacked two dimensional planner layers. Although
graphite is hybridized as sp” within planner layers, like CNTs, the planes are widely
separated from each other indicating weak forces, namely van-der Waals forces.
Hence, they are easily slipped depending on the direction of the force added. Diamond
is a good electrical insulator, and shows the high thermal conductivity by addition of
impurities because its structure efficiently distributes thermal motion in three
dimensions. Diamond is hybridized as sp® and forms the three dimensional structure
with the striking hardness [24, 25].

Various properties of CNTs are determined by their crystal structures.
Depending on the types of CNTs, their properties are different. The main properties,
electrical conductivity, mechanical strength, chemical reactivity, and optical activity,
are described as follows [26-29].

Electrical conductivity in CNTs depends on their molecular structure related to
their band structure and band gaps. As mentioned above, the differences in

conductivity can be easily derived from the chiral vectors. It was reported that an



(n,m) nanotube is metallic when n=m or n - m = 3j, where j is an integer. The
resistance to conductivity is determined by quantum mechanical aspects, which is
independent of the length of CNTs.

In mechanical strength, CNTs have an extremely high Young’s modulus in
their axial direction. This arises from the localization of m bonds resulting from the
circular curvature of CNTs. CNTs also have the strongest tensile strength associated
with sp” hybridization. Since CNTs are low density materials, their specific strength is
obviously higher than any other materials. Furthermore, the tube diameter of CNTs
affects their mechanical strength due to the change in their electronic density.

CNTs are not chemically reactive due to their stable crystal structure. For
instance, without any chemical functionalization, CNTs can not be successfully
dissolved in solvent or mixed with any solutions. Therefore, the chemical reactivities
of SWNTs and MWNTs have been studied [30-33]. In SWNTSs, since the w-orbital
delocalization caused by increased pyramidalization angles directly influences the
chemical reactivity, the sidewall and end caps of SWNTs are distinctive. Furthermore,
since the diameter of SWNTs is inversely proportional to the m-orbital delocalization,
a smaller tube size is desired to increase the chemical reactivity. Hence, to improve the
solubility in any solvents, the curvature needs to be controlled and optimized by
chemical modification. In MWNTs, they are less reactive than SWNTs. Therefore,
more severe conditions for chemical functionalization or modification of MWNTs are
required compared to those for SWNTs. Chemical modification of MWNTs using

doping with alkali metals and transition metal halides can induce a charge transfer
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between strong intercalated species and MWNTs. Hence, it seems to be useful for
enhancement of thermal and electrical conductivities. Chemical functionalization of
MWNTs has been studied using conventional heating or microwave irradiation.
Consequently, some functionalized MWNTs, such as MWNTs-COOH, MWNTs-NCO,
and MWNTs-(CONH(CH,);7CH3), were obtained. Their termini can improve the
dispersiblility of MWNTs in various solutions.

There are many factors that affect optical activities of CNTs, including, for
instance, their tube size, length, conformity of composite materials, host materials
used for dissolution of CNTs, and their concentration in solution [34-38]. In a view
point based on the isogonal symmetries, the tensor of the dielectric permeability € and
optical activity 4 indicate that most of CNTs are optically active, but their optical
activities decrease with an increase in tube sizes. Depending on accommodation of the
group added to MWNTs, functionalized MWNTs show highly hydrophobic and tend
to have relatively strong hydrogen bonds with water molecules in solution. Those
interactions affect optical limiting activities.

2. 1.4 Applications

Current use of CNTs includes composite fibers and automobile parts. In
addition to these two needs, there are much more applications of CNTs due to their
novel properties resulting from their crystal structures, topologies, and tube size

distributions [39-41]. Some future applications of CNTs are presented in Table 1.



Table 1. Future applications of CNTs

11

Property Group Applications Needs
Mechanical High performance composites Reinforcements,
(with a polymer, metal, metal Clothes,

oxide, and ceramics)

Rubber compounds
Conductive Plastics

Electrical Conductor/Semiconductor
Field Emitters
Chemical Larger surface composites

Nanoprobe/Nanotweezers,

Nanoelectronic devices

Tires

Gears, Wires
Transistors,
Memory devices,
Switches,
Integrated circuits,
Sensors, Actuator
Flat panel displays,
X-ray/Microwave
generators, Lamps,
Gas discharge tubes
Capacitors, Batteries,
Fuel cells
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2.2 Methods for CNT Growth
2.2.1 Arc-discharge

Arc-discharge is the first method developed for the synthesis of SWNTs and
MWNTs. MWNTs were discovered in 1991 [1], while SWNTs were synthesized using
metal catalysts in 1993 [42]. This technique is performed using DC in a helium (He)
environment. Two high purity graphite rods are used to produce fullerenes. After arc-
discharge for a few minutes, soot containing CNTs is deposited on the cathodic rod,
while the anodic rod is continuously consumed. One of the key factors in producing
CNTs seems to be the pressure control of He and composition/purity of the graphite
rod. In the large-scale production, production rates of 24 mg/min soot containing 48%
CNTs and 8 mg/min of SWNTs were reported [3, 4], and the purification process of
CNTs from polyhedral graphite particles or encapsulated metal particles seems to be

still problematic. The schematic model of this technique is shown in Figure 6 [43].
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Figure 6. Schematic diagram of arc discharge apparatus [43].

(T




13

2.2.2 Laser vaporization

The laser vaporization technique for the synthesis of SWNTs was reported for
the first time by Smalley, et. al. in 1995 [44]. At that time, SWNTs were produced
using transition metal/graphite composite rods. Ni and Co were used as catalysts and
doped into the graphite [44]. MWNTs can also be synthesized with this technique
using pure graphite targets [45]. A pulsed laser, YAG or Nd-YAG, is used to vaporize
the graphite targets inside the furnace heated to a temperature of approximately
1200 °C, and an inert gas, such as He and argon (Ar), is used at constant pressure
during the reaction. After the vaporized carbons cool down, they condense and form
solid carbon clusters through the liquid phase of metals. It is also assumed that
transition metals transform from the vapor phase into the liquid phase, and condense
together with carbon after metal carbide particles are formed in the liquid phase [46].
The growth of CNTs then starts when metal carbide particles are saturated with carbon.
In large-scale production, to achieve a high yield of CNTs, the inert gas condition, the
atomization of gas mixture, and the purification process were studied [47, 48]. The
ultrasonic filtration, oxidation, acid treatment, annealing, their combination, new
targets, and additives to enhance the purification were already reported [49-52]. Figure

7 shows the schematic model of the laser vaporization technique [53].
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water-cooled
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Figure 7. Schematic diagram of laser vaporization apparatus [53]
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2. 2.3 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) for the synthesis of CNTs was reported by
M. Jose-Yacaman, et. al. in 1993 [54]. CNTs are synthesized by precipitation of
gaseous carbon clusters from decomposed hydrocarbons. Gaseous carbon sources
catalyzed by transition metals are heated inside a furnace at a temperature of
approximately 1000 °C at ambient pressure, and are deposited onto the surface of the
catalyst support materials. There are reports on the CNTs synthesis by the catalytic
CVD of CH4 [55,56], CoH4 [57-59], benzene (C¢Hs) [60-62], acetylene (C,H) [63, 64],
and carbon monoxide (CO) [65-67]. Fe, Co, Ni, Mo, and Y have been studied as
transition metal catalysts, while Si0,, Si, Al,O3;, MgO, and NaY zeolite [68] have
been often used as support materials for catalysts. Depending on the combination of
support materials, carbon sources, and transition metal catalysts, pretreatment is
sometimes performed using active gases, such as ammonia (NH;3) [69] and hydrogen
(Hy) [70].

In addition to the catalytic chemical vapor deposition (CCVD), several
different techniques have been reported, including the plasma enhanced CVD [71, 72],
aero gel-supported CVD [73, 74], a HiPco method [75, 76], alcohol CCVD [77], laser-
assisted thermal CVD [78], a CoMoCat method [79, 80], and Vapor phase growth [81].

