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ABSTRACT

In this study the synthesis and use of carbon nanofibers (CNFs) as catalysts supports
for Fischer Tropsch synthesis is reported. The synthesis of carbon nanofibers with
two distinct morphologies was optimized based on the reports in the literature that the
straight (SCNF) and helical (CCNF) carbon nanofibers grow on Cu catalysts with
different particle sizes. To selectively grow CNFs with a single morphology Cu
catalysts were designed using different synthesis procedures (by using unsupported,
coated and silica supported catalysts). The prepared copper oxide (CuO)
nanoparticles were characterized by techniques such as TEM, XRD and nitrous oxide
chemisorption. These techniques showed that the unsupported and coated CuO
catalyst precursors has large particle sizes (range 100-300 nm) and thus had low Cu
atomic surface area, while the supported CuO catalysts displayed low particles sizes
in the nanoscale regime (<20 nm) and hence had high atomic surface area.
Preparation of CNFs was carried out 300 °C using acetylene (C;H;) gas as the carbon
source. Cu catalysts with large particle sizes resulted in straight CNFs and the small
supported Cu nanoparticles grew helical CNFs because of the change in the
nanoparticle surface energy during adsorption of the acetylene gas and the silica
(SiOy) support effects that limited Cu nanoparticles from sintering (i.e. final particles
size ~ 60 nm). Soxhlet extraction proved to be an invaluable step in removing

adsorbed polycyclic aromatic hydrocarbons.

Because of the low thermal stability of these CNFs the materials were then annealed
at higher temperatures ranging from 500-1400°C in an inert environment (passing N,
gas). The helical CNFs snapped under high temperature annealing (= 900 °C)
resulting in shorter lengths in comparison to the straight CNFs. BET analysis of the
annealed CNFs indicated that the CNFs annealed at 500 and 900 °C have increased
surface area and have a mesoporous pore structure with the surface area ranging from
200-350 m%/g. Raman and Fourier transform IR spectroscopy indicated that the CNFs
annealed at 500 and 900 °C, (which were the main material of interest because of

their high surface area and thermal stability) had different hybridized carbon content.
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CNFs annealed at 500 °C contained both sp? and sp® hybridized carbon while
annealing the CNFs at 900 °C resulted in a complete rehybridization of the carbon
content to sp®. The carbon sp® content in the CNFs annealed at 500 °C therefore
implied that CNFs annealed at this temperature are more defective in comparison to
the CNFs annealed at 900 °C. Since it is well known that material functionalities are
affected by the amount of defects present inside the different CNFs were then applied
as catalyst supports for Fischer Tropsch synthesis (FTS) to compare the support

effects on cobalt active sites.

The CNF surfaces were first modified by functionalization using concentrated HNO3
solution. The preparation of the catalyst systems was performed by a simple HDP
method using urea. The CNFs and the FT catalysts were characterized using different
techniques such as XRD, TEM, BET, TPR and Raman spectroscopy. Reactor studies
performed at 220 °C (P = 8 bar, GHSV= 1200 mL.h"".g_}) showed the catalysts had
activities with CO conversion ranging from 25-45%. It was observed that catalysts
supported on CNFs annealed at 500 °C displayed higher average activities of about +
15% (based on the CO conversions) in relation to the catalysts supported on CNFs
annealed at 900 °C. Catalysts showed minimal water gas shift reaction and high
methane selectivity (i.e. ~ 20-30%) which can be attributed to the small Co crystallite

sizes and low pressure reaction conditions.
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Chapter 1: Research question and hypothesis

1.1 Introduction

The explosive growth of the world population witnessed in the 20 and 21" century,
has placed the finite supply of the planet’s natural resources under an enormous
strain. One of these resources is crude oil which has been the major source of energy
over the past 100-200 years. However it is a non-renewable energy source and it is
being depleted [1]. To counter this event it is of outmost importance that technologies
that offer to produce crude oil alternatives are developed and enhanced to make use
of every natural resource at our disposal [2]. One such technology that is known to
offer great potential for the future energy security is Fischer-Tropsch synthesis (FTS)
[3]. The FTS involves a reaction of syngas (mixture of H, and CO) over a supported
catalyst to produce fuels and a wide range of chemicals. The syngas for the reaction
can be obtained from different sources such as coal, natural gas and also renewable
sources such as waste biomass [3]. Fischer Tropsch synthesis is affected by the type
of catalyst, support materials and promoter materials used together with the reaction
conditions employed in the synthesis process [4]. The catalyst is at the core of the
FTS reaction; however it requires an efficient support material to allow improved
dispersion of the catalyst particles and to ensure efficient economic exploitation of

the available metal.

In this study carbon nanofibers were used as catalyst supports for the FTS and
evaluation of the carbonization (graphitization) and morphology of the CNFs on the
activity and selectivity of catalysts in the reaction. Carbon nanofibers have previously
been studied as catalyst supports for Fischer Tropsch synthesis [5, 6]. However the
effect of the nanofiber morphology and the graphitic degree has not been reported. It
is reasonable to suggest that if carbon nanofibers are to be efficient catalyst supports
for highly dispersed active metals with longer lasting activity and constant selectivity,

then the number of defects on the support surface has to be sufficient to immobilize
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the metal nanocatalysts. This will avoid particle agglomeration. On the other hand the
graphitic degree of the carbon nanofiber must also be high enough to avoid loss of the
support material under the reaction conditions, The carbon nanomaterial defects have
been observed by Graham et al. such that “docking stations” that were identified on
the surface of the carbon nanomaterial were suggested to provide long term stability

for Fe supported Fischer-Tropsch catalysts [7].

In recent studies Cu catalysts have been shown to make carbon nanofibers (CNFs),
and defects on the carbon materials synthesized using copper catalysts were
introduced at the low temperatures used to make the CNFs. The defect content in the
fibers can be modified by annealing the carbon materials at higher temperatures. The
different carbon nanofiber morphologies also offer a variety of topological defects

along the fiber axis.

Synthesis of CNFs with controlled morphology is still a challenge in the scientific
community, partly due to the fact that many reaction variables influence the
morphology of the CNFs [8]. Catalyst morphology has been observed to be the prime
variable that determines how the synthesized carbon nanofibers are shaped [9].
Studies have shown that control of the carbon nanofiber morphology can be
influenced to some degree provided that catalysts of narrow size and shape
distribution are used under identical reaction conditions (temperature, suitable carbon
precursor etc.). The different morphologies obtained for the carbon nanofibers can
determine their influence on catalyst metal activity in the FTS reaction. A material’s
functionality can be controlled by its defects which will define many of their physical
properties and their operational lifetime. Carbon nanofibers with different
morphologies and crystallinity may then be expected to offer different defects
without the need of subjecting the support material to very harsh functionalization
processes. A systematic study can show how these parameters can affect the active
metal’s reducibility, selectivity and activity.
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The degree of crystallinity and number of defects on a carbon material can easily be
studied using suitable Raman active bands associated with the carbon. In particular,
two important bands that can be observed are the Raman G-band at approximately
1590 cm™, A characteristic feature of the graphitic layers and a D-band at about 1350
cm™, A sign of the defective nature of the graphitic layers [10]. It has been well
documented that the ratio of the band intensities associated with the bands (Ip, lg)

give a measure of the defect structure of a carbon material.
The research questions that were posed in this project were:

1. How do sized and shaped metal nanoparticles control the morphology of the
grown carbon nanofibers?

2. Does catalytic chemical vapour deposition method (CCVD) allow successful
synthesis of carbon nanofibers with controlled morphology?

3. Do different carbon nanofiber morphologies and graphitization procedure
affect the dispersion of the active metal particles?

4. How does the carbon nanofiber morphology and graphitization procedure

affect the reducibility, selectivity and activity of the supported metal?

1.2 Aim

The aim of this project was to synthesis carbon nanofibers with distinct morphologies
and to study the effect of CNF support morphology and defect content on the activity
and selectivity of Co catalyst in Fischer Tropsch Synthesis.

1.3 Objectives

e Synthesize shape and size controlled metal copper nanoparticles for the
synthesis of carbon nanofibers (CNFs).

e Synthesize CNFs using the prepared metal nanocatalysts by Catalytic
Chemical Vapour Deposition (CCVD)
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e Increase the structural stability of the CNFs by an annealing process at higher
temperatures.

e Make cobalt catalysts supported on CNF for Fischer-Tropsch synthesis.

e Investigate the effect of carbon sp?/sp® ratios on the metal-support interaction.

e Investigate the effect of the carbon nanofiber support on the particle size and

reducibility of FT catalysts

1.4 Outline of dissertation

Chapter 1: Gives a research hypothesis, aim and objectives of the study.

Chapter 2: Gives a detailed review on the application of Cu for making CNFs, growth
mechanism and a brief historical account of the Fischer-Tropsch synthesis.

Chapter 3: Shows the experimental procedure for synthesizing CNFs, the FT reactor

setup and the calculations involved in the FT process.

Chapter 4: Reports on the synthesis and subsequent manipulation of the CNF

properties to be applied as FT catalyst supports.

Chapter 5: Reports on the application of the treated CNFs as catalyst supports in the

Fischer-Tropsch synthesis.

Chapter 6: The chapter provides conclusions and recommendations of this study.
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Chapter 2: Literature review

2.1 Growth of carbon nanomaterials using copper catalysts

2.1.1 Applications of copper metal

Copper is a transition metal with an electron configuration of [Ar] 3d* 4s in its zero
oxidation state. It is also part of the coinage metal group of the Periodic Table and
this gives it special physico-chemical properties as compared to other transition
metals [1] . Copper metal has found many applications over the years in the electrical
and construction industries, when applied as a bulk copper metal. The application of
copper in many chemical and biological establishments requires that the copper metal
be in the micro and nanoscale regime and this has opened up a new exciting field for
nanotechnology applications using Cu metal. Copper nanoparticles attract interest in
nanotechnology studies because Cu exhibits similar properties (such as a local
surface plasmon resonance (LSPR) in the visible region) to those of silver and gold
and importantly Cu is less costly than the silver and gold [2, 3]. Copper (I) based
complexes also show some promise for application in dye-sensitized solar cells [4].
Copper metal nanoparticles have also found application in homogenous or
heterogeneous catalysis for many organic chemistry reactions such as the Diels-Alder
[5] and the so called click chemistry reactions [6]. Copper catalysts have also gained
attention in other heterogeneous catalytic reactions such as the Water Gas Shift
(WGS) [7] reaction to form hydrogen from the reaction of carbon monoxide and
water vapor. In addition copper has also been used as a catalyst promoter for many
catalytic reactions like the Fischer Tropsch synthesis [8] and in the synthesis of

syngas (CO/H,) by partial oxidation of methane [9].

It is clear that copper has many potential applications based on its physico-chemical
properties and these properties are affected by the size and shape of the metal
particles. In this short review the use of copper as a catalyst for the synthesis of

carbon (nano) materials will be examined. The effect of temperature and the particle
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size together with the role of the carbon precursor in the carbon synthesis reaction is

reviewed.

2.1.2 Theoretical studies on the capability of copper to act as a catalyst for

carbon deposition.

Copper being a non-ferromagnetic metal was not traditionally considered for the
growth of carbon nanomaterials in a mono-catalytic system. Metal such as Fe, Co and
Ni were traditionally used to control the type of carbon material grown in a CVD
process. Theoretical studies based on the ability of copper to catalyze carbon
nanomaterial synthesis were based on the accepted growth mechanism. In this VLS
(Vapor Liquid Solid) mechanism the carbon deposition is based on the dissolution of
carbon into the bulk of a catalyst particle [10, 11], and it is this mechanism that is/was
mostly used to study the viability of copper as a catalyst to deposit carbon [12, 13].

The mechanism is described in Figure 2.1 below.

CH;

Figure 2. 1. Schematic of the VLS mechanism

Robertson studied the kinetics of the metal carbide bond for the first row transition
metals. The study was based on the energy of the metal d orbital and the rate of
interaction with carbon to form metal carbide. The calculated results gave a volcano

plot (Figure 2.2 A) from which it can be inferred that Cu is not an ideal catalyst for
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carbon nanomaterial synthesis since Cu forms weak metal-C bonds that do not
rapidly dissociate the carbon source [14]. Molecular dynamics studies by Deng et al.
were also used to examine a two stage growth model (nucleation and growth state) of
carbon nanotubes on different metal catalysts. The calculations suggested that Cu is a
poor catalyst for nucleation of C to form CNT because its electron configuration of
[Ar] 4s*3d™ allows copper to form only a single carbon bond with a C, molecule
resulting in the formation of an unstable carbon ring during nucleation. Copper
energetics were also found to be less favourable in annealing CNT defects during
growth as compared to a cobalt catalyst (energy barrier 2.22 eV for Cu vs. 0.065 eV
of Co) [15]. Theoretical results by Ding et al. using molecular dynamics and DFT
calculations indicated the inability of copper and some non-ferromagnetic metals to
grow carbon nanotubes (SWNTs-both zigzag and armchair) was due to the poor
adhesion energies (ranging from -3.7 to -1.8 eV for Cu) between the metal catalyst
and carbon atoms of the growing filament. As a result there was a quick formation of
a cap on the (base) nanotube which terminated the SWCNT growth prematurely
(Figure 2.2 B) [13].

b a e
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Figure 2. 2: Turnover frequency vs. metal d orbital energy, scheme showing carbon
atoms interaction on the surfaces across the transition metal series (A) [14],Three
growth scenarios relative to the catalyst-CNT interaction, a for weak catalyst-CNT
interaction, a for weak catalyst-CNT interaction thus no growth scenarios d and e
relevant for CNT growth (B) [13].
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After observing that copper (and other non-ferromagnetic metals) was unsuccessful in
catalyzing carbon nanomaterial growth at temperatures of 800-900 °C. Deck et al.
studied the metal-carbon binary phase diagram of Cu-C. It was observed that carbon
displayed very low solubility in the Cu catalyst (< 0.0001%) even at high
temperatures of 1100 °C [12] (Figure 2.3).

Atomic Percentage Carbon
'C Q005 0010 Q0I5 Q020

1400 L + graphite

Solubility of carbon in liquid copper

Cu 0.001 0.002 0.003 0.004 0.003
Weight Percentage Carbon

Figure 2. 3: Copper—carbon binary phase diagram [12].

Although most of the theoretical studies on copper as a catalyst for carbon
nanomaterial growth indicated that copper is not an ideal catalyst, studies done by
Yazyev et al. gave results at odds to the majority of the other studies. In their studies
DFT energy calculations were done on a Cu (111) surface, considering a three layer
slab p (3%3) unit cells and (311) micro-faceted surface steps. The energy barrier for
monoatomic carbon diffusion over copper catalysts when compared to nickel was
found to be lower (0.07 eV vs. 0.39 eV). This implied that the use of a monoatomic
carbon precursor (i.e. methane) can speed up carbon deposition on copper catalysts
and that lower temperatures can be used to decompose CH,4 because of the very low
diffusion barrier [16].
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It is clear that from most theoretical work on the synthesis of carbon nanomaterials,
copper is not expected to be an excellent catalyst for carbon growth. However the
results differ from experimental results as it has been observed that copper can be
used as a catalyst over a large temperature range (190-1000 °C) to synthesise a
myriad of carbon nanomaterials such as nanofibers, nanotubes (SWCNTs and
MWCNTSs) and graphene [17-20].

2.1.3 Use of copper catalysts to synthesize carbon nanofibers.

Some of the earliest reports on the synthesis of carbon nanomaterials using copper
generated carbon nanofibers (Figure 2.4). Different copper catalysts systems have
been reported in the literature for the synthesis of carbon nanofibers ranging from Cu
foils [21, 22], unsupported Cu catalysts [17, 23], as well as supported [24] and coated
(encapsulated) [25] copper nanoparticles. Preparation of the catalyst particles has
involved many techniques such as incipient wetness impregnation [24] for supported
catalysts, while unsupported catalysts have been prepared by reduction [18, 26],
hydroxide precipitation [27] and high vacuum thermal decomposition [28, 29] of
the Cu precursors. The methods have all been used in an effort to control the
nanoparticle morphology which in turn would control the type (i.e. morphology) of
carbon material deposited [30, 31]. Size and shape effects of the nanoparticles is
have been observed when CNFs have been produced at lower synthesis temperatures
[30]. The behaviour of the copper catalyst particles during growth of the carbon
nanofibers is of great interest because unlike most of the other transition metal
catalysts Cu gives symmetric growth of two carbon filaments from one catalyst
nanoparticle [22, 32]. Most other metals give fibre growth in one direction only and
the growth can be explained by a root or tip growth mechanism [33].
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Figure 2. 4: Typical carbon nanofibers grown on copper catalysts at lower
temperatures

The nanoparticle size affects the CNF morphology. It has been observed that small
copper particles give highly faceted nanoparticles embedded in a coiled fiber [18]
while larger particles, although also faceted, generally result in a growth of straight
fibers [26]. The shape of the catalyst particles has an influence on the fiber
morphology, Shaikjee et al. showed, using transmission electron microscopy
tomography imaging, that pentagonal bypiramidal nanoparticles were imbedded in
helical CNFs while straight CNFs had triangular plates imbedded in them [30].