Figure 8 shows a schematic model of a typical CCVD reactor [82].
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Schematic diagram of catalytic CVD apparatus [82].

16



17

2.3 Growth Parameters

In the chemical vapor deposition (CVD), a hydrocarbon used as carbon sources
is one of the most important factors. Among above mentioned hydrocarbons, CH,4 has
been focused because of its high stability at elevated temperature and an abundance of
natural resources. Kong, et. al. [55] reported the first synthesis of CNTs by the
catalytic chemical vapor deposition (CCVD) of CH4. Other important factors in
producing CNTs seem to be activities of transition metal catalysts and operating
conditions controlled by process parameters. For instance, in the combination of CVD
of CH4 and Si/Ni composite catalysts, NHj greatly affects the orientation of CNTs and
enhances the catalyst activity. Vertically-aligned CNTs can be obtained by increasing
the ratio of CH4/NHj3 as well as the feed of NHj at a temperature of 900 °C [69].

In the synthesis of SWNTs by the CCVD of CHy,, influences of support
materials, the reaction temperature, and the composition of transition metals, as well
as the comparison with another carbon source, have been studied. In general, it has
been concluded that Al is better than Si as a support material due to its strong
interaction with transition metals in the CCVD process of CH4. The texture properties,
such as surface area, porosity, and density of catalysts, also strongly affect the yield of
SWNTs [56]. From this view point, a sol-gel method for preparation of catalysts has
been studied [83]. Individual SWNTs can be abundantly synthesized using an
Fe,03/alumina (Al,O3) catalyst at temperature around 1000 °C while bundled SWNTs
can be effectively made from an Fe,Os/silica (Si0O,) catalyst at the same temperature

[55]. Furthermore, it was derived that, in terms of the catalytic activity, Fe,Os is
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superior to NiO and CoO [54]. Use of Fe/MgO allows SWNTs to be efficiently
synthesized at temperature in the range from 800°C to 900°C due to self-
decomposition of CHy4 [84]. In Fe-Mo/MgO, the proportion and quantity of SWNTs
decrease with an increase in the reaction temperature [85]. In Fe/SiO,, C;H,4 can
synthesize individual SWNTs at an extremely lower temperature of 450 °C in
comparison to CHy [86].

In the production of MWNTs by the CCVD of CHy, effects of catalytic
activities of transition metals, reaction temperature, reaction time, and gas conditions
have been often investigated. Regarding the reactivity of transition metal catalysts
supported on MgO, when group 8 - 10 series, including the first, second, and third
rows, are compared based on the production rate and crystallinity at a temperature of
1000 °C, the amount of MWNTs produced increases in the following order: first (Fe,
Co, and Ni) < second (Ru, Rh, and Pd) < third-row metals (Os, Ir, and Pt); and high
crystallinities are indicated in the following order: group 10 < group 9 < group 8 [87].
Magnesium oxide (MgO)-supported Fe-Mo and Ni-Y/Mo prepared by the sol-gel
method show high yields with a relatively high purity, i.e., 1.5-3.0 g of MWNTs/
100mg of catalysts in 30 min and maximum impurity of 1.450 wt% [88, 89]. In Ni/Al
composite catalysts, the diameter of MWNTs increases but their purity decreases with
an increase in the Ni content. In addition, the thermal stability of MWNTs also
decreases with increasing Ni contents [90, 91]. In Ni-Cu/Al composite catalysts, the
diameter of MWNTs does not change but their average length increases with an

increase in the reaction time, and the purity of MWNTs increases but the production
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rate decreases when Hj is used as a carrier gas [92].

2.4 Issues associated with large-scale production — Purification

As previously mentioned, the catalytic chemical vapor deposition (CCVD)
technique can grow CNTs of high quality in comparison to other techniques, and
operating conditions can be easily modified and controlled. Therefore, it is desired to
produce CNTs as much as possible at low cost. For large-scale production of CNTs,
one of serious issues is the process for purification. The products obtained by CCVD
mostly contain impurities, including metal catalysts, support materials, amorphous
carbon, smaller fullerenes, and graphite. These impurities may reduce mechanical and
electrical properties of CNTs, due to the defects of graphene tube walls resulted from
impurities. In addition, in order to sufficiently separate CNTs from impurities, some
steps need to be repeated, causing a high production cost and a delay of its lead time.
Thus, they need to be efficiently removed by suitable treatments. Many removal
techniques have been suggested, including an acid treatment, alkaline treatment,
oxidative annealing, graphitization, microwave digestion, functionalization,
ultrasonication, micro filtration, freezing, and cutting. Some of them are stated as
follows.

Acid treatments are used for the removal of transition-metal catalysts, such as
Fe, Co, and Ni, as well as that of support materials, MgO, SiO,, Al,O3, and NaY
zeolite. Hydrofluoric acid (HF), hydrochloric acid (HCI), nitric acid (HNO3), sulfuric

acid (H,SO,), and their combinations are often used [93-97]. One of the procedures in
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the acid treatment is, after ultrasonication or oxidation, dissolving the obtained
products in acidic solutions to eliminate transition metal catalysts and support
materials. Finally, CNTs are filtered, and they are continuously washed with distilled
water and/or solvents for pH adjustment.

An alkaline treatment, using sodium hydroxide (NaOH), is considered to be
one of ways to remove transition metal catalysts and support materials (Al,O3 in
particular) at low cost, because of simpler treatment and lower raw material cost
compared to acid treatments. There are reports on the purification process of CNTs
produced by the CCVD in which Co/NaY zeolite and Co/MgO are used [98]. CNTs
are dissolved in NaOH and heated in a range from 600 °C to 800 °C, and they are then
washed with HCI, followed by distilled water washing.

The oxidative annealing process can effectively eliminate carbonaceous
impurities and clean up the surface of transition metal catalysts. This is due to the
difference of reactivities between carbonaceous impurities and CNTs [99]. On the
other hand, this treatment tends to remove smaller diameter CNTs, give CNTs some
defective damages, or increase the diameter of CNTs [99-101]. Since the diameter of
CNTs increases with an increase in the annealing temperature, multiple annealing
steps in air are reported, for instance, 225 °C for 18 hr, 425 °C for 1 hr, and 800 °C for
lhr [101].

Graphitization is a heat treatment at high temperature, and it is generally
carried out at temperature in the range from 1600 °C to 3000 °C. The advantages of

this technique are to remove transition metal catalysts and reduce wall defects of
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CNTs [102, 103]. In one of the commercial processes reported, after purging the
inside of tubular reactor with nitrogen (N3), bulk MWNTs are heated up to a
temperature of 3000 °C and held for 45 min. After graphitization, the content of Fe
catalysts is reduced from 7.1 wt% to less than 0.01 wt% [103]. While this removal
process shows practical viability at low cost, it is suggested that influences on physical
and mechanical properties of CNTs need to be investigated.

The microwave digestion process is performed using a homogeneous
microwave field generated by deal magnetrons of the system. Since the temperature
distribution and electric power in this process can be uniformly held, transition metal
catalysts can be quickly digested in acid solutions and removed together with
carbonaceous materials. As a result, the metal content decreases from 10.39 wt% to
1.03 wt% [104]. In addition, the surface area of CNTs increases with increases in the
digestion temperature and time in this process [105]. However, there seem to be
somewhat limitations in this process. In case of metals covered by several graphene
sheets, they are difficult to be removed. Thus, this technique seems to be useful if the

diameter of CNTs is small and CNTs do not cover metals irregularly.
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2.5 Growth Mechanism

Since there are many combinations of transition metal catalysts with support
materials and hydrocarbons for the synthesis of CNTs, various studies and discussions
have been carried out to investigate the growth mechanism of CNTs,. One of the
growth mechanisms suggested by Kataura, et. al. [106] is presented in three steps.
First of all, the carbon-containing precursor gas decomposes into carbon clusters, such
as fullerenes, and hydrogen, and carbon clusters diffuse to the surface of catalysts.
After the chemical reaction or saturation of transition metals with carbon clusters
occurs, metal carbides are formed as new catalysts. Finally, CNTs are produced from
these metal carbides. Figure 9 presents schematically this growth mechanism of CNTs

[106].

STEP 1

508
6t

Figure 9. Illustration of steps for CNTs growth [106].
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The growth type of CNTs depends on the position of metal particles and is
classified into two types: tip-growth and base-growth. In the tip-growth, the metal
particles detach from the surface of the support material and move at the tip of
growing CNTs. The base-growth (also known as ‘extrusion growth’ or ‘root growth’)
occurs when the metal particles remain attached to the support material and CNTs
grow upwards from those metal particles. These possible growth types of CNTs are

illustrated in Figure 10 [82].
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Figure 10. Schematic model of CNTs growth types suggested [82].
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3 EXPERIMENTAL
3.1 CVD System

A horizontal dual alumina-tube reactor (Lindberg sola-basic furnace), 30 mm
I.D. and 1500 mm long, was used for the catalytic chemical vapor deposition (CCVD)
growth of CNTs in this research. A schematic diagram of the CCVD reactor is shown
in Figure 11 (see Appendix A for a picture). Several alumina tubes are inserted inside
the external alumina tube. They form a series of internal multiple alumina tubes and
prevent the external alumina tube, heated at high temperature, from cracking when a
cold alumina sample holder is inserted. A mixture of CH4 and NHj3 is fed close to the
alumina sample holder directly through a 1/4" alumina tube. The inlet of N; or Ar is

set next to the side of the teflon stopper for purging the whole heated reactor.
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Figure 11. Schematic diagram of catalytic CVD reactor.
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3.2 Materials
The suppliers from which raw materials were purchased or provided are listed

in Table 2.

Table 2. Suppliers for raw materials

Material Suppliers Purity
SiO (44 um D) Sigma-Aldrich Co. 99.99%
SiO (8 um D) Sin-Etsu Chemical Co. —
Fe(NOs3)3;-9H,0 Mallinckrodt Co —
Ni(NOs3),-6H,0 Sigma-Aldrich Co. —

Ethanol Aaper alcohol and chemical Co. 99.99%
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3. 3 Catalyst preparation

Two transition metals, Fe and Ni, were focused as catalysts in this research.
Ferric nitrate nonahydrate, Fe(NO3);-9H,0, and nickel nitrate hexahydrate,
Ni(NOs),-6H,0, were used as raw materials. They were dissolved in ethanol in a
beaker, and the ethanol solution containing these transition metals was then mixed
with SiO powders. The content of metals, in grams of transition metals per gram of
Si0, was changed in a range of 1 - 13 wt%. The suspension was stirred in the beaker
while ethanol was evaporated at 80°C under atmospheric pressure. The dried materials
were ground in a mortar for 1.5 minutes, and the ground powder was placed in an
alumina tray and heated in an air stream at temperature in the range from 300°C to
1100°C for 2 hours in a tubular flow reactor and then cooled to room temperature.
After the oxidation in air, they were ground in a mortar for 0 - 10 minutes. Silicon
monoxide (SiO) powders of two different average particle sizes, 8 um and 44 um,
were used as the supporting substrate for the production of CNTs. Figure 12 shows a
sample of catalysts prepared (3 wt% Fe). Table 3 presents the main procedures for the

catalyst preparation. Table 4 through Table 7 show catalysts used for this study.

Figure 12. A sample of catalysts prepared (3 wt% Fe).



Table 3. Summary of procedures for catalyst preparation.
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Procedure Conditions
Raw material Support SiO (8 um D, 44 pm D)

Metal FC(NO3)3'9H20, Ni(NO3)2‘6H20

Solution Eethanol (99.99%)
Evaporation Temperature 80 °C

Time 4 hr

Condition Stirred in atmosphere
Pre-grinding Time 1.5min/1.0-2.0g
Oxidation Temperature 300 - 1100°C

Time 2 hr

Condition Air (1000 cc/min)
Post-Grinding Time 0-10min/1.0-2.0g

Table 4. Summary of catalysts use for testing effects of particle size of SiO.

metal/support D/SiO(um)  oxidation temp.(°C) metal/support, g/g

Fe/SiO 44 450 3 wt% Fe
Fe/SiO 8 450 3 wt% Fe
Fe_Ni/SiO 44 450 2 wt% Fe and 1 wt% Ni
Fe_Ni/SiO 8 450 2 wt% Fe and 1 wt% Ni

Table 5. Summary of catalysts for investigating effects of metal composition.

metal/support D/SiO(um)  oxidation temp.(°C) metal/support, g/g

Fe/SiO 44 450 3 wt% Fe

Fe/Si0 44 450 2 wt% Fe and 1 wt% Ni
Fe/SiO 44 450 1.5 wt% Fe and 1.5 wt% Ni
Fe/SiO 44 450 1 wt% Fe and 2 wt% Ni

Fe/SiO 44 450 3 wt% Ni



Table 6. Summary of catalysts for investigating effects of metal loadings.

metal/support D/SiO(um)  oxidation temp.("C) metal/support, g/g

Fe/SiO 44 450 1 wt% Fe

Fe/SiO 44 450 3 wt% Fe

Fe/SiO 44 450 7 wt% Fe

Fe/SiO 44 450 13 wt% Fe

Fe_Ni/SiO 44 450 0.7 wt% Fe and 0.3 wt% Ni
Fe_Ni/SiO 44 450 2 wt% Fe and 1 wt% Ni
Fe_Ni/SiO 44 450 4.7 wt% Fe and 2.3 wt% Ni
Fe_Ni/SiO 44 450 8.7 wt% Fe and 4.3 wt% Ni

Table 7. Summary of catalysts for investigating oxidation temperature effects.

metal/support D/SiO(um)  oxidation temp.("C) metal/support, g/g
Fe/SiO 44 450 1 wt% Fe

Fe/SiO 44 600 1 wt% Fe

Fe/SiO 44 750 1 wt% Fe

Fe/SiO 44 900 1 wt% Fe

Fe/SiO 44 1000 1 wt% Fe

Fe/SiO 44 450 3 wt% Fe

Fe/SiO 44 600 3 wt% Fe

Fe/SiO 44 750 3 wt% Fe

Fe/SiO 44 1000 3 wt% Fe

Fe Ni/SiO 44 300 2 wt% Fe and 1 wt% Ni
Fe Ni/SiO 44 450 2 wt% Fe and 1 wt% Ni
Fe Ni/SiO 44 600 2 wt% Fe and 1 wt% Ni
Fe Ni/SiO 44 900 2 wt% Fe and 1 wt% Ni
Fe_Ni/SiO 44 1100 2 wt% Fe and 1 wt% Ni



30

3.4 Synthesis of CNTs

The temperature of the furnace used was set in the range from 900°C to
1150°C. Once the inside of the reactor was heated to a prescribed temperature and
purged with Ny, an alumina sample holder (25 mm L X 10 mm W X 5 mm H)
containing Si0 loaded with catalysts was inserted into the reactor. Methane (CH4) was
used as a carbon source while ammonia (NHj3) was used for pretreatment and/or
mixing with CHs4. When the pretreatment was performed, NH; was first fed at a flow
rate of 200 cc/min. The time for the pretreatment was changed in the range from 1
minute to 30 minutes. Following the pretreatment, CNTs were then synthesized by
feeding CH4/NHj3 gas mixtures at a flow rate in the range from 200 cc/min to 650
cc/min. The mass of CNTs grown was measured as the change in the mass of the
sample holder between before and after the reaction using a chemical balance. Figure
13 presents catalysts, loaded in an alumina sample holder, and CNTs synthesized in
the reaction held in the holder. Table 8 summarizes the major experimental conditions
used for the synthesis of CNTs in this research.

When the effects of transition metals on SiO sublimation were studied, NHs,
Ny, or Ar, was fed to metal loaded SiO placed in an alumina sample holder at a flow
rate of 200 cc/min at 1000°C. The change in mass of sample holder containing catalyst

loaded SiO was measured and compared between before and after the heating.