The crystallographic nature of the nanoparticles giving different CNFs also give
contrasting results, Using selected area electron diffraction (SAED) Qin et al [32]
presented evidence that the nanoparticles imbedded in the helical fiber are single
crystals with {111} planes while straight fibers appear to form on polycrystalline Cu
particles [28]. Although metal nanoparticles evolve from irregularly shaped particles
before exposure to a carbon source, exposure generates new metal particle shapes.
These new faceted nanoparticles formed during carbon deposition suggest that the
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carbon source also has an important influence on the resulting carbon nanofiber
properties [30, 34],It is suggested that the reshaping of the catalyst nanoparticles

happens during the chemisorption of the carbon source (Figure 2.5).

Figure 2. 5: TEM images showing the evolution of the Cu NPs with acetylene
exposure time, (a) 0s, (b) 30's, (c) 60 s, (d) 1 hour [30]

Qin et al [32] concluded that catalyst reshaping is due to the change in surface
energy of the exposed crystallographic planes which then results in the preferential
formation of the low index {111} planes, which as mentioned above, are responsible
for the growth of helical CNFs.
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The role of the carbon source e.g. acetylene [31, 34, 35] or ethylene, which
decompose easily on copper catalysts, also impacts on the shape of the Cu particles.
Carbon sources such as methane and carbon monoxide do not give any substantial
yields CNFs on copper catalysts at high and low temperatures [36]. The use of
secondary gases together with the carbon source have also been noted to affect the
carbon nanofiber morphology. Thus Li et al. showed that an ammonia/acetylene gas
mixture increased the diffusion ability of copper nanoparticles (from the copper foil)
on carbon materials and this resulted in the growth of vertically aligned CNFs while
growth in the absence of ammonia gas yielded graphene films at reactor temperature
of 350 °C [22]. In another case Jian et al. [34] studied the gas inducing effect of
different secondary gases (H,, N, and Ar) using DFT calculations. They observed that
Ar and N, gas have very weak interactions with the copper nanocatalysts. Thus the
inability to reshape the nanocatalysts resulted only in the formation of straight CNFs
(Figure 2.6). The same studies were perfomed using H, as the secondary gas. H,
displayed stronger interactions with the copper catalyst surface and this aided in the

growth of helical CNFs.
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Figure 2. 6: Relationship between the gas-inducing, thermal and size effects on the
carbon nanofiber morphology [34].
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The CNFs have been obtained with different morphological and graphitic nature
dependent on the copper catalyst morphology (shape and size), the precursor gas and
the reaction temperature [21, 31, 37]. This is shown in Figure 2.6. The use of copper
in the synthesis of the carbon nanofibers has been mostly centred in the low
temperature regime of < 450 °C [38, 39]. In this temperature region the catalysts give
high carbon yields [29], However there have been reports in which CNFs were grown
on Cu catalyst at temperatures > 500 °C [36, 40]. High temperature synthesis
procedures result in the growth of mostly straight carbon nanofibers. Li et al. [37]
observed that the synthesis of CNFs on a copper catalyst prepared by thermal
decomposition gave coiled CNFs at 350 °C and straight fibres at 550 °C, this may be

attributed to catalyst particle sintering.

2.1.4 Use of copper catalysts to synthesize carbon nanotubes

The ability of copper metal/nanoparticles to serve as catalysts for the synthesis of
carbon nanotubes has been reported in the literature (Figure 2.7). Most of the earlier
reports were centred on the synthesis of single walled carbon nanotubes [19, 41, 42]
although reports for the synthesis of multiwalled carbon nanotubes [43] have been
noted. Studies have shown that copper catalysts provide an ideal template for the
synthesis of SWCNTs since Cu grows much longer, cleaner and more aligned
SWCNTSs when compared to an Fe catalyst. This suitability of copper to outperform
Fe in growing high quality SWCNTSs is attributed to the inability of Cu to decompose
the carbon precursor at a fast rate and consequently this improves the carbon feed rate

resulting in the growth of high quality tubes [41].
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Figure 2. 7: CNTs grown on Cu catalysts, aligned SWNTs with density of 2-6
nanotubes/um- scale bar 10 um (a), (b) [42], random SWNTSs, scale bar SEM-200
nm, TEM-20 nm (c) [19],bamboo CNTs (d) [44].

Computational studies using first principle calculations by Yazyev et al, on Au, Pd,
Ag and Cu nanoparticles, suggested that Cu as a catalyst for CNT growth is a good
candidate for controlling the chirality of the carbon nanotube [16]. Growing carbon
nanomaterials directly on the Cu metal gives a good electron transfer pathway which
is advantageous in terms of electronic applications of the carbon nanotubes [45].
Copper catalysts mostly employed in the synthesis of the carbon nanotubes typically
involve the supported catalysts prepared by impregnation [42, 43, 46, 47] or copper
foils [19, 48]. The copper foils are sometimes loaded with a buffer layer (i.e. Cr or
Ni) to promote the growth of aligned carbon nanotubes [45, 49]. These Cu supported
catalyst systems favour the growth of single walled carbon nanotubes [41, 42, 46, 50,
51], and other morphologies. Xue et al. [43] was able to grow bamboo like MWCNTSs
on a Cu supported on alumina catalyst prepared by impregnation. The synthesis
temperature influences both the type of carbon nanotubes obtained and the activity of
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the catalysts particles. Zhu et al. noted that the density of CNTs made on a Cu foil
increased with increasing temperature (700-1000 °C). However no growth of carbon
nanotubes occured below 600 °C. The carbon nanotube diameter also varied from 40-
120 nm with changing temperature [48]. Xue et al. found that the percentage yield of
bamboo like carbon nanotubes increased with growth temperature (700, 750, 800)
and then decreased at T> 800 ( 40%, 85% 95% and 90%) [43].The increased yield
of the carbon nanomaterials at higher temperature was credited to the rapid
dissolution of the carbon precursor on the catalysts surface [48]. Lin et al. were able
to make carbon nanotubes at temperatures as low as 500 °C using a sulphate assisted
copper catalyst supported on silica. Their results similarly indicated the usual trend of
an increase in carbon yield with deposition temperature( 500-900 °C) [47]. Although
it is evident that the growth of carbon nanotubes is possible at temperatures less than
600 °C, the optimal deposition temperature for growing high yield and high quality
CNTs is in the range of 700-1000 °C. Growth temperatures below 700 °C give very
low yields and might potentially result in the formation of carbon nanotubes mixed
with a high content of amorphous carbon [47, 48]. There are no reports of note on the

growth of carbon nanotubes at temperatures above 1000 °C using copper catalyst.

Precursors that have been predominantly used to make CNTs over Cu catalysts
include methane [20, 41, 50, 51], ethylene [44, 47], acetylene [52] ethanol [19, 20,
42, 43, 46, 48] and methanol [42]. The reason that the different carbon precursors
give high yields at high temperatures relates to the decomposition of the carbon at the
high temperature. Catalyst pre-treatment procedures prior to the synthesis of carbon
nanotubes are diverse. It is clear that both copper oxide and metallic copper are both
able to grow CNTs when they come in to contact with the carbon precursors. Tagaki
et al. [19] were able to grow SWCNTs on a copper catalyst activated by heat pre-
treatment at 800 °C in air. Ding et al. treated copper catalysts with an oxygen plasma
prior the growth of SWCNTs using an ethanol/H,/Ar mixture [46]. There are
numerous reports showing that pre-treatment of the copper catalyst with an inert gas
(e.g. N) has no negative effects on the catalyst active site, as documented by Tao et
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al. [52], and Liu et al [51] who used Ar at 975 °C. While this may suggest that the
oxide catalyst particles catalyse the growth of nanotubes, the particles are reduced in-
situ by the carbon source that generates the CNTs. Thus,Tao et al. observed by SAED
that the catalyst particles inside the CNTs were metallic copper although the synthesis
was initiated with an oxide catalysts without any pre-reduction [51]. For this reason
synthesis procedures that involve prior activation of the catalyst by hydrogen

reduction have been developed [20, 42].
2.1.5 Graphene growth on a Cu catalyst

Graphene is a two dimensional single layer of carbon atoms with a honeycomb
structure composed of sp?-bonded carbon and this material has revolutionized
thoughts about the future of many nano-electronic devices. This is because of the
superior electron transport (=15000 cm?/Vs) of graphene compared to any other
known material [53]. It is for this reason that methods have been devised to grow
high quality and large area graphene [54] Although the initial report for obtaining
monolayer graphene was based on mechanical exfoliation of graphite [55], chemical
vapour deposition (CVD) of graphene on transition metals substrates (i.e Cu, Ni, Co
and Fe) [56] has emerged as the most viable process to synthesize large area graphene
(Figure 2.8).
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Figure 2. 8: Different synthesis methods for mass production of graphene (quality
versus cost) [53]
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Studies have shown that Cu foil is the metal of choice to grow lager monolayer
graphene sheets. Graphene growth is a surface mediated process [57] and thus copper
metal is an ideal catalyst because of the low solubility of carbon in copper and its
inability to decompose hydrocarbons at a fast rate [58]. This renders the graphene
growth on the copper metal to be a self-limiting process which is favorable for

growth of a large area monolayer or few layer graphene [56, 59, 60].
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Figure 2. 9: Graphic showing growth of graphene and is relationship to the amount of
carbon on the Cu substrate [61].

Losurdo et al [62] observed that the reaction kinetics for the growth of graphene plays
a very important role in controlling the number of the graphene layers. Kinetics
studies of CVD growth of graphene have been performed on the hydrocarbon-
hydrogen (CHy4-H,) interaction with polycrystalline Cu and Ni foils using
spectroscopic ellipsometry. The Cu foil showed different responses when interacting
with hydrogen as compared to methane gas. An increased diffusion of hydrogen
relative to methane on the Cu foil was noted. Thus an increased amount of H; in a
CHg4-H, gas mixture impeded the chemisorption capability of the methane on a
copper surface which resulted in the growth of graphene with a high defect density.
The defect density was observed by IR reflection spectra (C-H, sp® defects) and
Raman spectroscopy. Bhaviripudi et al. [63] suggested that one of the factors

affecting the kinetics of graphene deposition on a Cu foil was the pressure in the
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reaction chamber. They observed that the quality of the graphene grown at
atmospheric pressure CVD (APCVD) varied with the methane concentration such
that at low methane concentrations (<100 ppm) single layer graphene (SLG) was
formed while at high methane concentrations (5-10 %) multilayer non-uniform
graphene was produced. The authors also noted that graphene growth is not a self-
limiting process at high methane concentrations in an APCVD reaction chamber.
However synthesis at low pressure CVD (P = 10 mTorr) resulted in a graphene sheet
with a uniform thickness across large areas of the Cu foil. The obtained results
showed that low pressure CVD is a useful way for synthesizing high quality graphene
on low carbon solubility metal catalysts such as copper. Low pressure pre-treatment
of the Cu foil also improved the regularity of the surface making the foil smoother
with very small amounts of terraces and steps, thus allowing the growth of single
layer graphene [58]. Cu metal is only able to grow graphene in a given temperature
range by thermal chemical vapour deposition and the reaction temperature has also
been recognized to be an influential parameter in the synthesis of single layer
graphene on Cu [61, 64, 65]. Regmi et al. [64] studied the growth of graphene at
different temperatures from 600-1000 °C at a pressure of 500 mTorr. They were able
to determine by Raman spectroscopy (Figure 2.10) that no graphene was grown at
growth temperatures below 850 °C. The graphene grown at 850 °C is highly defective
signaling the presence of multilayer graphene while only complete coverage of the

Cu substrate is observed at temperatures above 950 °C.
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Figure 2.10: Raman spectra for graphene growth versus growth temperature (a).
Average values of ID/IG and IG/12D (b), Average values of linewidths of G and 2D
graphene peaks from four different measurements (c). SEM images of graphene on
Cu grown at different temperatures in 30 min (d-f) [64].

Kim et al. [61] grew graphene on Cu in the temperature range of 720-1050 °C. The
Cu substrate displayed various degrees of surface roughness while annealing at 1000
°C smoothed the substrate. It was concluded using a nucleation model (Robinson and
Robins model) that the energetics for graphene formation is dependent on
temperature such that nucleation is controlled by carbon adatom capture at low
temperatures < 870 °C and controlled by carbon desorption at higher temperatures >
870 °C. The model is described by the equation Asy = |Chu — Ceql/ ps, (Where;
Asy=saturated area, C,,=number of nucleating carbon, Cee=equilibrium carbon,

pc=graphene density and C,, —Ceq=supersaturated fraction of carbon adatom
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concentration. At temperatures above 870 °C, As >>1 and at temperatures less than
8700C, Asat >1.

The most commonly used carbon source for synthesizing graphene on a Cu foil is
methane [62, 65-67]. This is due to the fact that methane is not a highly reactive gas
and consequently allows self-limiting growth of graphene on the substrate without
forming many carbon intermediates (C,, Cs, etc.) that can increase the amount of
defects in the synthesized graphene. Other carbon precursors have been used and
these include alcohols (i.e. methanol, ethanol and 1-propanol) [68] which gave
monolayer growth of graphene at temperatures above 850 °C. Hexane has also been
used to fabricate single and few layer graphene on a polycrystalline Cu foil [56,
69].The quality of the Cu foil substrate plays a significant role in the growth of low
defect graphene. This is because defects on the substrate decompose a carbon source
at a faster rate resulting in multilayer graphene. Liu et al. [65] studied graphene
grown on Cu substrates with different purities (99.8 % and 99.999%) using LPCVD,
By using Raman spectroscopy they observed that the 99.8% Cu substrate deposited
bilayer graphene while a 99.999% Cu substrate yielded single layer graphene.

2.1.6 Conclusion

Copper metal was originally thought to be an inactive metal for the synthesis of
carbon nanomaterials. Today it is known to have good catalytic activity for their
growth. There is clear evidence from the studies mentioned that carbon nanofibers,
nanotubes and graphene sheets are can be formed on a copper catalyst. The synthesis
temperature plays an important role and determines the type of carbon material
produced. The growth mechanism of the different carbon materials varies with the
interaction of carbon sources with the catalysts. This disparity is brought about
because of the different types of precursor gases that are used for the synthesis of
morphologically different carbon nanomaterials. Copper is able to grow different

carbon nanomaterials at different temperatures, (1) 200-400 °C, growth of amorphous
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carbon nanofibers (2) 500-800 °C growth of graphitic carbon nanofibers and carbon
nanotubes (3) 750-1000 °C range for growth of graphene.
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2.2 Growth mechanism of carbon nanofibers/nanotubes: VLS versus

VSS mechanism

2.2.1 Studies on the growth mechanism

Over the past 20 years, efforts to understand the growth mechanism of shaped carbon
nanomaterials (SCNMs) such as CNTs and CNFs have greatly advanced. In-situ and
ex-situ techniques have been equally useful in producing reliable information about
the carbon growth mechanism.