Figure 13. Alumina sample holders; 1) loaded with catalysts,
2) filled with CNTs after the reaction

Table 8. Major experimental conditions
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Process Gas Flow Rate Temperature Time

Pri-Purge N, 320 cc/min 1000°C 10 min
Pretreatment NH; 200 cc/min 1000°C 5 min
Reaction CH4/NH; 450/200 cc/min 1000°C 5 min
Post-Purge 1 N> 320 cc/min 1000°C 5 min
Post-Purge 2 N, 320 cc/min 1000°C 3 min
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3.5 Observations

The morphologies of catalysts and CNTs were observed by scanning electron
microscopy (SEM). An SEM unit was operated at a rate of 1.2 Hz and exposure time
of 13 seconds using PHENOM (FEI Company). The change in mass of sample holder
between before and after the reaction was used to quantify a yield. The mass of an
alumina sample holder, together with SiO loaded with catalysts, was initially
measured using a chemical balance capable of measuring 0.01 mg (Sartorius, Model
2473). After the reaction, the alumina sample holder containing CNTs produced was
measured again, and the weight gain was quantified as the amount of CNTs
synthesized. It was confirmed that the change in the mass of empty sample holder
between before and after the heating was negligibly small. Pictures of the SEM

apparatus and chemical balance used in this study are shown in Appendix B.
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4 RESULTS
4.1 Effects of SiO particle size

Figures 14 and 15 show the amount of CNTs synthesized, varying the time for
pretreatment. Two different average sizes of SiO, 8 pm and 44 pm, were compared for
Fe and Fe-Ni bimetallic catalysts respectively based on the amounts of CNTs
synthesized per gram of catalyst in 5 minutes. The catalyst oxidation temperature and
reaction temperature as well as grinding conditions were maintained identical.

Two figures indicate essentially the same trend. The growth of CNTs in 5
minutes decreases with an increase in the pretreatment time. Fe-Ni bimetallic catalysts
indicate an intermediate peak, and its location varies with the size of SiO particles, as
shown in Figure 15. When no NHj pretreatment is performed, SiO with an average
size of 44 pym demonstrates the maximum CNT yield, in both the single metal and
bimetallic catalysts. Single metallic (3 wt% Fe) and bimetallic (2 wt% Fe - 1 wt% Ni)
catalysts loaded on 44 um average sized SiO particles have roughly the same yields of
CNTs when used with no NHj pretreatment. On the other hand, catalysts loaded on 8
um average sized SiO particles demonstrate different yields when used with no NHj3
pretreatment, i.e., yields with single metallic catalysts are higher than those with
bimetallic catalysts. When the pretreatment is carried out for Fe catalysts for 1 - 8
minutes and Fe-Ni bimetallic catalysts for 3 - 13 minutes, catalysts supported on 8 um

average sized SiO show a larger weight gain than 44 um average sized SiO.



m, g CNTs/g cata

0.80 T

0.70 |

@ 0.03Fe/SiO (8ym)
@ 0.03Fe/SiO (44pm)

T
r — ©

—o
0.20 +
0.10 |
0.00 +
0 5 10 15 20 25 30

Pretreatment time (min)

Figure 14. Effects of SiO particle size; Fe (3 wt% Fe), 450°C oxidation, 1.5 min
grinding, NHj; pretreatment 0 - 30 min, 1000°C - 5 min reaction.
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4.2 Effects of metal composition

Effects of transition metal compositions on the growth of CNTs were
investigated. The total amount of transition metals loaded was fixed at 3 wt% (Fe + Ni
=3 wt%) of SiO mass, as summarized in Table 5. The amount of each Fe and Ni
loaded was changed in the range from 0 % to 100 % of the total metal, while the
catalyst oxidation temperature and reaction temperature as well as grinding conditions
were maintained unchanged. No NHj pretreatment was carried out. The average size
of SiO particles used is 44 um.

Figure 16 shows the results based on the mass of CNTs produced per gram of
total metals in 5 minutes. The abscissa is represented in terms of the mass fraction of
Fe in the total mass of metals loaded. As the fraction of Fe loaded increases, the
amount of CNTs produced increases. Catalysts prepared with Fe only (the mass
fraction of Fe is 1) yield more CNTs than catalysts prepared with Ni only (the mass
fraction of Fe is 0). It is indicated that loading Fe more than approximately 70 percent
of the total metal is appropriate in order to achieve high CNT yields. However,
loading metals more than 3 wt% a total does not increase the yield of CNTs, as

described in the following section.
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Figure 16. Effects of metal composition; 0.0 = 100% Ni, 1.0 = 100% Fe, 450°C
oxidation, 1.5 min grinding, No NHj pretreatment, 1000°C - 5 min reaction.
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4. 3 Effects of metal loading

The total metal loading is another factor that influences the yield of CNTs.
Effects of the amount of transition metals were investigated using single metallic and
bimetallic catalysts impregnated on 44 pm average sized SiO particles. The ratio of Fe
over Ni in the bimetallic catalysts was maintained at 2 to 1. The catalyst oxidation
temperature, grinding time, and reaction temperature were all maintained constant, as
summarized in Table 6. All the catalysts were used with no NHj pretreatment.

Figure 17 shows the results obtained. The mass of CNTs, produced in 5
minutes, per total mass of catalyst metals is used to indicate the efficiency of metal use,
rather than a per-catalyst-mass basis. This figure compares two different metal
catalysts, Fe single metal and Fe-Ni bimetallic catalysts. When single metallic Fe
catalysts are used, an impregnation in the range between 1 wt% Fe and 3 wt% Fe on
Si0 demonstrates the best efficiency in metal use, and the growth of CNTs per mass
of metal decreases with an increase in the metal loading. On the other hand, Fe-Ni
bimetallic catalysts show the highest efficiency when the total metal loading is about 3
wt%, and its efficiency decreases with more metal impregnation or less than this.
When the total metal loading is about 3 wt%, both the single metallic and bimetallic

catalysts yield roughly the same amount of CNTs.
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Figure 17. Effects of metal loading; 450°C oxidation, 1.5 min grinding,
No NHj; pretreatment, 1000°C - 5 min reaction.
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4.4 Oxidation temperature effects

Figures 18 and 19 show effects of the temperature for catalyst oxidation, based
on the amount of CNTs, synthesized in 5 minutes, per mass of catalyst metals, in g
CNTs/g metal. In single metallic catalysts, 1 wt% Fe and 3 wt% Fe loadings were
tested, while the total metal loading was fixed at 3 wt% for bimetallic Fe-Ni catalysts,
maintaining the Fe/Ni mass ratio at 2 to 1. No NHj pretreatment was carried out, and
the catalyst grinding time was maintained constant. The average size of SiO particles
used is 44 um. The detailed oxidation conditions are summarized in Table 7.

As shown in Figure 18, single metallic Fe catalysts show highest yields of
CNTs when oxidized at different temperatures: 600 - 750°C for 1 wt% Fe and 450 -
600°C for 3 wt% Fe, respectively. When the two Fe loadings are compared at these
highest yields based on the mass of CNTs produced per mass of metal, a better yield is
obtained at a loading of 1 wt% Fe.

On the other hand, as shown in Figure 19, when 3 wt% Fe-Ni bimetallic
catalysts are used, high yields of CNTs are observed in the range from 750°C to 900°C.
At these highest yields, the mass of CNTs produced per mass of total metals is roughly
the same as that achieved with 1 wt% Fe catalysts oxidized in the range from 600°C to
750°C.

Figure 20 shows morphologies of CNTs synthesized on catalysts prepared at
different oxidation temperatures. Single metallic catalysts containing 1 wt% Fe,
oxidized at 450°C in air, seem to have produced more aligned CNTs, while the other

catalysts produce tangled CNTs. Different morphologies of CNTs, namely somewhat
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kinkier CNTs, are observed on 3 wt% Fe loaded catalysts prepared at higher oxidation
temperature. In some areas of CNTs produced with 3 wt% Fe-Ni bimetallic catalysts
oxidized at higher temperature, larger tubes are observed. It is suggested that the
diameter of CNTs increases in general with an increase in the oxidation temperature.

Some more SEM pictures are presented in Appendix C.
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Figure 18. Oxidation temperature effects; Fe (1 wt% Fe, 3 wt% Fe), 1.5 min grinding,
No NHj; pretreatment, 1000°C - 5 min reaction.
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Figure 19. Oxidation temperature effects; Fe-Ni bimetal (2 wt% Fe - 1 wt% Ni),
1.5 min grinding, No NHj; pretreatment, 1000°C - 5 min reaction.
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Figure 20. SEM images of CTs; 1)1 % Fe, 450°C; 2) 1 wt% Fe, 750°C; 3) 3 wt%
Fe, 450°C; 4) 3 wt% Fe, 600°C; 5) 2 wt% Fe - 1 wt% Ni, 450°C; 6) 2 wt% Fe - 1 wt%
Ni, 900°C.
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4.5 Effects of grinding

Figure 21 shows effects of catalyst grinding on the growth of CNTs, taking the
mass of CNTs produced per gram of catalysts in 5 minutes as the basis. The catalysts
used are single metallic catalysts containing 3 wt% Fe on 44 um average sized SiO
particles. The catalyst oxidation temperature was fixed at 450°C, and no NHj3;
pretreatment was carried out.

Grinding catalysts after oxidation seems to be effective for the growth of CNTs.
When grinding is performed, the growth of CNTs in 5 minutes increases by about 40
percent, compared to the catalyst used with no grinding. Grinding for 3 minutes seems

to be sufficient, because longer grinding does not increase the catalyst activity.
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Figure 21. Effects of grinding; Fe (3 wt% Fe), 450°C oxidation, 0 - 10.0 min grinding,

No NHj; pretreatment, 1000°C - 5 min reaction.
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4. 6 Effects of ammonia pretreatment

Effects of pretreatment in NH3 on the CNT growth rate have been discussed in
conjunction with particle sizes of SiO in an earlier section. Figure 22 shows influences
of the NH; pretreatment on the growth of CNTs, using catalysts containing 3 wt%
total metals at different compositions, based on the amount of CNTs grown in 5
minutes. The oxidation temperature was fixed at 450°C, and 1.5 minutes grinding was
done before use of catalysts. The average size of SiO particles used is 44 um.

The highest activity is always achieved when no NHj; pretreatment is carried
out, regardless of the composition of metals. The catalyst containing 3 wt% Fe
maintains highest activities for the growth of CNTs for any pretreatment time
investigated. The activity of single metallic Ni catalysts is dramatically reduced by the
NHj; pretreatment. Though the activity of bimetallic catalysts containing Ni drops once
due to the NHj pretreatment, it recovers with an increase in the pretreatment time.
When Ni is mixed with Fe at weight % ratios of 1 Ni/2 Fe and 2 Ni/1 Fe, intermediate

peaks appear at about 15 minutes and 10 minutes, respectively.
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Figure 22. Effects of NH; pretreatment; 450°C oxidation, 1.5 min grinding,
NH; pretreatment 0 - 30 min, 1000°C - 5 min reaction.
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Figures 23 and 24 compare SEM images of CNTs grown on non-pretreated
catalysts to those on catalysts pretreated for 5 minutes. It is observed that the number
of large SiO particles, shown as white dots, decreases after the NH; pretreatment.

Figures 25 and 26 compare SEM images of catalysts, before and after the NH;
pretreatment as well as after the CVD reaction, in order to see any effects of NHj
pretreatment on SiO exterior surface. Catalysts with two different metal compositions
were used. Large gray areas indicate SiO particles. There appear to be agglomerations
of small clusters on the surface of SiO in some areas after the NH; pretreatment. After
the CVD reaction, the SiO surface becomes very complex. A higher magnification

will be necessary for more detailed observations.
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Figure 23. SEM images CNTs; 3 wt% Fe, 450°C oxidation, 1.5 min rinding,
1000°C - 5 min reaction. 1) no NHj; pretreatment. 2) Smin NHj pretreatment.

Figure 24. SEM images NTs; 2 t% Fe -1 wt% Ni, 450°C oxidatio 1.5 min
grinding, 1000°C - 5 min reaction. 1) no NHj pretreatment. 2) Smin NH; pretreatment.
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Figure 25. SEM images of catalysts; 3 wt% Fe, 450°C oxdation, no grinding.
1) before NH; pretreatment. 2) after NH; pretreatment. 3) after CVD
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Figure 26. SEM images of catalysts; 2 wt% Fe - lt% Ni, 0°C oxidation,
no grinding. 1) before NHj pretreatment. 2) after NH; pretreatment. 3) after CVD
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4.7 Effects of reaction temperature

Figures 27 and 28 show effects of the reaction temperature, based on the
performance (mass of CNTs synthesized in 5 minutes) of two different catalysts, Fe
and Fe-Ni bimetallic catalysts. Both the catalysts contain 3 wt% total metals. The
catalyst oxidation temperature was set at 450°C, and the grinding time was 1.5
minutes. Both the catalysts were used without the NHj pretreatment.

It should be mentioned that the temperature measurements changed with
reaction time, dropping a few degrees C at the beginning when a sample holder was
inserted, gradually increasing, and overshooting a few degrees C higher than the
prescribed temperature due to the delay of controlling mechanism. The reaction
temperature was hence evaluated as an average between the initial and final
temperatures during the reaction. The mass of CNTs produced in the 5 minutes
reaction became highest at about 1000°C in both the catalysts. It may be concluded,
from these results, that the optimum temperature for the growth of CNTs on both the
catalysts lie in a range of 990-1000°C.

The reaction temperature also influenced the morphology of CNTs. Figures 29
and 30 show SEM images of CNTs synthesized at different reaction temperatures. It is
indicated that the diameter of CNTs synthesized at higher temperature is larger.
Though the effects of reaction temperature on the average CNT diameter have not
been clarified yet, it is implied that the reaction temperature has great influences on

the sizes of CNTs produced. Further study is needed.
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Figure 27. Effects of reaction temperature; Fe (3 wt% Fe), 450°C oxidation,
1.5 min grinding, No NHj3 pretreatment, Smin reaction.
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Figure 28. Effects of reaction temperature; Fe-Ni bimetal (2 wt% Fe - 1 wt% Ni),
450°C oxidation, 1.5 min grinding, No NHj pretreatment, Smin reaction.
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Figure 29. SEM images of CNTs; 3 wt% Fe, 450°C oxidation, 1.5 min grinding,
no NHj; pretreatment, 5 min reaction. 1) 1000°C reaction. 2) 1050°C reaction.

Figure 30. SEM images of CNTs; Fe-Ni bimetal (2 wt% Fe - 1 wt% Ni),
450°C oxidation, 1.5 min grinding, no NHj3 pretreatment, 5 min reaction.
1) 1000°C reaction. 2) 1050°C reaction.
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4. 8 Reaction time dependencies

Though the mechanism of changes in the catalyst activity for the CNT growth
is not known well, it is common that the catalyst activity changes during the course of
reaction. The catalysts used in this research are not exceptions. Figure 31 shows the
growth of CNTs with reaction time, when two different catalysts impregnated on 44
pMm average-sized SiO particles were used for the reaction at 1000°C: Fe and Fe-Ni
bimetallic catalysts. The catalyst oxidation temperature was 450°C, and no NHj3
pretreatment was performed for both the catalysts.

The growth rates of CNTs, represented by the slope of the individual curves,
decrease with the reaction time. The trends in the two catalysts are essentially the
same, though the activity of the single metallic Fe catalyst lasts longer than that of the
Fe-Ni bimetallic catalyst. During the initial stage, on the other hand, the growth on the
single metallic Fe catalyst slows down in Sminutes after the initiation of the CCVD
reaction, while that on the Fe-Ni bimetallic catalyst quickly slows down in a few
minutes and levels off. There appears to be no linear relationship that lasts during the
entire course of reaction in both the Fe and Fe-Ni bimetallic catalysts.