Components that influence the growth mechanism of carbon nanomaterials are [1, 2]

e Role of the hydrocarbon and its decomposition
e Chemical state of the metal catalyst before, during and after synthesis

e Chemical composition of the CNMs during the synthesis process
VLS mechanism

The vapour liquid solid (VLS) mechanism was first proposed for the growth of
silicon whiskers [3], The mechanism was then adapted by Baker et al. for growth of
filamentous CNMs in the 1970s. It was observed that the synthesised filaments all
have a metal particle at one end of the filament and the particle was distorted (pear
shaped when observed under high magnification TEM). The distortion of the particle
was attributed to the liquid phase characteristics of the catalyst nanoparticles under
reaction conditions [4, 5]. It was proposed that a tip growth or a root growth process

could account for the particle shapes (Figure 2.11)
The four fundamental steps in the VLS mechanism can be summarised as [6]:

e Adsorption of the carbon precursor on the catalyst surface
e Decomposition of the carbon source
e Diffusion of the growth species in or on the catalyst particle

¢ Nucleation and incorporation of carbon into the growing fibre.
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Figure 2. 11: VLS growth mechanism showing both tip (a) and root (b) growth
mechanisms
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When the activation energies of the individual steps are compared it is found that the
third step which is the carbon diffusion through the metal catalysts is the rate
determining step [5]. To explain how the diffusing carbon units move through the
catalyst particle, Baker proposed that the driving force to explain the mobility of the
diffusing carbon was the temperature gradient within the catalyst particle. The carbon
source decomposed on the hotter faces of the catalyst and deposited on the cooler
trailing facets of the catalyst [4, 5]. Another possible driving force for the diffusion of
carbon in the bulk catalyst was proposed by Tibbets et al. [7]. The author proposed a
model based on the decomposition of methane on an iron catalyst. In the model it was
proposed that the active catalyst phase was austenite (Fe-C solid solution) which is at
equilibrium with the precipitating carbon. The carbon that adsorbs on the surface is at
higher chemical potential and this result in carbon diffusion through the catalyst
particle. The change in enthalpy calculations, assuming that the methane decomposed
only to graphite and hydrogen, revealed that (1) the energy flux on the catalyst
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particle is not enough to induce a temperature gradient that will allow the carbon
diffusion to be consistent with the observed fibre growth rate and (2) the
concentration gradient was the primary cause of the carbon diffusion. Tibbets et al.
[7] also maintained that bulk diffusion rather than surface diffusion of the carbon

units is the most plausible route to the deposition of the extruding fibre.

In-situ studies using XPS and TEM have been used to verify the VLS mechanism.
These techniques are used because post synthesis characterization can be unreliable
because of the changes during cooling and sample transfer. Hoffman et al [8] reported
using in-situ time resolved XPS during the growth of the CNFs on an iron catalyst at
580 °C that after exposure to acetylene three carbon XPS peaks were generated. The
peak at 282.6 eV corresponding to chemisorbed carbon, an intermediate at 283.2 eV

to carbidic carbon and third carbon peak at 284.5 eV to sp? carbon.

Further studies using ETEM (Environmental Transmission Electron Microscopy)
Figure 2.12 showed that the catalyst (Ni) remained crystalline during the pre-
treatment step, during the exothermic decomposition of the carbon and during the

formation of the carbon fibre.

Figure 2. 12: ETEM image order showing a growing CNF at different time frames on
the Ni catalyst (a-d) [8].

The catalyst particle became elongated and then contracted to a round shape under

reaction conditions. It was observed that the Ni NP behaved as a liquid but still
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exhibited long range crystallinity [8]. An XPS study done by Hoffman et al. [9] on
the evolution of C 1s peak and Ni/Fe 2ps/, peak under C,H, exposure were monitored.
The C 1s main peak at 284.3 eV appeared within 50 s of exposure and saturated
within 3 minutes for the Ni catalyst. Hoffman et al. observed that for an Fe catalyst
the C 1s main peak appeared at 284.65 eV which then shifted to 284.45 eV after 6.5
minutes. This C 1s peak did not fully saturate in 20 minutes of growth time. It was
concluded that the two peaks (at 284.45 eV for Fe and 284.3 eV Ni) can be attributed
to CNT growth. The Ni/Fe 2p3, core level energy peak remained unchanged showing
no phase transition (i.e. no formation of a solid solution between carbon and the
catalyst nanoparticles). Furthermore, studies by Helveg et al. [10] based on in-situ
HR-TEM on the growth of carbon nanotubes at a temperature range of 500-540 °C
indicated that the nucleating and growing graphene layers helped to restructure step
edges on the Ni surface with the Ni being in a liquid like-phase, The DFT studies
indicated that the observations were consistent with a growth mechanism involving
surface diffusion of carbon on the nickel atoms. It was thus observed that the VLS
mechanism although quite feasible is unable to completely explain the discussed

experimental results.

Results based on the Bronsted-Evans-Polany volcano plot showed that the most
efficient catalyst systems for the growth of carbon nanofibers/tubes are the ones
which are able to form slightly-stable carbides and that allow sufficient carbon
dissolution into the bulk at reaction conditions. Using this plot, early transition metals
are proposed to be poor catalysts since they form strongly bound carbides and late
transition metal are poor catalysts because the carbon precursor is very weakly
adsorbed on the catalyst particle and the precursor is likely to desorb before
decomposition [11]. A recent in-situ XRD study by Podyacheva et al [12] on a Ni-Cu
(0.85:0.15) alloy for the growth of CNFs at 550 °C suggested that carbon does
dissolve into the bulk catalyst. This is because of the observed linear increase in the

alloy parameter from 3.561-3.575 A in the first few minutes of reaction. The lattice

parameter then stabilises between 3.573-3.575 A after 7 minutes with the appearance
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of the carbon phase. Catalyst particles remain solid throughout the experiment as

recorded using the in-situ XRD.

From these mentioned results it can be deduced that there is sufficient evidence that
carbon dissolution in the metal catalysts is a possible pathway during carbon
deposition. The latest studies on the VLS mechanism show that the idea that the
metal catalyst is liquid at reaction temperatures is not supported by in-situ studies. It
was also shown than surface diffusion on metal nanoparticles is more favoured that
bulk diffusion thus supporting a surface diffusion mechanism called the vapour solid
solid (VSS) mechanisms [1, 10]. In the VLS and VSS mechanism the third step
which is the diffusion pathway of the carbon species is an important step and all the
other steps are not rate determining steps. This premise can only hold true at higher
reaction temperatures ( = 500 °C). At lower temperatures the gas phase composition
of the nucleating carbon species plays an important role in the shaping of the catalyst
and the morphology of the carbon nanomaterials. Thus steps 1 and 2 in the VLS or
VSS mechanisms are important [2].

It has been observed that the synthesis of carbon nanomaterials can be attained at
lower temperatures (< 450 °C ) on transition metals [13-15]. This indicates the
inadequacy of the traditional VLS mechanism to explain the growth of carbon at

lower tem peratures.

Carbon nanofibers synthesised at lower temperatures especially using copper
catalysts have been shown to contain large amounts of hydrogen and alkyl groups
making the carbon materials amorphous with distorted lattice arrangements and the
VLS mechanism is not able to account for this growth [16, 17].

2.2.2 Beyond the VLS mechanism paradigm

In a recent review, Tessonier et al. [1] proposed that the vapour solid solid (VSS)
mechanism is the most viable growth mechanism for the deposition of filamentous

carbon nanomaterials (Figure 2.13). This is because the mechanism does not require
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bulk diffusion through metal nanoparticles by carbon units to be the driving force in
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Figure 2. 13: Moving from VLS (a, b and c) to a VSS (a, d and e) mechanism where
surface chemistry of the nanoparticle plays an important role [1].

growing carbon materials.

2.2.3 Proposed mechanism for low temperature (< 450 °C) growth of carbon

nanofibers

Copper is the most common catalyst that has been used to grow carbon nanomaterials
at low temperatures and thus it is not surprising that the growth mechanism for
carbon nanofibers at low temperatures have been modelled on a copper catalyst.
Since Cu and other noble metals do not dissolve carbon [18] their growth mechanism
have been modelled based on the surface interaction of the precursor carbon and the
catalyst particle. Jian et al. [14, 16] studied the chemisorption of acetylene on the low
index Cu planes (111), (110), (100) using DFT calculations (Figure 2.14). It was
observed that adsorbates have different preferences towards the exposed planes. The
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acetylene is observed to bond more favourably with the (111) and (110) plane based

on the calculated Cu-C lengths and adsorption energies.

Top
view
o .7 X 7 Nod

Side
view

Cu (111) Cu (100) Cu (110) Cu (110) Cu (110)

TFH TFH FFH TFH-1 TFH-2

Figure 2.14: Energetically favorable adsorption sites for acetylene on Cu catalyst
[17].

The growth of the carbon nanofibers on these planes is suggested to follow a
decomposition polymerization process in which the acetylene molecules partially
decompose and couple simultaneously on the surface of the metal nanoparticle. This
mechanism therefore implies that the growth of carbon nanomaterials at low
temperatures does not result in the full decomposition of the carbon precursor to C
and H units. This is consistent with experimental studies since the grown carbon

nanofibers are amorphous with a high content of hydrogen atoms (Figure 2.15).
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Figure 2. 15: Flow showing the polymerization of acetylene on Cu catalyst [17]

2.2.4 Proposed growth mechanism for high temperature (> 450 °C) growth of

carbon nanofibers

Growth of the carbon nanomaterials at high temperatures has been modelled on the
complete decomposition of the carbon precursor on the catalyst templates. It is at
high temperatures that the surface diffusion of the carbon units (sp?/sp hybridized C,
and C units) on the catalyst is observed to be highly activated as compared to bulk
diffusion [10, 19]. Vinciguerra et al. [20] presented a growth model of carbon
nanofibrils which suggests that the growth happens in the presence of two opposing
forces. These are (1) a viscous force, from the hot gas, and (2) an extrusive force that
causes the growth. This model states the importance of the carbon fragments and
catalyst particle interface interaction. It is observed that bulk diffusion in the metal
nanoparticle is not required for growth and the C, carbon fragment are the ones that
are energetically favored for chemisorption on the metal NPs because they have the

correct it orbitals for overlap with the orbitals of 3d symmetry (Figure 2.16).
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Figure 2. 16: Sketch showing the growth process (displaying both the extrusive and
viscous force) [21].

The kinetic model for the growth of the carbon nanomaterials on Cu a catalyst is

described as follows [21]:

1. Adsorption of carbon precursor is followed by dissociation of the carbon

source to carbon units and the liberation of hydrogen gas:
CxHy gas & CyHyads, CyHyads <> XCads +YHz .......cccoecvviiiiiiiiiie 1

Lin et al [21] proposed that this reaction has two rate constants

RS K [C H J oottt st 2
1 1" Xy

R = k_l[Cads]X[Hz]Y .................................................................................. 3

2. The adsorbed carbon is then assembled to form the carbon nanomaterial by
surface diffusion on the metal nanoparticle (equation 4). This process is

proposed to be a rate determining step.

Cads ™ CONTIONE oo 4
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RCNT/CNF = k2 [Cags] - Rate determining step

It is therefore suggested that the growth rate of the carbon nanomaterials is
proportional to the amount of adsorbed carbon on the catalyst nanoparticle surface,
thus making the VSS mechanism plausible since Cu has very low solubility for

carbon and the surface kinetics yields the most favored reaction pathway.
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2.3 Overview of Fischer-Tropsch Synthesis (FTS)

2.3.1 FTS history

The discovery of carbon monoxide hydrogenation to form methane in 1902 by
Sabatier and Senderens over a transition metal catalyst laid the groundwork for the
first chemistry involved in an XTL (X= coal, gas, biomass, T= to, L= liquid)
technology [1]. Fischer-Tropsch (FT) synthesis (as practised today) is known to have
started in Germany in 1913 when the German company BASF (Badishe Anilin und
Soda Fabrik) obtained patents on the cobalt catalyzed preparation of hydrocarbons
from synthesis gas (H2/CO) [2, 3]. In 1923, at the Kaiser Wilhelm Institute, Franz
Fischer and Hans Tropsch developed a method for carbon monoxide hydrogenation
by reacting syngas over an iron or cobalt catalyst to yield a wide spectrum of

hydrocarbon products (e.g petrol, diesel and heavy oils, etc.) [4, 5].

By the 1920s petroleum had become essential to the economies of industrialized
nations. The mass production of automobiles, the introduction of airplanes and
petroleum-powered ships, and the recognition of petroleum’s high energy content
compared to wood and coal, required a shift from solid to liquid fuels as a major

energy source [6].

The work done by Fischer and Tropsch enabled IG Farben, Ruhrchemie, and other
German chemical companies to develop a technologically-successful synthetic fuel
industry that grew from a single commercial-size coal liquefaction plant in 1927 to
twelve coal liquefaction and nine F-T commercial-size plants that in 1944 reached a

highest production of 23 million barrels of synthetic fuel [6, 7].

Because of World War 2 the Fischer-Tropsch process moved from the laboratory into
full scale multiple plant operations, and this led to new production technologies and
formation of a better performing catalyst. After the was a commercial scale Fischer-
Tropsch plant built in Brownsville, Texas between 1945-1950. This plant utilized

fluidized bed reactors. In 1951 South Africa began construction on South Africa’s
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first coal to synthetic fuels plant using F-T technology under the company name
Sasol. By 1955 Sasol was marketing petrol as well as a full range of specialty

chemicals using the FT technology [8, 9].

In the early 1950’s the discovery of large oil reserves in the Middle East led to a slow
growth of the F-T technology [9]. The oil embargo by OPEC (organization of oil
producing countries) in the late 1970s led to renewed interest on the Fischer-Tropsch
and other alternative fuels. It led to intensive research and development programs in
the Fischer-Tropsch process [10]. At this point many oil companies invested in
research and development in Fischer-Tropsch synthetic fuel technology. The
companies included Mobil, Texaco, Statoil, Sasol etc. Worldwide environmental
legislation requiring ultra-low sulphur and aromatic levels in fuel will cost billions in
oil refinery upgrading. The FTS offers a better and a cheaper technology in the
synthesis of low sulphur and aromatic free fuels which is in line with environmental
legislations in many countries. These have increased a number of FTS projects; some

completed or under construction [11, 12].
2.3.2 Fischer Tropsch synthesis and chemistry

Fischer Tropsch Synthesis is defined to be the surface-catalyzed polymerization

process that uses CHX monomers, formed by hydrogenation of adsorbed CO, in order

to produce hydrocarbons products with varying chain length and functionality [13]. In
the FTS reaction small starting materials (H, and CO) are used to synthesize larger
molecular weight hydrocarbons: this has prompted many researchers to deduce that
the reaction follows a polymerization mechanism. All the proposed Fischer Tropsch
synthesis mechanism assumes a step by step polymerization process for the growth of
the hydrocarbons. Even though there has been a great effort in studying FTS for the
past 80 years its mechanism is not yet established [14-16]. The FT reaction is
summarized by the equation: 2H, + CO — —(CH;)— + H,0. The FT product
distribution is modelled using the Anderson-Schulz- Flory distribution (ASF). Using

the following equation:
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where, W, = weight fraction of hydrocarbon comprising n carbon atoms,a = chain

length growth probability and n = number of carbon atoms in the hydrocarbon [17]

2.3.3 Fischer-Tropsch synthesis mechanism

Several FTS mechanisms have been proposed based on the product distribution
observed during the synthesis process. The actual FTS mechanism is not conclusive
and several mechanism have been proposed for this process. The plausible
mechanisms that have been proposed include the vinyl/alkenyl, the CO insertion, the

oxygenate (enol) and the carbide (alkyl) mechanism [15, 18, 19].

vinyl/alkenyl mechanism

This mechanism describe coupling of surface methyne and methylene monomers
forming vinyl (-CH=CH2) groups which serve as the chain initiators on the active
phase surface. The vinyl and the alkyl mechanism are a nearly similar because they
both describe and can be used to explain synthesis of branched hydrocarbons. [20,
21].

The oxygenate mechanism

The enol mechanism involves the chemisorption of carbon monoxide resulting in a
reaction with the adsorbed hydrogen forming forming enolic surface monomers [30-
31]. The chain propagation is suggested to occur via condensation. Chain termination
can either form a-olefins or oxygenated products. Hydrogenation of a-olefins yields

n-paraffins. termination occurring by hydrogenation. [15, 22].
The CO insertion mechanism

In this growth mechanism emphasis is placed on the chemisorbed carbon monoxide

as the building block. The chain propagation occurs via insertion of carbon monoxide
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between a metal alkyl bond, followed by hydrogenation to form the products
(oxygenates or alkenes), methylene groups are also involved in the chain propagation
step [15, 23].