When a reactor is continuously operated, the mean residence time of catalysts
in the reactor is one of the important operating parameters. When the catalyst activity
changes with reaction time, such as the behaviors of the catalysts used in this research,
it is important to know the optimum reaction time in order to design and operate the
reactor under optimum conditions in terms of the production rate and product

morphology. The change in CNT morphologies with the reaction time also needs to be
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Figure 31. Growth rate changing with reaction time; Fe (3 wt% Fe) and Fe-Ni bimetal
(2 wt% Fe-1 wt% Ni), 450°C oxidation, 1.5 min grinding, no NHj; pretreatment,
1000°C reaction.
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4.9 Effects of NH;/CHj, feed ratio

It has been known that NHj3 greatly affects the orientation of CNTs and
enhances the catalyst activity [68]. It has been already shown in an earlier section,
using two types of catalysts, that the NH; pretreatment rather decreases the activities
of the catalysts used in this research. On the other hand, however, the CNTs did not
grow appreciably when NHj3 did not coexist with CHy.

Figure 32 shows the growth of CNTs in 5 minutes versus NH3/CHy feed ratios
based on the performance of 3 wt% Fe single metal catalysts. When no NHj is fed, the
amount of CNTs produced is extremely small. An NH3/CHy4 feed ratio of 0.15 - 0.25
seems to yield the maximum amount of CNTs. Above a feed ratio of 0.25, the growth
gradually decreases. It is evident that NHj is indispensable for the growth of CNTs.
However, the decrease in the amount of CNTs with an increase in the NH3/CH4 ratio
seems to be attributed to the CH, deficient reaction environment. It will be important
to know how the growth of CNTs depends on the CH4 concentration when the NHj
concentration is maintained constant and also on the NH; concentration when the CHy
concentration is maintained constant. Concentration dependencies of CNT growth rate

need to be investigated in more detail.
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Figure 32. Effects of NHj3; Fe (3 wt% Fe), 450°C oxidation, 1.5 min grinding, no NH3

pretreatment, 1000°C - Smin reaction.
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5. DISCUSSION
5.1 Growth studies

Several reaction mechanisms could be suggested. One of possible reaction
paths with no NHj3 pretreatment is described in the following sections.
5. 1. 1 Dehydration and oxidation in air

It is assumed that nano-sized iron oxide and iron-nickel binary oxide particles
are formed by hydration and oxidation of raw materials and adhere to the surface of
SiO chemically and physically [107, 108], as shown below.

Fe(NO3)3-9H,0 — 0-Fe,03 (< 450°C)

— v-Fe;03 (450 — 500°C or higher) [107]
Ni(NOs), - 6H>0 — Ni(NOs), - 2H,0 + 4H,0
— Ni,O +2HNO; + O, (650°C) [108]

5. 1.2 Reduction and reoxidation in air

Since Si has a higher electronic nuclear charge than Fe and Ni, it may be
suggested that these metals and their oxides are reduced into lower valence metals (e.g.
Fe’*— Fe, Ni**— Ni) or oxides (e.g. y — Fe,03 — Fe;04) by SiO at elevated
temperature [109, 110]. On the other hand, because iron oxides, such as fcc magnetite
Fe;0y4, are very sensitive to O,, they may be re-oxidized by amorphous silica SiO; or
in air, changing their crystal structures, and consequently redox reactions may occur.

Fe’™ — Fe*™ : 3(y — Fe,03) + SiO <> 2Fe;04 + Si0O, [109]

Fe’™ — Fe : (y — Fep03) + 3Si0 «» 2Fe + 3Si0, (850°C) [110]

Ni** > Ni  : Nij4O + SiO < Ni + SiO; (at x = 0)
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5. 1. 3 Transformation

There are reports suggesting that iron oxides react with SiO, and transform
into silica containing oxides (Fe,S1)xOy, such as iron silicate Fe,Si04 (fayalite) at a
temperature of 700 - 1100°C [111-114]. Thus, it is expected that the heat treatment in
air results in (Fe,S1)Oy and (Fe,Ni,S1)Oy at temperature in the range of 700 - 1100°C.
At temperature below 700°C, it is suggested that less silica-rich iron oxides are formed.
Formation of oxides containing silica at higher temperature in the range of 700 -
1100°C depends on the diffusivity of silica. Possible transformations could be
represented as follows:

Fe Oy + SiO; — (Fe,Si)Oy + x0O, (900°C) [111-114]

(Fe,N1),Oy + xSi10, — (Fe,Ni,S1) (Oy + xO,

(y — Fe) + Si0, — (Fe,S1),0y

(Fe,Ni) + Si0, — (Fe,Ni,S1),Oy
5. 1.4 Catalytic thermal decomposition of CH4 and NHj3

In the CVD process, it is reported that CH4 and NHj are decomposed at
temperature above 400°C and 800°C, respectively [115, 116]. The thermal
decomposition of CH4 and NHj generates C and activated N,, respectively, which
work as strong reducing agents to transition metal oxides.

CH4 — C + 2H; (400 - 500°C or higher) [115]

NH3 — 0.5N; + 1.5H; (800°C or higher) [116]
5. 1.5 Nitrocarburization and refinement

In this light, the introduction of C and N, into (Fe,Si1),Oy and (Fe,Ni,Si) Oy
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suggests three possible reactions, nitrocarburization, nitridation, and curbrization in
addition to the formation of transition metal carbonitirdes, (Fe,Si)(C,N);.y and
(Fe,Ni1,S1)x(C,N);.y. Since the electronic affinities of C and N, for iron oxides seem to
be on the same order of magnitudes, nitridation and curbrization occur reversibly
through nitrocarburization [117-119]. Nitridation and curbrization of y—Fe arise at
temperature above 900°C, and they result in the refinement and distortion of crystal
structures due to their penetration into the iron-atom lattice [113, 114, 117]. Hence, it
is considered that nitrocarburization, nitridation, and curbrization result in refinement
of metal carbonitrides, which causes a decrease in the metal particle size. In addition,
since activated N, derived from NH3 has much stronger effects on its penetration into
and the expansion of the crystal structure than C, it is suggested that the feed condition
of NH3; would be one of the most important factors in the aspect of the crystal
structure, as well as effects on the orientation of CNTs. These steps may be
summarized as follows:
(Fe,S1)xOy + Ciy+ 0.5Ny(1y)
— (Fe,S1)x(C,N) 1.y + 0.50,, (600°C-1200°C) [117-119]
(Fe,Ni,S1) Oy + Ci.y + 0.5Ny(1.y) = (Fe,N1,Si)x(C,N).y + 0.50,,

5. 1. 6 Metal dusting

Metal carbonitrides are generally unstable and decompose into metal nitrides or
metal carbides at temperature above 450°C [117]. Iron nitrides, such as Fe,N and FesN,
are also thermally unstable, and the release of N, begins at temperature below 180°C,

and Fe is obtained at temperature in a range of 500 - 700°C in Ar or N, flow [120-123].
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Iron carbides, Fe;C (cementite) for instance, are most stable in the temperature range
from 600 °C to 750°C. At temperature above 750°C, the thermal decomposition of
cementite increases with an increase in temperature and small iron particles and C are
generated [124]. This decomposition process in metal carbides is called metal dusting
[125-127]. Since metal carbonitrides, nitrides, and carbides seem to be unstable at
1000°C, it is speculated that y—(Fe, Si)y (siliside = silica-containing austenite) and
(Fe,Ni,Si) (iron—nickel silicides = silica-containing binary alloy) are formed together
with C and N, by the metal dusting, as shown below.