Carbide mechanism

Carbon monoxide and Hydrogen are adsorbed dissociatively on the active metal
surface, forming metal carbide which is hydrogenated by the dissociated hydrogen
resulting in the formation of carbene and other alkyl groups. The hydrogen splits the
carbon monoxide double bond forming aldehyde groups bonded to the metal surface,

chain growth then follows by condensation and hydrogenation. [15, 24].
2.3.4 Fischer-Tropsch Synthesis catalysts

Catalysts are very important components in the Fischer Tropsch process because the
syngas has to be adsorbed on the catalytic surface for any polymerization process to
take place. In the FTS the most commonly used catalysts are the group 8-10 metals of
the Periodic Table as they are able to effectively adsorb CO and H, dissociatively [7].
All these metals exhibit varying Fischer Tropsch activity, the order in which the
activity decreases as reported is as follows Ru > Fe > Co > Ni > Rh > Pd > Pt > Ir.
Metals that are known to have economic Fischer Tropsch activity are Ru, Fe and Co

[25].
2.3.5 Supports for Fischer Tropsch Synthesis

Almost all industrial heterogeneous catalysts are based on metal particles being
dispersed on a support. The support allows dispersion and stabilization of small
metallic particles. Catalyst supports enhance the reducibility of the active metal and
also enhance the attrition resistance of the metal particle [26]. Many catalyst supports
have been studied and utilized for the FTS and include Al,O3, Si0,, TiO;, MgO and
carbon materials [27, 28], Mesoporous materials have also been investigated for FTS.
Support properties of importance are: inertness; stability under reaction conditions;

adequate mechanical strength, high surface area and porosity [29]. The effects on the
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Fischer Tropsch activity of the active metals has been studied for different supports
and the differences in the activity of the catalyst observed for each support has been
attributed to differences in the degree of metal-support interaction which results in

changes in reducibility and also pore diffusion and blocking effects [30].
2.3.6 Carbon nanofibers as supports in Fischer Tropsch Synthesis

The use of carbon and carbon nanostructures as catalyst supports for the Fischer
Tropsch synthesis has been extensively reported in literature ranging from the studies
made on activated carbon [31], carbon nanospheres [32] to carbon nanotubes and
carbon nanofibers [33, 34]. Like carbon nanotubes, carbon nanofibers have high
mechanical strength with a high degree of graphitic carbon and are very suitable for
use as supports in heterogeneous catalysis [35]. Carbon nanofiber supported
heterogeneous catalysts outperform activated carbon with regard to reproducibility,
filterability and stability under oxidizing and reducing conditions [35].The metal
support interaction between the catalysts and the carbon nanofiber support is low as
compared to the FTS catalysts supported on oxidic supports. Metals form mixed
compounds with oxidic supports which are only reducible at high temperature [36,
37]. Work done by Bezemer et al. [38] has shown that CNF support materials
combined with the high-pH deposition-precipitation technique hold considerable
potential for cobalt-based Fischer—Tropsch catalysis as compared to use of a silica
support, whereby silica reacts with Co to give cobalt hydrosilicates which require a
reduction temperature of about 600 °C, resulting in low cobalt dispersion caused by

the agglomeration of the metal active sites [38].
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Chapter 3: Experimental and characterization
procedure for carbon synthesis and the Fischer-
Tropsch process.

3.1 Method for synthesizing carbon nanofibers (CNFs)

The methods of synthesizing carbon nanostructures include catalytic chemical vapor
deposition (CCVD) [1], arc discharge [2, 3] catalytic plasma enhanced chemical-
vapor deposition (C-PECVD) [4], and laser vaporization [5]. Only CCVD allows
controlled synthesis of carbon nanotubes and nanofibers while C-PECVD allows
synthesis in which the location, alignment, size, shape, and structure of each
individual nanofiber can be controlled during synthesis [6, 7]. The reactions are
normally done in horizontal reactors which are the most common configurations for
the production of carbon nanofibers. The reactor consists of a heated quartz tube
through which gases are passed using appropriate gas carriers. Vertical furnace
configurations have also been used where the carbon source is injected either at the
top or bottom of the quartz tube [8]. The synthetic reaction is commonly achieved in
the presence of catalysts. Either a supported or unsupported catalyst is used [1, 9] or
the floating catalyst method is used which includes the use of volatile organometallic
compounds as precursors (such as ferrocene) [10]. In this study a horizontal CVD set
up (both single and double stage furnaces, Figure 3.1) was employed for the synthesis

of the carbon nanofibers using different copper catalysts.
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Figure 3. 1: Horizontal CVD set up, (a) single and (b) double stage furnace.

3.2 Experimental procedure for Fischer-Tropsch synthesis

The gas to liquid process employed in the Fischer-Tropsch synthesis is a very special
process which requires special set parameters for the reaction to be feasible and to
yield desired results. In this section the reaction conditions that were employed in the
FT reaction together with the conversion and mass balance calculations that were
used to obtain the product distribution of the reaction are discussed.

3.2.1 Gases

The synthesis gas used in the FT reaction was a gas mixture composed of 60%
hydrogen, 30% carbon monoxide and 10% nitrogen gas, this was done to ensure that
the Hy: CO ratio is always approximately 2:1 in the feed gas. N is used as an internal
standard since it is not reactive under the FT reactor conditions. The internal standard
guarantees accurate mass balance calculations. Hydrogen gas (99.99%) was
employed for the pre-reduction of the FT catalyst. The gases used in the FT synthesis
were obtained from AFROX (African Oxygen) Ltd.

3.2.2 Catalytic reactor set-up

A stainless steel tube with and internal diameter of 16.00 mm was employed as the
catalyst reactor for the FT reactions (Figure 3.2). The reactor is a fixed bed reactor
with a frit inserted in the middle to serve as a support for the catalyst bed. Quartz
wool is placed on the frit and the catalyst rests on the wool. After the catalyst powder
(sieved by 150 um sieve) is placed inside the reactor then reactor is the filled with
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steel balls so as to serve as a heat conductor to allow homogenous heat distribution in
the reactor and to pre-heat the syngas as it enters the reactor before it interacts with
the catalyst bed. The tube reactor is then placed in a heating jacket which is long
enough to keep a constant temperature profile across the reactor.

Ig'—Gas inlet feed

Steel balls ?
Thermocouple
Heating jacket —= () Catalyst bed on quartz
wool/frit
LN Gas outlet

Figure 3. 2: Sketch of the fixed bed reactor employed in the FT reaction

The first knockout pot (KP) is placed directly below the catalyst reactor and
maintained at 150°C, this knock pot is employed as a wax trap. A second knockout
pot at room temperature is connected next to the wax trap. This KP serves as a cold
trap and thus it is used to trap water and high molecular weight hydrocarbons (i.e.
heavy oil). All the flow lines from the knockout pots to the online gas chromatogram
were kept at 100 °C to avoid any potential condensation of some of the products that
managed to pass through the knock out pots. The flow rate through the rig was
controlled using a needle valve. The gas phase stream that was not condensed inside
the two knockout pots was then analyzed on stream using the online two gas
chromatographs equipped with thermal conductivity and flame ionization detectors

respectively. Wax and liquid hydrocarbons collected inside the two traps (Figure 3.3)
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were analyzed using an offline gas chromatograph equipped with a flame ionization

detector. Detector details are shown in Table 3.1.

Table 3. 1: Specifications of the gas chromatographs employed

Online gas chromatograph

Detector

Column type

Stationary phase

Model type

Thermal conductivity detector (TCD)

Packed, stainless steel, 2m x 2.2mm, O.D
=1/8"

Carboxen-1000, 60-80 mesh

PYE Unicam (Series 204)

Online gas chromatograph

Detector

Column type

Stationary phase

Model type

Flame ionization detector (FID)

Packed, stainless steel, 1.5 m x 2.2 mm,
O.D=1/8"

Porapack g, 80/100 mesh

Hewlett Packard 5890

Offline gas chromatograph

Detector Flame ionization detector (FID)
Column type 30mx 5 uFT, 0.D.=0.53 mm
Stationary phase ZB-1
Model type Varian 3700
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Figure 3. 3: Schematic representation of the reactor and rig setup

3.2.3 Measurements of the catalyst activity

The supported catalyst (~0.5 g) was added into the steel reactor. The catalyst is then
reduced in-situ used UHP hydrogen. The reduction step was performed using: H; gas
flow rate of 30 mL.min™. The temperature ramping of the heating jacket was
achieved in a controlled manner to 350 °C. The temperature was raised to 250 °C in a
2 hour interval and then further raised to 350 °C in 1 hour. After the temperature
reached 350 °C it was then held constant for 16 hours at the set temperature to
completely reduce the catalyst component (Co3zO4 or CoO to Co). When the reduction
process was completed the temperature was decreased to room temperature. This was
followed by the FT synthesis step. In this process pressure inside the reactor is set at
8 bar by the gradual introduction of syngas (29.2% CO, 10.3% N, and hydrogen
balance). The reactor was heated to the synthesis temperature of 220 °C by ramping

up the temperature as follows. The heating jacket was heated to 200 °C in an hour in
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the first step, in the second step the temperature was ramped to 220 °C in an hour to
reach the desired synthesis temperature. The Fischer Tropsch synthesis was carried at
steady state for 120 hours (i.e. 5 days) at 220 °C. With the GSHV in the range of
1000-1200 mL.h™ gz k.

3.2.4 Analysis of products

The resulting products analysis was divided in two parts. The gaseous products were
analyzed using the online gas chromatographs, while the heavy oil and wax were
analyzed using the offline GC. The thermal conductivity detector was applied for
analyzing CH4 Hz, N, CO and CO,, while the flame ionization detector was used for
detection of the hydrocarbons (C; - Cy). Before the start of reaction and analysis of
the products the online GCs were calibrated using a gas mixture with components of
known concentrations. The gas mixture used contained CO (10%), CO, (5%), CH,
(2.5%), C,H4 (0.2%) and C,Hg (0.5%) in an argon balance. Synthesis gas (29.2% CO,
10.3% N, and H; balance) was also applied as a calibrant to calculate the number of
moles of the reactants entering the reactor via the gas inlet feed stream. Gas traces
produced from the calibration gases were recorded and plotted using a DataApex

Chromatograph software package known as Clarity (v. 2.5) (Figures (3.4-3.7)).
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3.3 Mass balance and data analysis calculations

The mass balance calculations performed were similar to those performed by
Motchelaho, Hexana, Bahome and Price [11-14]. The mass balance calculation was
performed on the carbon content under steady state conditions for about 120 hours.
The reaction reached steady state activity after about 20 hours. The products in the
knockout pots were collected separately then weighed and analyzed using the offline
GC. The analysis was performed by injecting 0.02 pL into the offline gas

chromatograph.
3.3.1 Equations employed for mass balance calculations

The outlet gas flow rate (Fou) of the gas stream was measured everyday using a
bubble meter. From this the calculation of the inlet gas flow (Fi,) was determined.
Since the total mass flow in and out of the reactor is equal, nitrogen as an internal
standard was used as an inert tracer during the FT reaction. The total molar inlet gas

flow was expressed in relation to the total molar outlet gas flow as follows:

Fin X XNziI‘l = Fout X XNzOllt ......................................................................... 1

Fout X X
Therefore Fi, = ————2°ut

XN,in
Where:
Fin = Total molar flow rate entering the reactor.
Fout = Total molar flow rate exiting the reactor (calculated at P = 1 bar and 298 K).
N,in = Mole fraction of N, in the stream entering the reactor.
N,out = Mole fraction of N; in the stream exiting the reactor.

To calculate the percentage conversion of CO the amount of CO in the outlet stream

has to be first known.
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The molar percentage of any component gas @ in the outlet stream was calculated
based on the peak areas of the component gases obtained using the Clarity software

peak integration Clarity (v. 2.5) package.

Thus:

% gy = [A"i] X O D g oo 3

®,cal

Where:
% 4,5 = Mol percentage of compound @ in the sampled gas.

% @, = Mol percentage of compound @ in the calibration gas.

Ao gas = Integrated area of compound @ obtained from the GC peak using the Clarity

software.

Ag,cal = Integrated area of compound @ in the calibration gas obtained from the GC
peak using Clarity software.To calculate the mol percentage of other compounds
when the calibration data was not obtained from the calibration gas mixture, response
factors relative to the calibration data of reference compounds present in the
calibration gas were used. The response factors were obtained from molar response

factors for hydrocarbon products references [11, 12] (Table 3.2).
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Table 3. 2: Molar response factors for hydrocarbon products [11, 14]

Carbon number Paraffin Olefin

1 1.00 -

2 1.00 1.00
3 0.74 0.70
4 0.55 0.78
5 0.47 0.47
6 0.40 0.40
7 0.35 0.35
8 0.32 0.32
9 0.28 0.28
10 0.24 0.24
11 0.21 0.21
12 0.19 0.19
13 0.18 0.18
14 0.17 0.17
15 0.15 0.15

* High molecular weight hydrocarbons response factors were assumed to be 1.00

Therefore the mol percentages in the analyzed gas samples were calculated using the

following equation:
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% Dyos = [‘:’i] X TR S 4

0,cal

Where:
RF 4 ¢ = Response factor of compound @ relative to reference compound 6.

% 0., = Integrated area of reference compound 6 in the calibration gas obtained from

the GC peak using Clarity software.

The percentage CO conversion was calculated using the following equation:

_ 21n
XCOin Xcoout X<XN20ut>

%Coconversion -

Xcojy

Where:

Xco,,= Mol fraction of CO entering the reactor.

Xco... = Mol fraction of CO exiting then reactor.
out

XN, i .
(M> = CONETACTION TACTOT . . eeee e ettt et e e e e e e ee e e e et e st e ereaeeeeeneeas 6
XNzout

From equation (1) the molar flow rates of CO in and out of the reactor were

calculated using these equations:

FCO,in = Fin X XCOin ................................................................................... 7
FCO,out = Fout X XCOOUt ........................................................................... 8
Where:

Fco,in = Molar flow rate of CO entering the reactor.

Fco,0ut = Molar flow rate of CO exiting the reactor.
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The rate of CO conversion during the steady state period was computed using the

following equation:

_ [Fco,in = Fco,out ]
I'co = [—mcat ................................................................................. 9
rco = rate of CO conversion (mol.min™ geatayst ).
m.,; = mMass of catalyst sample.

The rate of water gas shift reaction was experimentally calculated based on the rate of
carbon dioxide formation (rco,=rwgs) and therefore the Fischer-Tropsch synthesis

rate is obtained by the following equation: rgrs = rco — 'was

The number of moles of carbon entering and exiting the reactor during the total mass

balance period was calculated by using equation x and y:

Ncour = Feoout Xt + Negas + Neoil + Newax + Neo, e 11
Nc,in = Total mol of C in the feed stream during the total mass balance period.
Nc,out = Total mol of C in the outlet stream during the total mass balance period.
t= mass balance time

Nggas + Ngoit + Ngwax = Total mol of C in the hydrocarbon products. .. 12

Therefore the mass balance percentage accepted with +5% error bar was calculated

using the equation:

% carbon balance = [%] X 100 e 13

C,in

For the mass balance to be correct, Nc,in should be equal or approximately equal to

NC, out-
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From the carbon balance calculations, the product selectivities of individual
hydrocarbons (i.e. ®;) were calculated using the following equation:

an>i

chcp.

sel (@;) = [ ] X 100 i 14

nCq,= Total moles of carbon in compound @; in the product stream.
sel (®;) = selectivity of product ;.

The olefin to paraffin ratio was calculated from equation 15:

Olefin paraffin ratio () = [ncq)x_]

nCoy~
nC®,~ = Number of carbon moles for the olefin containing x carbon atoms.

nCd,~ = Number of carbon moles for a paraffin containing x carbon atom

3.4 Characterization techniques

Different techniques were used to characterize the materials to obtain the physical
and chemical relationships, and to determine how they would affect their phsico-
chemical properties for the application in the Fischer-Tropsch synthesis. The
techniques employed in this study were chosen to probe the bulk and surface

properties of the materials.
3.4.1 Transmission Electron Microscopy

A FEI Tecnai G Spirit operating at 120 kV electron microscope was used to take
TEM images. The sample was suspended in a methanol solvent and then a drop was
added on to a copper grid, dried and analyzed.
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3.4.2 Powder X-ray diffraction

The bulk composition of catalysts was analyzed using a Bruker D2 phaser equipped
with a Lynxeye detector. The radiation used is the Co-Ka at 30 kV. The scan ranged
from 5° < 26 < 100° in 0.026° steps. The catalyst was ground to powder and sieved

using 150 um sieve and flatly packed on a sample holder before analysis.
3.4.3 Raman spectroscopy

Raman spectroscopy analysis was performed using a micro-Raman of a Jobin-Yvon
T64000 Raman spectrometer. The spot size on the sample was approximately 1.5 um
in diameter and a wavelength of 514.5 nm from an argon ion laser watt, a charge
coupled detector (CCD) was used.

3.4.4 Fourier Transform Infrared spectroscopy

A Briker Tensor 27 Fourier Transform Infrared spectrometer was used to analyze the
surface functionalities and the type of functional groups present on the carbon
nanofibers. All the samples analysed were in powder form. The spectra were recorded
in the range of 550-4000 cm™.

3.4.5 Brunauer-Emmet and Teller surface area measurement

A Micromeritics Tristar-Surface area and Porosity analyzer was used, to determine
the surface areas of the materials. Sample with mass of ~0.2 g was degassed in
nitrogen at 150 °C for 4 h prior to analysis using a Micromeritics flow Prep 060,

sample degas system.
3.4.6 Temperature programmed reduction

A Micromeritics AutoChem 1l instrument was used for the determination of the
degree of reduction and reducibility of the catalysts. The sample of ~90-100 mg was

degassed at 150 °C for 30 minutes using a helium gas flowrate of 50 mL/min. TPR
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analysis was performed using 5 % hydrogen gas in Argon (50 mL/min) at 1 bar

pressure while the temperature was raised to 900 °C at a heating rate of 10 °C/min.
3.4.7 Thermo-gravimetric analysis

A Perkin Elmer TGA 4000 Thermo-gravimetric analyzer was used for thermal
analysis of all samples in air or nitrogen, at a constant heating rate of 10 °C/min in the
temperature range of 30 - 900 °C. An approximate sample mass of 10 mg was used

for the analysis with 20 mL/min flow rate of air.
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Chapter 4: Results and discussion: CNF synthesis and

characterization.

4.1 Study and Characterization of Copper Oxide Nanoparticles

4.1.1 Introduction

Copper(ll) oxide nanoparticles show properties that are very important for the
advancement of nanoscience and nanotechnology, Copper oxide NPs are p-type
semiconductors with a narrow energy band gap (~1.2-1.6 eV). The CuO
nanoparticles have been used in applications such as sensors [1], catalysts [2], in

antimicrobial activity [3], solar cells [4] and as semiconducting materials [5].

CuO nanoparticles have a monoclinic crystallographic phase and are more stable than
Cu® and Cu**(cuprite) nanoparticles because of its higher oxidation state of (1) which
allows the nanoparticles to have a lower surface energy that are less prone to sintering

and agglomeration [6, 7].

It is well known that the chemical and physical properties of nanomaterials are
greatly affected by their morphologies and physical constraints, and this is also true
for CuO nanoparticles. Many methods for the synthesis of the nanoparticles have

been devised to control the morphology of the CuO.

Different techniques such as thermal (UHV or high pressure) decomposition, laser
ablation [8-10] and wet chemical procedures have been employed for the synthesis of
morphologically different copper oxide nanoparticles [11-13]. The CuO particles are
obtained in different sizes, ranges and shapes (mostly spherical). It has been shown
that the smaller CuQ particle favor growth of helical CNFs while large particles favor
deposition of straight CNFs (more details in the literature review, section 2.1).

In this study two methods were used to produce copper oxide nanoparticles: (1)
decomposition of a copper precursor in the presence of a capping agent and (2) use of
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a precipitating agent such as potassium hydroxide as sodium hydroxide. SiO, spheres
were used as supports for the copper nanoparticles that were produced. The different
methods were employed in order to control the average size of CuO particles
synthesized in the nanoscale regime and above the nanoscale regime.

4.1.2 Experimental

A variety of methods were used to make a range of CuO nanoparticles. The different
methods were expected to produce CuO particles with different particle sizes and

possibly different shapes.
Four catalyst systems where prepared for synthesizing carbon nanofibers
Preparation of CuO particles by precipitation. (CuOK, CuONPs)

(@) 1. 5 mmol of Cu(NO3),.3H,0 was dissolved in 100 ml deionized water, 10 mmol
of KOH pellets were added these solution to serve as the precipitating agent. The
solution was stirred overnight at room temperature to allow complete precipitation of
Cu(OH),. The precipitate was then filtered and dried in an oven at 100 °C for 12
hours. The dry precipitate was then calcined at 500 °C for 3 hours. (CuOK)

(b) 10 mmol of Cu(CH3COQ),.H,0 was dissolved in 500 ml ethanol solvent to which
was added acetic acid (1.1 mL, 18 mmol). The solution was then heated to 78 °C and
when the desired temperature was reached 40 mmol of NaOH was added to the
solution which was then stirred for an hour. After the completion of the reaction the
colloidal solution was then separated by centrifugation (3000 RPM, 1 hour) and
washed with ethanol solvent to harvest the the CuO nanoparticles (CuUONPs). These

were then left to dry in air at ambient pressure and temperature.
Preparation of lauric acid capped CuO by thermal decomposition.

Synthesis of the copper oxide nanoparticles was carried out as follows. Copper
acetate monohydrate (1 g) was mixed with lauric acid (n-dodecanoic acid which

served as a capping agent) in a mol ratio of 8:1. The mixture was then dissolved in 20
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mL ethanol followed by the evaporation of the ethanol using a rotary vapour. The
resulting homogenous mixture was then subjected to thermal decomposition at 120 °C
for 12 hours to form copper oxide nanoparticles which were then collected without
any further treatment (CUO@LA).

Preparation of silica coated copper oxide using one pot synthesis (CUOK@SIO5,)

Copper oxide micro particles (0.2 g) synthesised in part a (CuOK particles) were
dispersed in 100 mL ethanol (1g PVP, MW=10 k solution). The solution was stirred
for 12 hours following the procedure used by Li et al [14]. To the solution was added
10 mL of 25% ammonia solution and the solution was sonicated for 30 minutes. To
this solution was added 5 ml of 20% TEOS in ethanol to act as the silica precursor for
coating the CuO particles. The solution was subsequently stirred for 1 hour, then
filtered dried at 100 °C and calcined at 350 °C for 3 hours.

Preparation of copper oxide (CuO) supported on silica spheres (CUO@LA/ SiO,
or CUONPs/ SiO,)

Supported copper catalysts were prepared by first dispersing 0.25 g of the copper
oxide (CuO@LA or CuONPs) nanoparticles in 100 mL of ethanol (1g PVP,
MW=10 k) solution. To this 10 mL of 25% ammonia solution of was added and the
solution was sonicated for 30 minutes. A theoretical amount of TEOS solution (1.5
mL TEOS to give approximately 0.406 g SiO,) was then hydrolysed in-situ to make
~50 % (or even higher loading) of Cu/SiO,. The solution was stirred for 2 hours to
completely precipitate the TEOS solution, The precipitate was filtered dried at 100 °C

and then calcined at 350 °C for 3 hours.
Characterization techniques.

TEM, XRD and TPR were used as characterization techniques to evaluate the
synthesized materials. Chemisorption of nitrous oxide on Cu was used to determine

the atomic surface area of the metal.
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4.1.3 Results and discussion
4.1.3.1 TEM, Transmission electron microscopy

The TEM images display the morphology of the copper oxide nanoparticles
synthesiszed by the four different methods; all of the observed NPs appear to be
predominantly spherical in nature. The CuOK and CuOK@SiO; (Figure 4.1 and 4.2)
catalysts display large CuO aggregates with an average diameter of about 250 nm, the
CuOK@SIiO, particles display a thin silica layer (of + 9 nm, Figure 4.2b)
surrounding the metal oxide particles. The particles size of CUONPs and CUO@LA
catalyst systems respectively are in the nano regime and are well dispersed on the
spherical silica supports as shown in Figure 4.3 and 4.4. It also observed that it was
possible to load the particles homogenously on the silica spheres using the one pot
synthesis method. This is because the metal oxide nanoparticles are able to bind on
the silica spheres while the support is still in the solvent. The presence of a large

amount of functional groups (i.e. Si-OH groups) on the surface facilitated in loading

the nanoparticles.
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Figure 4. 1: TEM images of CUOK
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Figure 4. 2: TEM images of CUOK@SIiO;

Figure 4. 4: TEM images of CUO@LA/SIO,
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4.1.3.2 XRD analysis of the four catalyst system

XRD data shows that nanoparticles are formed with a monoclinic copper oxide phase
(Figure 4.5(b). The peaks of the CuOK particles are very well resolved and narrow
when compared to the other copper oxide samples as seen in Figure 4.5(a). The
amorphous silica peaks found on the supported catalysts is observed at the Bragg
angle range of 20-30°.
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Figure 4. 5: (a) XRD patterns of the synthesized CuO catalysts and (b) the
monoclinic CuO unit cell.
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Calculation of particle size was performed using the Scherrer equation [15]

KXA
th] T T it rreeerieaerereereresareeeeseeeesaereresateretateeiittnttietnttiatateiiirnnes 1

Where Dy - crystallite size, B- full width half maximum in radians, A- X-ray
wavelength and 6- Bragg angle.

A K factor of 0.9 was used and the instrument line broadening was assumed to be
negligible. The two most intense peaks of the diffraction patterns corresponding to
the (110) and (111) planes were used to calculate the average crystallite size of the

nanoparticles.

Table 4. 1: Crystallite size determination for CuOK using the Scherrer equation.

Peak Peak position (°), Bragg FWHM(°)  Crystallite

Sample number angle (26) size (nm)
CuOK 1 35.48 0.356 23
2 38.71 0.487 17
CuOK@SiO, 1 35.13 0.403 20
2 38.76 0.515 16
CuONPs/SiO, 1 35.29 1.330 6
2 38.82 1.583 5)
CuO@LA/SIO2 1 35.44 0.713 11
2 38.76 0.838 10

The particle/crystallite sizes obtained using the Scherrer equation are presented in the
Table 4.1. It is observed that the CuOK (and CuOK@SIiO5), crystallite size (~16-30
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nm) relative to the average particle size calculated from the TEM images (100-300
nm) are very different this can be due to the fact that the Scherrer equation can only
be applied with high degree of certainty to particles with size ranges of up to 100-200
nm which may be made up of a cluster of small CuO NPs [15]. Another reason is
that is because the calculations only considered the (110) and (111) planes although
many large particles are polycrystalline with high index planes exposed on the
surface. The application of the Scherrer equation to calculate crystallite sizes of the
supported catalysts system gave results consistent with the TEM images ( Figure
4.3(c) and 4.4 (c)). The particles on the support are small in the (nano-region) and
since many crystalline nanoparticles surface energetics favor the exposure of low
index planes {(111), (110), (100)} on the surface [16, 17], therefore the determination
of the crystallite size assuming the (111) and (110) planes will in most cases give the

particle sizes that are consistent with the ones observed in the TEM images.
4.1.3.3 Temperature programmed analysis (TPR)

TPR analysis was employed to study the reduction temperature of the copper oxide
catalysts systems. From the TPR profiles in Figure 4.6 and Table 4.2 it is observed
that the reduction temperatures of the four different copper oxide catalyst precursors
varied greatly, ranging from 180-350 °C. The reduction temperatures are greatly
dependent on the particle size of the copper oxide particles. The reduction process is
rationalized on the basis of the equation below, whereby copper ions are converted to

copper zero in one step.
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Figure 4. 6: TPR profiles of the CuO particles

Table 4. 2: Reduction temperatures of the different CuO particles

Sample name First reduction peak (°C) Second reduction peak
(°C)

CuOK 270 346
CuOK@SiO, 273 -
CuONPs/SiO, 185 -

CuO@LA/SIO; 249 -

The small copper oxide nanoparticles are reduced at lower temperatures because most
of their copper oxide atoms are easily exposed on the surface due to the inherent high

surface to bulk atomic ratios of the nanoparticles. The lower reduction temperatures
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are observed on the two supported catalysts systems CuONPs/SiO; (reduced at 183
°C) and CuO@LA/SIO; (reduced at 249 °C). These catalysts have approximate
average copper oxide particles sizes of 8 and 15 nm respectively as determined using
TEM analysis (see Figure 4.3 and 4.4). However large copper oxide particles (i.e.
CuOK and CuOK@SiO,) with particle sizes ranging from 100-200m are reduced at
relatively high temperatures since a significant amount of kinetic energy is needed for
the hydrogen gas to penetrate in to the bulk atoms of the micro particles and therefore

the reduction peaks are shifted to higher temperatures.

4.1.3.4 Calculating the surface area of Cu active sites under the reaction

conditions.

Metal surface areas and metal dispersions are commonly determined using
chemisorption techniques by employing appropriate adsorbate gases such a carbon
monoxide, hydrogen and nitrous oxide. The surface area of the exposed copper
nanoparticles is commonly determined using nitrous oxide (N,O). The surface area is
used to determine the efficacy of the active catalysts sites [18]. The method of
determining the atomic surface area on the copper catalysts is based on the
decomposition of the nitrous oxide on a copper surface. The decomposition process is
followed by the release of a nitrogen molecule coinciding with the oxidation of the
copper metal surface at moderate reaction temperatures this process avoids bulk
oxidation of the metal particles.

N20 (9) + 2CUs = N2 (g) + (CU-O-CU)s eerveerrerierireieeiieseeie e e esee e 3

The reaction involves adsorption of N,O on the surface of the copper nanoparticles
followed by its decomposition into nitrogen and adsorbed oxygen atom. The reaction
of the dinitrogen oxide on the copper surface corresponds to a surface stoichiometry
of Cus/ Oagsorved OF 2:1. The calculations for the surface area are done assuming the
low index copper planes (100), (110) and (111). The chemisorption temperature plays
an important role and there is an optimum temperature at which only the surface

oxidation of the copper nanoparticles is possible. The optimum temperatures is in the
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range of 70-100 °C. Temperatures above this range result in bulk oxidation of the
copper particle. At lower temperatures nitrous oxide decomposition is greatly
lowered and therefore the monolayer coverage of the adsorbate is not representative

of the entire exposed copper surface area [19, 20].

Mellor et al.[21] used a pulsed chromatographic method to determine the copper
surface area. Certain features had to be considered to get reliable results; these
included 1) the mass of sample 2) the copper surface atomic density 3) the reaction
temperatures and 4) the volume of nitrous oxide used. Therefore, from the
optimisation process Mellor et al.[21] concluded that the optimum conditions for
determining the Cu surface using the chromatographic technique are: copper surface

atomic density of 1.35 x 10'°, reaction temperature (90 °C) and sample mass (~ 1 g).
Experimental
Apparatus

A Varian 3300 gas chromatograph equipped with a thermal conductivity detector
connected to a Clarity DataApex software peak integrator was used. Helium gas was
used as the carrier gas. Nitrogen, hydrogen and nitrous oxide gases were obtained

from Afrox and were used without any further purification.

Two six port valves were connected to both the reactor and the gas chromatograph
(GC). The GC was equipped with a porapack Q column to allow the separation of the
different gases. Known volumes of nitrous oxide were injected in the helium stream
using the six port valve via a connected sample loop. Before the analysis of the
catalyst samples the detector was calibrated for nitrogen gas using different sample
loops to obtain a calibration curve for calculating the amount of nitrous oxide

converted during the reaction using the relationship based on equation 3.

The catalyst was subjected to pre-treatment steps equivalent to the treatment steps

that were applied to the catalyst prior to synthesis of the carbon nanofibers. This was
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done so as to make sure that the sample surface area studied using the chemisorption

technique is representative of the catalysts used to deposit the CNFs.
Calculation of copper surface area

The surface area of the copper is calculated using the volume of nitrogen liberated
during the reaction assuming the reaction occurs via reaction 1. The copper surface
atomic density is calculated assuming amount that the (100), (110) and (111) low
index planes on the copper surface have surface densities of 1.35 x 10* atoms/m?,

1.46 x 10 atoms/m? and 1.68 x 10*° atoms/m?

Table 4. 3: Relationship of the atomic site densities and the maximum amount of
nitrous oxide that can decompose assuming full monolayer coverage.