(Fe,S1)x(C,N)1y — y— (Fe, Si)x + C1y + 0.5Ny(1y) (< 700°C) [114]

(Fe,Ni1,S1)x(C,N) .y — (Fe,N1,Si)x + Ci.y + 0.5Ny(1.y)
5. 1.7 Recarburization and/or nitrocarburization

There are papers suggesting the presence of alloyed o—(Fe,Si)y (siliside) and
(Fe,S1)xC in CNTs, indicated by EDX after the CCVD reaction at 750°C and 900°C
[112-114]. These papers imply that most of CNTs start to grow from a—(Fe,Si)y, not
from (Fe,S1)xC. Thus, after the metal dusting, alloyed y—(Fe,Si)x and (Fe,Ni,Si)x may
be again carburized and/or nitrocarburidized to form (Fe,S1)Cy and (Fe,Ni,S1),Cy, as
follows.

v — (Fe,Si), + C — (Fe,S1):C, (900°C) [117,118]

(Fe,Ni,Si), + C — (Fe,Ni,Si)Cy
5. 1. 8 Liberation and/or ionization

Finally, Si might be liberated due to its extremely higher ionization energy

compared to that of C. As previously mentioned, these metal carbides are less reactive



62

compared to y—(Fe,Si)y and (Fe,Ni,Si);y and are thermally unstable.

(Fe,Si)xCy — Fe,Cy + Siy (900°C) [117,118]

(Fe,Ni1,S1),Cy — (Fe,Ni)Cy + Siy

In another insight, when the flux of C is very large, the metal dusting process
may slow down or not be sufficiently completed. This may also lead to Fe,C, and
(Fe,Ni1),C, remaining as is after nitrocarburization and being included in CNTs.

These steps of changes in the catalyst structure during the oxidation followed

by the growth of CNTs are schematically illustrated in Figure 33.
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« Impregnation of metal oxides to SiO

« Synthesis of Iron oxides : e.g. a/y-Fe,O;

« Si including metal oxides :

SiO + Fe,Oy — SiO; + Si + (Fe,Si),Oy

[Step 3]

(Fe,Si),N (Fe,Si)C (Fe,Si)«(C.N)

CNTs Fe.C

* NH; decomposition : NH; — 0.5N, + 1.5H,
* CH4 decomposition : CHy — C + 2H,
* Nitrocarburization : (Fe,Si)Oy + C + N,

— (Fe,Si)x(C,N)y

* Denitrocarburization (Metal dusting) :
(Fe,Si)x(C,N), — y—(Fe,Si)y + C+ N,
* Refinement of Silisides ;
y—(Fe,Si)x — Catalytic aerosol siliside
* Recarburization ;

Silisides y—(Fe,Si)x + C — Fe,C + Si
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« Effects of catalytic aerosol particles

— CNTs initially grow in all directions.
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« Effects of steric hindrance & van der Waals forces.

— CNTs align by themselves during the reaction.

Figure 33. Schematic illustration of a possible CNT growth mechanism
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5.2 Effects of SiO particle size

The differences derived from SiO of two different particle sizes seem to be
attributed to the difference of the surface area of SiO. In general, the smaller the size
of particles, the larger the surface area per mass of particles. It would be easier to
distribute metal clusters over a large surface than over a small surface. The results
described in Section 4. 1 are very complex and do not follow this general trend. There
might be differences resulting from the sources of SiO particles used. In addition,
relationships between the surface area of SiO and catalyst activity, and how they affect

the growth of CNTs, are also unknown. Further study is needed.

5.3 Effects of metal composition

Iron oxides (Fe,Oy) and nickel oxides (Ni;.4O) have possibilities to form metal
deficient crystal structures. Larger metal deficient crystal structures generate larger
mobility of ions due to creation of vacancies and enhance the reactivity of metal
oxides. Since the range of non-stoichiometry in Ni; 4O is very narrow compared to
that in Fe,Oy, namely Fe;.<O [128], the crystal structure of Ni;.xO might be more
stable than that of Fe,x O. It is speculated that the instability of crystal structure may
be one of the factors relevant to the higher catalytic activity of iron oxides.

It is suggested to load Fe at a fraction of approximately 70% or higher in order
to achieve high CNT yields. However, differences in properties of product CNTs
grown from single metal catalysts or bimetallic catalysts are known yet. Further study

1s needed.
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5.4 Effects of metal loading

Transitional metals, such as Fe and Ni, have strong dipole-dipole interactions,
and it is suggested that they tend to easily aggregate each other and to form larger
clusters. An increase in the metal loading may enhance aggregation of metal clusters.
However, any facts between their aggregation and the growth of CNTs were not

developed in this study. Further study is necessary.

5.5 Effects of catalyst oxidation temperature

In the range of temperature used for oxidation of catalysts in this study, it is
expected that nano-sized hematite (0—Fe,O3) clusters or maghemite (y—Fe,O3) clusters
are formed [128-131]. Comparing the crystal structures of these single metallic oxides,
one may notice that a—Fe,Oj3 is the most stable iron oxide due to its corundum crystal
structure while y—Fe, O3 has the defect-spinel-type crystal structure, represented as

(Fe™a(o13Fe"s3)304, where O represents a vacancy, A and B indicate tetrahedral and

octahedral sites, respectively. Since such defective structures are associated with the
activity of metals, the temperature at which y—Fe,Os3 is formed will be favored for the
CNT growth, which is in the range from 450°C to 650°C [107, 130]. Furthermore,
since y—Fe,0; exists paramagnetically above the Neel temperature, 600°C, it is
suggested that temperature from 600°C to 650°C may be adequate for oxidation of Fe-
based catalysts.

As mentioned in Section 5. 3, in Fe-Ni bimetallic oxides, both iron and nickel

oxides may be of metal deficient crystal structures, and nickel oxides will be more
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stable. In order to activate nickel oxides, defect concentrations need to be increased,
followed by a decrease in the Gibbs free energy. The temperature at which the Gibbs
free energy becomes minimum for Fe-Ni bimetallic oxides seems to be higher than
single Fe metallic oxides, and this may explain the fact that Fe-Ni bimetallic catalysts
are more active when they are oxidized at higher temperature.

It is implied from SEM observations that nucleation of metals and their
agglomeration are enhanced at higher temperature. These seem to be one of the factors
causing the formation of nanotubes of larger sizes. On the other hand, crucial effects

are not clear. Other methods for detailed analysis are needed to specify real effects.

5. 6 Effects of catalysts grinding

There are some reports regarding influences of grinding on catalytic properties.
One of the studies indicates that an increase in the grinding time enhances activity of
catalysts due to an increase in the degree of lattice disorder [132]. When there are
solid phases more than two, such as Fe, Fe,. O, and Fe,Oy, after oxidizing SiO
supported catalysts, simple manual grinding may strongly affect electron mobility
from the metal oxides to the reaction medium [110, 133, 134]. Another study also
suggests that grinding is necessary for forming active catalysts, because it affects
interactions between metal oxides leading to an increase in the interface area [135].
Thus, it is speculated that the lattice disorder derived from grinding enhances catalyst

activity, affecting the ability of electron transfer and interaction in catalysts, and
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eventually promotes the CNT growth. In order to analyze effects of grinding, further

study is needed.

5.7 Effects of NHj pretreatment

It is obvious that the sublimation of SiO is extremely small at the reaction
temperature in the range investigated in this research, even though transition metals
are impregnated onto SiO (see Appendix D). It is indicated in Figures 23 and 24 that
the particle sizes of SiO tend to decrease with an increase in the time for the NHj3
pretreatment. Furthermore, it is also suggested, in Figures 25 and 26, that NH3
strongly affects the surface morphology of catalysts. As already discussed, N,
generated from the thermal decomposition of NHj3 acts as a strong reducing agent and
rapidly replaces O, in metal oxides. In addition, it is reported that this activated N, has
strong power to open up the lattice in bcc a—Fe and to convert it to the fcc lattice [117].
Hence, the refinement in catalytic metal particles derived from nitridation may be
related to the effects of pretreatment.