Atomic site density (atoms/m?) V’ of N,O decomposed at STP (mL/m?)?
1.35x 10 0.251
1.46 x 10" 0.271
1.68 x 10™° 0.313

% obtained using the ideal gas equation (PV = nRT) and assigning an N,O: Cu

stoichiometry of 2:1

Volume of the reacted N,O is converted to STP using the amount of N, liberated

using the following equation:

P 273 K XA \Y
Vn,0(STP) = —AZZmZ0r Xl e 4

TrXx760Torr X Acal

Pa = ambient pressure (Torr)
T, = chemisorption temperature (K)

A= Average nitrogen peak area due to the chemisorption reaction

Page




Aca = Nitrogen calibration peak
V a1 = Nitrogen calibration gas volume (mL)
The copper surface area (m?.g™) is thus approximated using the equation:

_ Vxn,0(STP)
SCU - 2 /V,NZO(STP) Y 5

m = mass of sample (three trial runs for each sample with m ~ 0.1, 0.5 and 1g)
4.1.3.5 Obtained surface areas of the different catalysts.

Figure 4.7, shows the trace analysis an example of the outgoing gases (i.e. the
produced N, and unreacted N,O) during analysis. It is observed that after the first gas
injection the nitrogen peak is high and it then decreases after subsequent injections.
Five injection pulses were needed to ensure complete reaction of the exposed copper
surface atoms with nitrous oxide.

mv)

N,0 N,O

| . |
i I \
N o
L AL s Y Y

e [min.]

Figure 4. 7: Typical gas trace during the nitrous oxide chemisorption process,
nitrogen gas was eluted first followed by the unreacted nitrous oxide. Helium was
used as the carrier gas.

Page




Table 4. 4: Calculated surface area of the Cu catalysts using N20O chemisorption
determined from equation 4 and 5.

Sample name Average Cu atomic surface area (m?/g)"
CuOK 0.16
CuOK@sSiO; 0.64
CuONPs/Si0, 9.65
CuO@LA/Si0, 6.33

a = average surface area calculated from three trial runs using different catalyst
masses ranging from 0.1-1g. Results agree with each other with a +10 error bar,
using surface atomic density 1.35 x 10™° assuming equal areas of the (100), (110)
and (111) planes.

The calculated atomic surface (Table 4.4) indicated that the metal nanoparticles after
the reduction process have an increased number of surface atoms at the set reaction
conditions (i.e. conditions in which the carbon nanofibers are grown, T= 300 °C and
atmospheric pressure ~ 1 bar). After reduction the large copper aggregates resulting
from the CuOK and CuOK@SiO; precursors have very few exposed surface atoms
thus resulting in a low atomic surface area. It has been noted that the surface to bulk
atomic ratio of metal nanoparticles increased as the particles became smaller. The
supported Cu nanoparticles (CUONPs and CuO@La/SiO,) displayed a high atomic
surface area in comparison to the large Cu particles of (CuOK and CuOK@SIiO5,).
The high surface areas indicate that the metal nanoparticles do not undergo sintering
during the reduction process and therefore it is expected that these metal
nanoparticles are in the nano-regime when they come into contact with the acetylene

gas during the fiber growth process.
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4.2 Synthesis of CNFs and purification by Soxhlet extraction

4.2.1 Synthesis of the carbon nanofibers

The synthesis of carbon nanofibers was carried out in an atmospheric catalytic
chemical vapour deposition set-up (Figure 4.8). Catalyst powder (5 mg) was placed in
a small quartz boat which was placed inside a quartz tube in the middle of a furnace.
The furnace was then heated to 300 °C (or other set temperatures) at a ramping rate
of 10 °C/min while H, (100 ml/min) at atmospheric pressure was passed through the
catalyst to activate it. After catalyst activation (30 min), acetylene (C,H,) was
introduced, together with the Hy, into the reaction vessel at a flow rate of 200 ml/min
each (total gas flow rate 200 mL/min) for 30 min. The system was allowed to cool to
room temperature under a H; flow. Reactions were also performed at different
temperatures of 220 and 250 °C.

Figure 4. 8: CVD setup used to grow the carbon nanofibers.
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4.2.2 TEM analysis of the carbon nanofibers.

The grown carbon nanofibers all have a characteristic brown colour rather the black
colour associated with most carbon nanomaterials. The four catalyst systems were
used to grow carbon nanofibers. TEM analysis revealed that a variety of
carbonaceous materials were formed using the different catalysts with different
morphologies (i.e. coiled carbon nanofibers and straight carbon nanofibers). The
morphology of the carbon nanofibers appear to depend on the size of catalyst

particles, provided the reaction conditions were kept the same for each catalyst

system.

Figure 4. 10: TEM images of CNFs(straight and helical) synthesised using
(CuOK@Si0,)
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Figure 4. 11: Faceted Cu nanoparticle and diameter distributions of the straight
carbon nanofibers.

Figure 4. 13: Coiled CNFs grown by CUO@LA/SIO,
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Figure 4. 14: Faceted Cu nanoparticle and diameter distributions of the helical carbon
nanofibers

The results obtained show that the carbon nanofibers (both straight and coiled) grow
on faceted copper nanoparticles (Figure 4.11(a) and 4.14(a)). There has been reports
indicating that this faceting of the metal nanoparticles takes place immediately after
the exposure of the Cu to carbon precursor [1, 2]. The unsupported catalyst particles
yield straight carbon nanofibers (as seen in Figure 4.9 and 4.10) with large diameters
(120 nm). This is because the catalyst particles undergo sintering as the particles are
not anchored on any support. Therefore upon heating and introduction of a highly
reactive gas such as acetylene the copper particles agglomerate (or fragment) to lower
the surface energy of the exposed copper atoms. The coated catalyst particles
(CuOK@SI0:,) are already large at the time of acetylene introduction thus resulting in
fibres with large diameters. Small copper nanoparticles tend to yield coiled carbon
nanofibers, (Figure 4.12 and 4.13). There seems to be an optimum particle size for
growing coiled carbon nanofibers since the particles imbedded in the fibre have
average diameter of around +61 nm. This is approximately equal to the fiber
diameter. Thus there is still agglomeration of the supported copper nanoparticles
upon exposure to the acetylene gas. The limited sintering can also explain the

faceting of the metal nanoparticles due to the growth of the smaller nanoparticles.
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Table 4. 5: Carbon nanofiber yields.

Sample Mass %yieldz(%)x 1002 %yield= %coiled
CNFs _Hcarbon_ 9 0QP CNFs
MAcetylene
9
CNFs-CuOK 0.5115 10130 60 ~0
CNFs- 0.1326 4985 16 <5
CuOK@SiO,
CNFs- 0.1977 3855 23 =90

CuONPs/SiO,

CNFs- 0.2168 4236 25 =90
CuO@LA/SIO,

“mj, total mass of the product, me mass of catalyst powder used.

b Macteylene ODtained from n of acetylene calculated using van der Waals equation of

state for a real gas. n3(3—2) - nz(%) + n(RT + Pb) — PV =0, where a and b are

4.516 bar L%mol? and 0.0522 L/mol respectively for acetylene [3]

Table 4.5 indicates the average yields for the different catalysts systems. The
unsupported catalyst (CuOK) offered a higher carbon yield. This is due to the fact
that the copper nanoparticles are not covered by an inactive phase. The supported
catalyst contains silica spheres as the support and gave lower yield as compared to the
unsupported catalyst. However this results to do not entail that the supported catalyst
(CuONPs/SiO, and CuOLA/SIiO,) although growing carbon nanofibers with a
different morphology is less active than the bare copper nanoparticles because the
loading of copper particles supported on an inactive phase (SiO,) is lower than that of
the unsupported catalyst (CuOK). The silica sphere supported catalyst containing an
equivalent amount of copper to that of the unsupported catalyst gave approximately
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the same yield per carbon atom. Thus the growth rate of the straight and helical
carbon nanofibers is approximately same when the growth conditions are kept
constant. The silica coated copper oxide catalyst (CUOK@SIO,) generated a lower
carbon yield in comparison to its uncoated counterpart (CuOK). The silica layer
lowered the rate of interaction of the carbon precursor (acetylene) with the exposed

copper surfaces.
4.2.3 Effect of growth temperature on growth of carbon nanofibers.

Different temperature regimes below 300 °C were studied to elucidate the type of
CNFs grown using catalysts CuOK and also to determine if the temperature of 300 °C
is the optimum temperature. Growth of the carbon nanofibers at lower temperatures
(i.e below 300 °C) is limited as observed by the catalytic yield of the CNFs (Table
4.6). The electron microscopy images of the carbon nanofibers show that there is a
different growth rate at different growth temperatures. The length of the carbon
nanofibers decreased with decreasing growth temperature. This is shown in the TEM
images (Figure 4.15 and 4.16). This implies that there is insufficient activation energy
for the catalyst systems to deposit CNFs at an optimum rate under the low
temperature growth conditions (H2-100 sccm and C,H,-100 sccm, at atmospheric
pressure). Another reason for the poor growth rate is the fact that the catalyst
nanoparticles are not completely reduced at the lower temperatures as inferred from
the TPR data. This leaves an oxide layer on the catalyst surface. The oxide layer then
results in poor exposure of the copper surface planes which are more active for

adsorbing and dissociating the carbon source [4, 5]
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Table 4. 6: Table illustrating the effect of growth temperature on the yield of the
carbon nanofibers

Sample  Mass CNFs Yyield=("2="c)x %yield= —carbon_ 5 100 Growth
me MAcetylene
(9 y temperature
100
SCNFs 0.5115 10130 60 300
SCNFs 0.0366 632 4 250
SCNFs 0.0242 384 3 220

Figure 4. 16: TEM images of SCNFs grown at 250 °C.
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4.2 .4 Soxhlet extraction studies.

It has been noted that carbon nanofibers grown at low temperatures are amorphous in
nature (observed by IR spectroscopy and XRD studies) [6, 7]. This therefore shows
that the growth of these materials proceeds by incomplete decomposition of the
carbon source. The results of such incomplete decomposition are that the carbon
materials contain a high content of polycyclic aromatic hydrocarbons (PAHSs). These
PAHs are known to be carcinogens [8] and they need to be removed. Soxhlet
extraction using organic solvents (i.e. toluene) is a perfect method to carry out this
procedure because most of the PAHs are soluble in the solvents. Possible PAHs

expected are shown in Figure 4.17.

| 4
WY

Benzo[a]pyrene Benz[alanthracene Chrysene Dibenz|a,hJanthracene
1)
Y 0K

Pyrene Anthracene Fluoranthene Benz[b)fluoranthene

Figure 4. 17: Possible PAHSs in the carbon nanofibers samples [8]
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4.2.4.1 Soxhlet extraction procedure

The carbon nanofibers were studied to determine the effect of the PAHs on the
carbon structure and surface properties. The extraction was performed on CNFs at
different times using toluene at 140°C. CNFs synthesized using acetylene gas
preheated at different temperatures were also subjected to the extraction and
characterized using IR spectroscopy and TGA.

Condenser

X Extraction chamber
)
Thimble
A w
Vapor Siphon arm

Fxtraction solvent

Boiling flask

Figure 4. 18: Soxhlet extraction set-up.
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Extraction at different times

As synthesised carbon nanofibers (SCNF) were extracted for different times (0.25,
0.5, 1, 2 and 6 hours). Complete extraction of the organics from the fiber structure
was observed after 30 min extraction. This was based on the color of the toluene
liquid inside the thimble. When the liquid in the thimble was yellow it indicates the

presence of PAHSs.

4.2.4.2 IR spectroscopy
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Figure 4. 19: IR spectra of the CNFs after different Soxhlet extraction times.
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The IR spectra (Figure 4.19) display the surface structural characteristics of the
carbon nanofibers that have been subjected to Soxhlet extraction at different times.
Four different spectral vibrational modes are seen to vary in intensity with the
extraction time: (1) peak 1451 cm™, (2) 1602 cm™ (3) 1702 cm™, (4) 2900 cm™. Peak
(1) which is due to C-H vibrations of -CH,, decreases in relative intensity as
extraction proceeds. The observation shows that C-H groups are extracted from the
fiber. The peak at 1602 cm™ which has been attributed to a C=C vibration associated
with aromatic groups also showed decreased intensity after extraction at different
times. This therefore confirms that the extraction procedure removes the PAH groups
adsorbed on the fiber surfaces. Peak (4) is due to C-H vibrations of alkyl groups and
peak (3) is due to carbonyl group (C=0) vibrations [9]. The peak intensity of the
carbonyl groups increases relative to the C-H peak intensity. We attribute the change
in the peak intensities to the oxidation of the alkyl groups during Soxhlet extraction

because the process was performed in open air.

4.2.4.3 TGA and DTG analysis

TGA (Figure 4.20) analysis of the Soxhlet extracted CNFs was also performed and
the data shows the PAH extraction of the carbon nanofibers only slightly affected the
decomposition temperature of the fibers. It was observed that carbon nanofibers that
had been subjected to longer extraction times only showed an increase in thermal
stability of the CNFs by a +£10 °C change in temperature. It is however clear that the
extraction procedure removes some of the easily solubilized materials. The carbon
materials that are not fully purified showed only one decomposition peak as shown in
Table 4.7. After complete Soxhlet extraction a second decomposition peak appeared
at temperatures about 400 °C. This indicates that the volatile PAH material that were

adsorbed on the CNFs dominated the TGA curves before the extraction process.
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Figure 4. 20: TGA and DTG of the soxhlet extracted CNFs

Table 4. 7: Decomposition temperatures of the extracted straight carbon nanofibers.

Sample name First decomposition Second decomposition
temperature ( °C) temperature (°C)

As syn SCNF 279 -

SCNF- 0.25 hr soxhlet 280 -

SCNF- 0.5 hr soxhlet 297 404
SCNF- 1 hr soxhlet 300 376
SCNF- 2 hr soxhlet 291 403
SCNF- 6 hr soxhlet 300 378
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4.2.4.4 Effect of preheating acetylene on the CNFS surface functional groups.

To validate that the extraction process indeed works, carbon nanofibers were
synthesised in a double stage furnace. The acetylene was preheated at different
temperatures so as to influence the way it decomposes on the surface of the catalysts.
Pre-heating temperatures used were 500 °C and 750 °C (close to the thermal
decomposition of acetylene of 770 °C). The surface functional groups appear to be
influenced by the preheating temperature (Figure 4.21(a)). The vibrational modes are
similar for the carbon nanofibers synthesised without preheating the gas feed at
different temperatures. However the relative intensities in each product are different
for the pre-heated samples. For the CNFs synthesised by preheating the acetylene at
750 °C, the intensity representing the vibrational mode of carbonyl groups (1702 cm’
1) is high showing a high content of C=0 relative to the C-H alkyl groups (2900 cm’
). Preheating the acetylene at 500 °C did not affect the IR spectrum of the
synthesised material since the spectrum is not significantly different from the
spectrum in Figure 4.19 of the CNFs obtained when the acetylene was fed into the

reactor without any pre-treatment.
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Figure 4. 21: IR data ( a) before and (b) after Soxhlet extraction as a function of
acetylene preheating.
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After Soxhlet extraction the IR spectra (Figure 4.21(b)) of the carbon nanofibers
displayed few vibrational bands thus indicating that most of the vibrations where due
to adsorbed hydrocarbons on the surface of the fibres. The C-H (1451 cm™) peak due
to a methylene group is decreased after the extraction process.

4.2.4.5 TGA analysis of the CNFs synthesized by preheating C,H,

The thermal stability data for the CNFs grown by pre-heating the inlet gas stream
before Soxhlet extraction is shown on Figure 4.22(a),(b) and Table 4.8. The fibres
undergo an oxidation before decomposition as shown by an increase in weight
percentage highlighted by circles in Figure 4.22(a) before the temperature reaches the
decomposition of the fibers. This might also be as a result of Cu being oxidised to
CuO. The decomposition temperature of these fibers is high compared to the fibers
that were synthesised without preheating the gas stream. We observe (in Figure
4.22(c) and (d)) that purification of the CNFs using Soxhlet extraction reduces the
decomposition temperature of the fibers. This therefore indicates that the surface
properties of the carbon nanofibers are altered by Soxhlet extraction. The adsorbed

hydrocarbons that do not form an integral part of the fiber are removed in the process.
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Figure 4. 22: TGA and DTG of CNFs obtained by pre-heating C2H2, before soxhlet
(a) and (b), after soxhlet extraction (c) and (d)

Table 4. 8: Decomposition temperatures of the extracted straight carbon nanofibers

Sample name First decomposition Second decomposition
temperature ( °C) temperature (°C)
SCNF preheat 500 324 431
SCNF preheat 750 333 -
SCNF preheat 500 sox 252 -
SCNF preheat 750 sox 258 350
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It is therefore concluded that purification of carbon nanofibers to remove polycyclic
aromatic hydrocarbons can be performed using a simple Soxhlet extraction
procedure. Characterization of the carbon nanofibers before and after Soxhlet
extraction using FTIR and TGA analysis shows that there is removal of some
adsorbed hydrocarbons, as evidenced by the disappearance of some of the vibrational
peaks in the IR spectra and variation of the fiber thermal stability. The presence of the
polycyclic aromatic hydrocarbons in the CNFs show that the growth mechanism of
this fibres follow a polymer like pathway (as discussed in the literature review,
Section 2.3) where C and H atom are both present in the fiber structure in significant

amounts.
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4.3 Studies on the effect of annealing the CNFs

4.3.1 Introduction

It has been noted that the synthesis of carbon nanofibers using a copper catalysts at
low temperatures generates carbons that are amorphous [1, 2]. The amorphous nature
of the material would however render the carbon materials impractical for many
applications that require a substantial amount of order in the fiber axis. High
temperature treatment of carbon materials in an inert atmosphere has been
instrumental in increasing the graphitization of carbon [3, 4]. In their review Ramos
et al. give a detailed analysis of how the properties of carbon nanomaterials vary with
the annealing process. Techniques varying from Raman spectroscopy to BET surface
area analysis can be used to determine the robustness of the carbon material attained
after annealing [3]. The effect of annealing amorphous carbon on field emission
properties of carbon have been documented [4]. The authors observed that annealing
induced conversion of sp* carbon to sp® carbon. By using Raman spectroscopy they
showed (in Figure 4.23) that annealing increased the sp® crystal domains sizes (L)
and that with the Ip/lg ratio varied when the transition from amorphous carbon to
nanocrystalline graphite occurred [4].

25

branch 1 - = branch 2
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2t

)@
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Figure 4. 23: Relationship between Raman Ip/lg and the correlation length (La) of sp?
clusters[4]
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4.3.2 Experimental

In these studies, as synthesised carbon nanofibers (both the straight and helical) were
annealed inside the same CVD set up (Figure 4.24) that was used to grow the carbon
materials. The annealing was performed in an inert atmosphere using nitrogen at a
flow rate of 50 ml.min™. After annealing, the carbon nanomaterials were then
subjected to Soxhlet extraction using toluene at 140 °C until all the polycyclic
aromatic hydrocarbons (PAHs) were removed (approximately 2 hours).
Characterization techniques employed were FTIR spectroscopy, BET surface area
analysis, Raman spectroscopy, X-ray diffraction and transmission electron

microscopy.
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Figure 4. 24: CVD set-up used for annealing the CNFs
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Figure 4. 25: FTIR spectra of the annealed carbon nanofibers SCNF post heated at 25

and 500 °C (a), 900 and 1400 (b). CCNF post heated at 25 and 500 °C (c), 900 and
1400 (d).

FTIR spectra analysis shown in Figure 4.25 was used to qualitatively study the
surface composition of the annealed carbon nanofibers. The as synthesised carbon
materials (S/CCNFH25) in Figure 4.25(a) and (c), displayed surface functional
groups that can be associated with tetrahedral carbon in the CNFs. The most
prominent peaks occur at 2950 cm™ (which can be associated with sp® C-H
stretching/vibrational modes of alkyl groups (-CH3)) and 1705 cm™ (assigned to a
carbonyl (C=0) group). This carbonyl group has been attributed to post synthesis
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oxidation of the CNFs when they are removed from the reactor setup [1] and during
Soxhlet extraction. The band at 1602 cm™ is assigned to the C=C vibrations of the
aromatic groups and the peak at 1450 cm™ is then ascribed to C-H band vibrations of
a methylene group (-CH,) [5, 6]. It is clear from the FTIR spectra that the as
synthesised carbon nanofibers have a high content of hydrogen atoms compared to
carbon nanofibers synthesised at higher temperatures [7]. There is a significant
change in the surface functional groups of the carbon nanofibers when the material is
annealed at higher temperatures in an inert atmosphere. A gradual loss of the
hydrogen atoms is observed (rationalized in Figure 4.26) as noted in the IR spectrum
of the S/ICCNFs annealed at 500 °C as seen in Figure 4.25 (a) and (c). It is also
observed that alkyl groups on the carbon nanofibers are removed as seen from the
residual peaks at 3020 and 1602 cm™ corresponding to H-C and C=C vibrational
bonds of aromatic groups on the CNFs. Annealing the carbon nanofibers at higher
temperatures (i.e. 900 and 1400 °C ) results in the effusion of all the hydrogen atoms
and in a complete rehybridization of the carbon atoms to sp? carbon. We observe this
effect in the two FTIR spectra of (S/CCNFH900 and S/ICCNFH1400 (Figure 4.25 (b)
and (d)) which display patterns that parallel the IR spectrum of graphite (material
composed entirely of sp? carbon).

Anneal at 900€C o

Figure 4. 26: Schematic displaying structural evolution of CNFs with annealing
temperature
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4.3.4 Raman data of the annealed CNFs

Raman spectroscopy using laser radiation in the visible region (514 nm) was used to
probe the degree of graphitization of the carbon nanofibers in response to the
annealing temperature. Carbon peaks mostly observed in the Raman spectra are the D
and G bands associated with the sp? hybridized carbon breathing modes. The ratio of
the D to G band intensities is frequently used to elucidate the amount of disorder or
order in the carbon materials provided the carbon materials contain only sp? carbon
[8-10]. A third peak can be observed on a Raman spectrum called the T peak in the
carbon material that is being analysed has a high content of sp® hybridized carbon.
The degree of graphitization of the carbon material is thus deduced from the Ip/lg
ratio and the presence of the T peak on the Raman spectrum [11]. From the Raman
measurements shown in Figure 4.27 (a) and (b), the as synthesised carbon nanofibers
are not Raman active and can only fluoresce under the laser radiation. This carbon
material is highly amorphous and has a high amount of functional groups. Annealing
of the carbon material does add some stability to the carbon structure since there is an
appearance of the D and G bands for the material annealed at 500 °C and above.
Raman spectra of SICCNFH500 (CNFs annealed at 500°C) shows a low Ip/lg ratio
(= 0.6 ). However the D peak is very broad and upon de-convolution (Figure
4.27(d)), of the spectrum we get a third peak which can be attributed to the carbon sp®
content of the CNFs. This is supported by the presence of a peak at 3000 cm™ in
Figure 4.27(c). The high Ig/lp ratio of the carbon material annealed at 500 °C is partly
explained as a result of the laser beam heating the carbon material during the
sampling of the spectrum. This effect occurred even when using very low power
intensity. Carbon nanofibers annealed at 900 and 1400 °C are composed entirely of
sp? hybridized carbon show that the carbon materials have attained some degree of
order with the Ip/lg of approximately one. The narrowing of the D peak area also
affirms the increase in the structural uniformity of the carbon nanofibers. An increase
of the Ip/lg ratio with the annealing temperature is noted in Table 4.9, and arises due

to an increase in the cluster size ”Ly”(i.e. crystallite size) of an annealed polymeric
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carbon. Hence the transition from amorphous polymeric carbon to nanocrystalline

graphite show that the Raman intensity Ip/lg is proportional to the crystallite size
(Lax Ip/lg) [4]. The dispersion of FWHM for the D peak is large in all the three

samples, this is because the annealed carbon nanofibers do not form perfectly ordered

long range graphitic planes in the material which is due to the introduction of

(C4,Cs5,Cg, etc.) into the lattice structure.
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Figure 4. 27: Raman spectra of the carbon nanofibers, straight fibers (a), helical fibers
(b), Typical spectrum of fibers annealed at 500 °C (c) and deconvoluted (using
pseudo-Voigt function) Raman spectrum of CNFs annealed at 500 °C (d).
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Table 4. 9: Raman D and G band peak position, intensity and area ratios of the CNFs

Sample name D band peak G band peak In/lg ratio  Ap/Ag ratio

osition (cm™
position (cm™) X (em”)

SCNFH500 1360 1588 0.64 1.60
SCNFH900 1343 1590 0.88 1.54
SCNFH1400 1445 1586 0.95 1.42
CCNFH500 1354 1590 0.54 1.04
CCNFH900 1349 1590 1.05 1.46
CCNFH1400 1342 1594 1.12 1.39

4.3.5 Nitrogen adsorption-desorption results (BET)

Surface areas (Figure 4.28 and 4.29) of the carbon nanofibers were found to increase
relative to the as synthesised CNFs with annealing temperature up to 900 °C. A sharp
decrease of the surface occurred when the annealing temperature is raised to 1400 °C.
This increased effect is rationalized by the opening of micropores which increases the
pore volume of the material as the carbon material evolves from having a high sp®
carbon to a more ordered carbon structure with sp? hybridization. The very low
surface area carbon annealed at 1400 °C is attributed to the collapse of the porous
nature of the materials at this annealing temperature. From the BET results we
observe that the carbon nanofibers annealed at 500 °C and 900 °C are mesoporous

with high surface areas and pore volumes.
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Table 4. 10: Surface area of the annealed SCNFs (straight carbon nanofibers)

sample Pore volume BET surface area pore diameter
(cm®/g) (m?/g) (nm)
SCNFH25 0.1538 135 4.87
SCNFHS500 0.1762 272 2.83
SCNFH900 0.1193 185 2.89
SCNFH1400 0.0796 39 8.05
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Figure 4. 28: Variation of surface area and pore diameter with temperature
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Table 4. 11: Surface area of the annealed CCNFs (coiled carbon nanofibers)

sample Pore volume BET surface area pore diameter
(cm®/g) (m?/g) (nm)
CCNFH25 0.1632 171 3.86
CCNFH500 0.1966 255 3.37
CCNFH900 0.2618 364 2.57
CCNFH1400 0.1447 47 12.14
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Figure 4. 29: Variation of surface area and pore diameter with temperature

4.3.6 XRD analysis

The X-ray diffraction patterns in Figure 4.30(a) and (b) of the annealed carbon

nanofibers show that the carbon nanofibers did not attain complete crystallization

even at the high temperature annealing temperature of 1400 °C. It is however very

clear that a structural evolution of the material occurs with the annealing temperature.
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The as synthesised carbon shows more scattering with a broad hump at the low Bragg
angle. This confirms that the as synthesised carbon is amorphous, as observed from
FTIR spectroscopy. It is also noted that the carbon annealed at 500 and 900 °C
displays almost similar diffraction patterns which show that the structural order in the
two materials is more or less the same. For this reason their XRD patterns explain
why the two materials have similar porosity (both mesoporous as shown by the BET
results (Figure 4.28 and 4.29). The carbon (101) diffraction peak is observed only for
the carbon nanofibers annealed at 500 and 900°C. However the (101) diffraction peak
disappears in the fibers annealed at 1400 °C, This is due to the destruction of the fibre
structure (i.e. the graphitic planes) due to thermal expansion of the amorphous fibers.
It is also noted that the carbon annealed at 1400 °C, although not fully graphitized,
there shows increase in the structural ordering (as compared to carbon annealed at
500 and 900°C). A clear and broad distinct peak at 25° Bragg angle is seen, The peak
is broad because the material is not highly crystalline to reflect the graphitic nature of
carbon nanotubes (or other graphitic materials).No copper metal peaks are observed
for the carbon annealed at 1400 °C. The copper was removed by sublimation during

the heating process (i.e. melting point of copper 1083 °C [12]).
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Figure 4. 30: XRD patterns of thermally treated carbon nanofibers, straight CNFs (a)
and helical CNFs (b).

To rationalize this non graphitization as observed in the XRD patterns we have to
take into account that the CNFs are very amorphous. They have a high content of sp®
hybridized carbon and many structural defects. It is then suggested that although
annealing of the material at these temperatures (500, 900 and 1400°C) does heal the
defects in the carbon nanofibers it does not introduce C6 rings into the carbon
structure. The material will still have many topological defects such as C5 and C8
carbon rings (Figure 4.31). Therefore we can deduce that since a perfect graphitic
crystal (high content of C6 rings) is not attained by annealing, the diffraction patterns

will resemble the ones obtained in this study.
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Figure 4. 31: possible defects and vacancies on the as synthesised CNFs (CCNFH25)
(a-b), defects present after annealing (C4, C5 or C8 rings).

4.3.7 CNF mass loss during the annealing process

Annealing the carbon materials also induces significant mass loss due to the removal
of the volatile materials and less robust carbon materials on the fibers. The mass loss
increases with the annealing temperature from 500-1400 °C, the greatest mass loss

occurs when annealing the as synthesised carbon nanofibers at 500 °C (Table 4.12).
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Table 4. 12: Percentage mass loss during the annealing steps

Sample Annealing temperature (°C) Mass lost (%)?
SCNFH500 500 46
SCNFH900 900 51
SCNFH1400 1400 52
SCNFH500 500 47
SCNFH900 900 51
SCNFH1400 1400 52
a = % mass loss = (m'm;lmf) x 100, m; — initial mass and m¢ — final mass after
annealing.

The mass loss between 900 and 1400 °C is higher almost equal, however the loss is
only a few percentages higher than the mass loss at 500 °C. This is due to the fact that
most of the volatile loosely bound compounds get removed at the annealing

temperature of 500 °C.
4.3.8 TEM images of the annealed carbon nanofibers

Transmission electron microscopy analysis of the annealed carbon nanofibers
indicates a different thermal response based on their different morphologies. Straight
carbon nanofibers do not undergo any morphological change at the different
annealing temperatures. The TEM images display that all the straight fibers remain
straight and we do not observe any breakage of the carbon materials (Figure 4.32).
Helical carbon nanofibers however break into shorter fibers at high annealing
temperatures as shown in Figure 4.33, it is therefore suggested that breakages are due
to thermal expansion of the carbon material during the annealing process. Breakages
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most probably occur at the helical carbon nanofiber nodes possibly because of a high
concentration of defects at these sites.

Figure 4. 32: TEM images of the straight annealed at different temperatures 25 °C (a),
500 °C (b), 900 °C (c) and 1400 °C (d).
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Figure 4. 33: TEM images of the straight annealed at different temperatures 25 °C (a),
500 °C (b), 900 °C (c) and 1400 °C (d).

The lengths of the broken fibers varied greatly because the breakages did not occur at
specific points since the breaking points (which are the helical nodes) were evenly

distributed on helical fiber axis.
4.3.9 Concluding remarks

CNFs grown at low temperature are amorphous without any structural order.
Annealing of the CNFs induces a sequential conversion of the carbon atoms from sp®
to sp’ carbon and this improves the fiber stability. It was observed that the conversion
is a stepwise process and depends on the annealing temperature. The CNFs are still

highly defective even after annealing at high temperature (1400 °C) indicating that the
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amorphous polymeric CNFs cannot attain highly graphitized texture because of the
presence of topological defects in the fiber structure. It has been suggested that the
growth mechanism of these CNFs is a polymerization process involving only the
surface interaction of carbon and the hydrogen with the catalyst template. This VSS
mechanism can be extended further to explain why the CNF synthesised at high
temperature (> 500 °C) are graphitic, which is due to the self-healing ability of the
catalysts to remove defects on the growing graphitic planes. This can then explain
why post heating of polymeric amorphous CNFs does not yield a graphitized
structure because the graphitic order has to be induced during the growth of the

carbons by the catalyst.
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4.4 Functionalization of the carbon nanofibers

4.4.1 Introduction

Carbon nanomaterials are known to be inert in nature, Therefore their
functionalization is a very important step to increase the number of binding sites on
the surface of the carbon nanomaterials and allow their good dispersion in solvents
[1]. Functionalization of carbon nanomaterials can be performed in solution or
solvent free environments [2, 3]. Acid solutions (nitric, sulphuric and hydrochloric
acids) are the most commonly employed chemicals for the functionalizing of carbon
nanomaterials and introducing oxygen functionalities, because they have been found
to be the most efficient in introducing functional groups on the carbon nanomaterial
surface [1, 4]. In this section the synthesized and annealed carbon nanofibers were
functionalized using nitric acid and sulphuric acid. The functionalization technique is
employed oxygen groups (C=0, C-O-C, OH, etc) on the surface of the carbon

nanomaterials, thus improving their ability of interact with metal ions [5].