An increase in the pretreatment will forward nitridation of metal oxides. This
may prevent the liberation of N, that could be necessary for the formation of more
active metal catalysts, such as siliside, influencing the CNT growth. Further study is

needed.
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5.8 Reaction temperature effects

The growth rate of CNTs increases with an increase in the reaction temperature.
However, at temperature above 1000°C, it decreases with a further increase in the
reaction temperature. The decrease in the CNT growth rate is considered to be
associated with deactivation of catalysts. An increase in the formation of metal
carbides or metal carbonitrides with temperature, which are less active than silicides,
is speculated. In addition, since the diffusivity of SiO will be promoted with an
increase in temperature, this may also affect the growth of CNTs. Further

investigations are necessary to clarify conclusive effects.

5.9 Dependencies on reaction time

It is suggested that two phenomena, deactivation of catalysts and a limit to the
diffusion of C derived from CH,4 are associated with the growth termination of CNTs.
The following assumptions may be made as a possible mechanism: catalytic silicides
may react with C to form carbides due to a gradual loss of Si, and this may lead to a
limit of the activity of catalysts [113, 114], and the limit to gas diffusion is attributed
to the thickening mat of CNTs surrounding metal catalysts [56]. It may be also
considered that an increase in the thickness of CNT walls decreases the surface energy

and elastic energy of metal catalysts. Hence, the growth may be eventually terminated.
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5. 10 Effects of NH3/CH,4 feed ratio

Figure 32 may imply that an increase in the NH; feed affects the formation of
silicides and their activity due to supply of an excess N, derived from NHj. Nitridation
and carburization can occur at the same time, and N, has stronger effects on these
reactions than C. As the concentration of N, increases in metal oxides, the liberation
of N, or decomposition of metal carbides (called the metal dusting [125-127]) may
become slow. Thus, the reaction rate to form silicides may also decrease. Furthermore,
it is considered that an excess amount of NH; may cause the formation of metal
carbonitirdes after silicides are generated and then decrease the growth rate of CNTs.
In addition, a decrease in the CH4 concentration with an increase in the NH3/CHy4 ratio

would also affect the CNT growth. Further study is necessary.
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6. CONCLUSION
6. 1 Summary

CNTs were successfully synthesized on SiO supports using Fe and Fe—Ni
bimetallic catalysts via the catalytic CVD from NH3/CH, mixtures. The effects on the
growth of CNTs of SiO particle size, metal composition, metal loading, catalyst
oxidation temperature, grinding of catalysts, NHj pretreatment time, reaction
temperature, reaction time, and NH3/CHy4 feed ratio, were investigated.

Catalysts supported on 44 um average-sized SiO particles gave higher yields of
CNTs than those on 8 um average-sized SiO particles, when no NHj pretreatment was
performed. Catalysts containing 1 wt% Fe/SiO produced aligned CNTs and yielded
higher growth rates per mass of metal than Fe-Ni bimetallic catalysts. Temperature
between 600°C and 750°C was found to be optimum for oxidizing 1 wt% Fe-loaded
catalysts while a range of 450 - 600°C was proper for the oxidation of 3 wt% Fe, and
750 - 900°C for Fe-Ni bimetallic catalysts, to achieve high yields of CNTs. Grinding
catalysts for 3 minutes or longer increased the CNT growth rate. The yield of CNTs
decreased with an increase in the NH; pretreatment time, regardless of metal
compositions. However, CNTs did not grow appreciably from methane without
ammonia. An NH3/CHy feed ratio of 0.15 - 0.25 was observed to give highest yields of
CNTs. The optimum reaction temperature for the CNT growth was found to lie in the
range between 990°C and 1000 °C. The growth rate decreased with reaction time.

Table 9 summarizes the results obtained in this study. These results could be

used as optimum conditions for producing CNTs on Fe or Fe-Ni catalysts, when SiO



is used as the metal supporting substrate.
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Table 9. Summary of results obtained in this research

Process Parameters Results (Max. CNTs growth rate)
Catalyst Support (SiO) particle size 40 pm D> 8 um D.*
(* : no NHj pretreatment)
Transition metal activity Fe > Fe-Ni
Composition (metal/Si0O) Fe : 1 wt% Fe is best.
Fe-Ni : 2 wt% Fe - 1 wt.% Ni is best.
Oxidation Temperature 600 - 750°C (1 wt% Fe)
450 - 600°C (3 wt% Fe)
750 - 900°C (2 wt% Fe - 1 wt% Ni)
Grinding Time a minimum of 3 min
Pretreatment Time No pretreatment.
Reaction Temperature 990 - 1000°C (3 wt% Fe)
990 - 1000°C (2 wt% Fe - 1 wt% Ni)
NH3/CH,4 feed Ratio 0.15-0.25 (3 wt% Fe)
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6.2 Recommendations for future work

After impregnation of metals onto SiO, followed by oxidation, it is suspected
that iron oxides containing Si are synthesized. The activity of catalysts will be
different depending on iron oxides. In this method, there still seem to be possibilities
to improve the activity by reduction or some other chemical/physical treatments. It is
recommended to characterize metals synthesized and surface properties of supporting
substrates using such methods as Energy Dispersive X-ray (EDX) analysis and X-ray
Diffraction (XRD) analysis. Applying molecular dynamic and energy functions may
reveal important limiting factors, such as electron mobility.

Through this study, most of quantitative investigations regarding influences of
process parameters were made. However, observations of product quality were not
carried out intensively. It is advised to know the growth mechanism and significant
factors for controlling the product quality using appropriate characterization methods
and analytical tools. Furthermore, an appropriate type of reactor and its suitable
material should be selected based on kinetic study. Production efficiencies will need to
be analyzed, considering product quality, in order for practical applications of this

process to be realized.
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Appendix A; Catalytic Chemical Vapor Deposition (CCVD) System

Figure A. 2 Furnace Figure A. 3 Inside of a furnace
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Appendix B; Instruments

Figure B. 1 Scanning electron microscope (SEM)
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Appendix C; SEM images of CNTs

Figure C. 1 SEM images of CNTs; 1 wt% Fe, SiO of 44umD., 450 °C air oxidation,
1.5 min grinding, No NHj3 pretreatment, 1000°C - 5 min reaction.
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Figure C. 2 SEM images of CNTs; 1 wt% Fe, SiO of 44umD., 750 °C air oxidation,
1.5 min grinding, No NHj3 pretreatment, 1000°C - 5 min reaction.

s

Figure C. 3 SEM images of NTs; 3 w% Fe, SiO of 44umD., 450 °C air oxidatio,
1.5 min grinding, No NHj3 pretreatment, 1000°C - 5 min reaction.
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Figure C. 4 SEM images of CNTs; 3 wt% Fe, SiO of 44umD., 600 °C air oxidation,
1.5 min grinding, No NHj3 pretreatment, 1000°C - 5 min reaction

Figure C. 5 SEM images of Ts; Fe Ni bimetal (2 wt% Fe - 1 wt% i), Si0 of ]
44pumbD., 450 °C air oxidation, 1.5 min grinding, No NHj pretreatment,
1000°C - 5 min reaction
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Figure C. 6 SEM images of CTs; Fe - Ni bimetal (2 wt% Fe - 1 wi% Ni), SiO of
44umD., 900 °C air oxidation, 1.5 min grind, No NH; pretreatment, 1000°C - 5 min
reaction.
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Appendix D; SiO sublimation rate
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Figure D. 4 Sublimation rate (NH; feed rate = 200 cc/min);

Si0, SiO + Fe (3 wt%), SiO + Fe-Ni (2 wt% Fe + 1 wt% Ni); 1000°C - Smin
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Figure D. 5 Sublimation rate (N, feed rate = 200 cc/min);

SiO, SiO + Fe (3 wt%), SiO + Fe-Ni (2 wt% Fe + 1 wt% Ni); 1000°C - Smin
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Figure D. 6 Sublimation rate (Ar feed rate = 200 cc/min);

Si0, SiO + Fe (3 wt%), SiO + Fe-Ni (2 wt% Fe + 1 wt% Ni); 1000°C - Smin
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