Carboxyl acid
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Figure 4. 34: Possible functional groups on the CNFs after functionalization [5, 6]
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4.4.2 Experimental

A functionalization technique was performed as follows: a given amount of raw
carbon nanofibers (mass ~1-2 g) were dispersed in 100 ml of an acid solution (i.e.
55% HNO3, 35% HNO3; and 46% H,SO,) in a 250 mL round bottomed flask. The
solution was then ultrasonicated for 10 minutes at room temperature. The mixture
was then refluxed at the chosen temperature (80 or 85 °C) for a significant amount of
time (2 or 4 hours) on a magnetic stirrer. After the oxidation procedure the fibers
were then washed with large quantities of deionized water (~ 4 L) to remove all the
acid and the copper ions that were formed from the copper metal embedded on the

fibers, the final pH of the washed fibers was approximately 7.

4.4.3 Results and discussion
The CNFs were named:

e CNFH 25 F80: CNF annealed at 25 °C, funtionalised using 55% HNO3 at 80
°C for 2 hours.

e CNFH 500 F80: CNF annealed at 500 °C, funtionalised using 55% HNO3 at
80 °C for 2 hours.

e CNFH 900 F80: CNF annealed at 900 °C, funtionalised using 55% HNO3 at
80 °C for 2 hours.

e CNFH 1400 F80: CNF annealed at 1400 °C, funtionalised using 55% HNO;
at 80 °C for 2 hours.

4.4.3.1 BET surface area

It was observed that functionalization of the materials using mild conditions (i.e. at
80 °C, 2 hours using 55% HNO3) resulted in a decrease in the material pore volume.
As a consequence the BET surface area underwent a dramatic drop (Table 4.13)
compared with the annealed unfuntionalised/unoxidised carbon nanofibers (i.e. from

272 to 15 m?/g for carbon materials annealed at 500 °C ). The pore size distribution of
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the oxidized carbon nanofibers range changed from 4-50 nm. The pores are removed
on functionalization, the blockages therefore leave only the large voids which adsorb
a small amount of the adsorbate gas (in this case N;) thus accounting for the low
surface area [7]. It is also possible that the pore closure is attributed to the
introduction of surface functional groups that did not penetrate into the integral fiber
structure. Therefore the functional groups were introduced mostly on the carbon
nanofiber surface resulting in coverage of the fiber which prevented optimum
adsorption of the nitrogen gas, hence yielding the low carbon surface area.

Table 4. 13: BET results of functionalized CNFs at 80 °C using 55 % nitric acid.

Sample name Surface area (m?/g) Pore volume Pore diameter (hm)
(cm’/g)

CNFH 25 F80 17 0.084 28.2

CNFH 500 F80 15 0.076 40.2

CNFH 900 F80 63 0.071 4.5

CNFH 1400 F80 58 0.105 7.2

4.4.3.2 Infrared spectroscopy of the CNFs

Infrared spectroscopy was employed to determine the types of functional groups
introduced on the fiber materials after oxidization. It is known that functionalization
of carbon nanomaterials in acidic solution introduces oxygen onto the carbon material
[1]. Carbon nanomaterials that were composed of a substantial amount of sp® carbon
and alkyl groups (CNFH 25 and CNFH 500 (Figure 4.34 (b)) were easily oxidized. IR
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spectra of CNFH 25 F80 and CNFH 500 F80 (Figure 4.34(a)) revealed that oxidation
of the material removes the alkyl C-H vibration at 2950 cm™. As the alkyl (C-H) and
other sp* hybridized carbons groups are lost, peaks due to carbonyl groups (C=0) at
1720 cm™ and carbon-carbon (C-C) groups of polyaromatic -C=C- groups at 1581
cm™ are formed. The peak at 1348 cm™ is assigned to the (C-O-C) of the lactone
groups . The carbon materials annealed at 900 and 1400 °C, that contain only sp?
hybridized carbon do not show a big change in their surface functional groups other
than showing small vibrational peaks at wavenumber 1720 and 1580 cm™ [8, 9]. The
lack of a significant amount of functional groups on the carbon nanofibers containing

only sp? carbon is expected because of the robustness [1] of the materials.
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Figure 4. 35: IR spectra of the (a) CNFs functionalized at 80 °C using 55 % nitric acid
and (b) Unfunctionalized CNFs.
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4.4.3.2 TEM analysis of the carbon nanofibers (CNFs)

TEM imaging was employed to analyze the morphology of the carbon nanofibers
after functionalization. The images shown in Figure 4.35(a-d)) demonstrate that there
was no change in the fiber structure after the oxidation, apart from the removal of the
copper nanoparticles embedded in the fibers and some surface roughening (Figure
4.35(e-f)) of the fibers this etching is because of the acidic solution. The morphology
of all the fibers (i.e. fibers annealed 25, 500, 900 and 1400 °C) remains intact because

the functionalization process is not severe enough to break the fibers into pieces.

Figure 4.36: TEM images of functionalized CNFs, CNFH25 F80 (a), CNFH500 F80
(b), CNFH900 F80 (c), CNFH1400 F80 (d) and CNFH25 F80 magnified image (e
and f).
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4.4.3.3 Optimization of the functionalization process.

Because functionalization of the CNFs using 55% HNO3 reduced the surface of the
CNFs to optimize the functionalization process different functionalization processes
using different acid solutions were employed on the straight carbon nanofibers
annealed at 900 °C.

Four further functionalization procedures were employed:

The carbon nanofibers were functionalized using 35 % HNO3 for 2 hours at 80 °C
(CNFH900 F80 35%).

The carbon nanofibers were functionalized using 55 % HNOj3 for 4 hours at 85 °C
(CNFH 900 F85 4hrs).

Carbon nanofibers functionalized using 1:1 (V/V) of 55 % HNO3 and 50% H,SO, 85
°C for 2 hours (CNFH900 NS 4:1).

Carbon nanofibers functionalized using 4:1 (V/V) of 55 % HNOj3 and 50% H,SO, at
85 °C for 2 hours (CNFH900 NS 1:1).

4.4.3.3.1 BET surface area

Nitrogen adsorption results using BET technique (Table 4.14) were performed. High
surface areas were observed because the functionalization using the strong oxidizing
solution not only results in the surface coverage of functional groups on the carbon
nanofibers but bulk oxidation also occurs. This opens up the structure of the carbon
nanofibers. The wet etching treatment (with stronger acid solutions) therefore creates
graphitic defects [1] not only on the surface but also opens meso and micropores deep
inside the carbon nanofibers. It is observed that functionalization of the carbon
nanofibers at mild conditions (i.e. at 80 °C using 35 % nitric acid) results in low
surface area of the material. The surface area of the carbon nanofibers increases when

the functionalization process is severe. This is shown by the high surface area (395

Page

125



m?/g) of the fibers functionalized using the 1:1 V/V solution of nitric and sulphuric

acid.

Table 4.14: BET surface area and pore structure of the CNFs after functionalizing
using the different acid solution.

Sample name Surface area Pore volume Pore diameter (hm)
(m?/g) (cm°/g)
CNFH900 F80 35% 12 0.021 7.2
CNFH 900 F85 5hrs 162 0.124 3.4
CNFH900 NS 4:1 204 0.131 2.5
CNFH900 NS 1:1 395 0.211 2.08

4.4.3.3.2 Infrared spectroscopy analysis

Optimization of the functionalization process performed on the carbon nanofibers
annealed at 900 °C, was also studied using IR spectroscopy. The severity of the
functionalization solution is the parameter that dictates the amount and type of
surface functional groups formed on the fibers [1]. The two bands at 1722 and 1585
cm™ were used to monitor the degree of functionalization on the carbon nanofiber’
structure. The intensity of these peaks increases with the oxidizing strength of the
acid solution (Figure 4.36 (a-b)) These results indicate bulk oxidation of the carbon
nanofibers. The acid sites increase the propensity of the carbon materials to bind
active metal for catalysis reactions [10].
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Figure 4. 37: (a) FTIR spectra of functionalized CNFs (optimization process), CNF H
900 and (b) the zoomed portion ranging from 1400-1900 wavenumber.

Page

127



4.4.3.3.3 TEM analysis of the CNFs for functionalized using different acid
solutions.

Functionalization using the less severe acid solutions did not destroy the structural
integrity of the carbon nanofibers (Figure 4.37), however employing an oxidizing
agent containing high concentration of sulphuric acid (1:1 v/v with HNO3) results in
the breakages of the carbon nanofibers (from lengths of ~ 20 um to less than 5 pm
Figure 4.37(d)) thus suggesting that the acid mixture (1:1 V/V nitric acid and

sulphuric) was too severe towards the carbon material structure.

Figure 4.38: TEM images of the CNFs functionalized using different solution,
CNFH900 F80 35%) (a), CNFH 900 F85 5hrs (b), CNFH900 NS 4:1 (c) and
CNFH900 NS 1:1 (d)
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4.4.3.3.4 Raman spectroscopy analysis.

Raman spectroscopy analysis of the functionalized straight CNFs gave spectra
(Figure 4.38-39) which are not very different from the spectra of unfunctionalised
straight CNFs. The area and intensity ratios of the D and G band are similar to the

unfunctionalised CNFs in section were the CNFs were functionalized at 80 °C using

55 % HNOs3.
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Figure 4. 39: Raman spectra of annealed functionalized CNFs (annealed at 500, 900
and 1400 °C), Functionalised using HNO3 at 80 °C for 2 hours.
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Figure 4. 40: Raman spectra of functionalized CNFs (optimization process) all
annealed 900 °C

Table 4. 15: Raman D and G band peak position, intensity and area ratios of the
functionalized CNFs annealed at different temperatures.

Sample name D band peak G band peak In/lg ratio  Ap/Ag ratio

osition (cm™
Position (cm™) P (em™)

CNFH500 1363 1599 0.71 1.45
F80
CNFH900 1356 1585 0.96 1.67
F80
CNFH1400 1349 1590 1.07 1.51
F80
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Table 4. 16: Raman D and G band peak position, intensity and area ratios of the
CNFs all annealed at 900 °C for functionalization optimization.

Sample name D band peak G band peak In/lg ratio  Ap/Ag ratio

osition (cm™
Position (cm™) X (em”)

CNFH900 1347 1597 0.91 1.58
F80 35%).
CNFH 900 1351 1600 0.96 1.79
F85 5hrs
CNFH900 NS 1349 1602 0.95 1.55
1:1
CNFH900 NS 1356 1599 0.96 1.64
4:1

The Raman spectra therefore indicate that even though the different functionalization
solution did affect the structure of the CNFs (see the FTIR, BET and TEM results).
The I1D/IG values do not reflect changes in a constant way, due to the sp®/sp® as well
as the defect in the CNFs. The bond structures and polarity of the carbon atoms on
the CNFs are therefore not significantly destroyed by the oxidizing agents. This
therefore leaves the amount of sp® and sp® hybridized carbon atoms in the fiber
structure in the same ratio as in the unfunctionalised CNFs resulting in relatively the

same Raman spectra.
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Chapter 5: Results and discussion: FT studies

5.1 Fischer-Tropsch catalytic studies using the helical and straight CNFs
5.1.1 Introduction

In this chapter application of the carbon nanofibers was evaluated as catalyst supports
for Fischer-Tropsch (FT) synthesis. It has to be noted that carbon nanofibers (CNFs)
have been used as supports for Fischer Tropsch synthesis before [1, 2]. The
pioneering work by Bezemer et al [1] was based on the use of carbon nanofiber
supports. In their study they were able to determine the particle size effects on the
turn over frequency of the cobalt active phase during the FT reaction. It was observed
that TOF decreased from 23 to 1.4 x 10" when the metal particle sizes changed from
16-2.6 nm. Bezemer et al [1] were able to use the model catalysts based on carbon
nanofiber supports to determine the optimum particle size for Fischer-Tropsch
synthesis to be between 6-8 nm [1, 3, 4]. Diaz et al. [5] studied different cobalt
catalysts supported on carbon nanofibers grown at 450, 600 and 750 °C with different
porosities which affected the activity and selectivity of the catalysts. The authors
observed that the cobalt catalysts supported on carbon nanofibers prepared at 450 and
600 °C had small pore radii (5.52 and 5.77 nm respectively) and showed high activity
(with high CH, selectivity and high water gas shift activity), while carbon nanofibers
grown at 750 °C with a lager pore radius (9.46 nm) resulted in high C5+ selectivity

but had low overall catalytic activity because of nanoparticles sintering.

Most of the reports on application of carbon nanofibers (CNFs) as FT catalyst
supports have been based on graphitic type nanofibers. There are no reports on the
use of CNFs grown at low temperature. As described in earlier chapters, these are
highly amorphous materials and can be structurally modified by annealing. The
modified carbon nanofibers both straight and helical nanofibers annealed at 500 and

900 °C, were studied for application as catalyst supports for a cobalt catalyst.
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5.1.2 Experimental
5.1.2.1 Preparation of carbon nanofiber supported Fischer-Tropsch catalysts.

Conventionally FT catalysts are commonly prepared using homogenous deposition
precipitation (HDP) and incipient wetness impregnation (IWI) procedures. In this
study catalysts were prepared using urea (CO(NH);) and hydrazine (N2H,)
deposition and simple impregnation procedures.

5.1.2.2 Catalysts preparation by urea deposition (HDP).

The HDP method was performed as follows. Co(NO3), .6H,O (0.988 g) and urea
(0.611 g) were added together to give a Co:urea mol ratio of 3:1 in de-ionized water
(50 mL). To achieve a cobalt loading of 10%, 2 g of functionalized carbon nanofibers
(CNFs) were dispersed in 200 mL deionized water inside a 500 mL round bottomed
flask. The cobalt and urea solution was then added dropwise onto the CNF mixture at
90 °C while stirring (~1 h). The sample was then heated to 90 °C for 30 minutes to
hydrolyze the urea while under reflux. The sample was then left in the oil bath at 90
°C for 12 h. The solvent was then removed by drying under vacuum at 90 °C using a

rotary vapour. The catalyst was dried at 100 °C for 12 hours.

5.1.2.3 Catalysts preparation by hydrazine deposition (HDP).

Functionalized carbon nanofibers (2 g) were dispersed in 200 mL ethanol solvent. To
this solution a cobalt nitrate in 50 mL ethanol solution (Co(NOs),. 6H,0, 0.988 g)
was added and then the mixture was stirred for 30 minutes. Then a hydrazine solution
in ethanol (N,H4: Co mol ratio of 90:1) and an ammonia solution (mol ratio of 4:1 to
the Co atoms) were simultaneously added dropwise while stirring (Figure 5.1). The
solution the stirred for 6 h, filtered and then dried at 100 °C for 12 h.

The reaction at ambient temperature was based on this reaction:

Co?* + N,H, (excess) + 4NH,OH — 2Co° + N, + H,0
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N, H, sol.

1§é§§ sjjséjﬁln,Oll

CNFs + Co sol.

)
\ s |

Figure 5. 1: Set up for hydrazine deposition reaction

5.1.2.4 Catalysts prepared by incipient wetness impregnation (IWI).

Co-CNF was prepared by impregnation. An appropriate amount of cobalt precursor
(CoNOs. 6H,0, 0.988 g) solution (5 mL) was slowly impregnated unto 2 g of

functionalized carbon nanofibers. The catalyst was then dried at 100 °C for 12 hours.
All the catalysts were calcined at 200 °C for 3 hours under nitrogen gas.

The catalysts were then characterized and studied for Fischer-Tropsch synthesis using

the techniques mentioned in Chapter 3.
5.1.3 Results and discussion

Three catalysts were prepared using the low surface area CNFs (i.e. straight CNFs
annealed at 900 °C and functionalised using 55% HNOj3; for 2 h) by employing the
incipient wetness impregnation, urea HDP and hydrazine deposition methods.The last
two catalysts (catalyst number 4 and 5) were prepared using urea HDP on the CNFs
with a higher surface area (i.e. SCNFs functionalised using (a) 55% HNO3 at 85°C
and (b) 4:1 v/v solution of 55% HNOj3 and 46% H,SO, 80 °C)
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Catalyst codes are as follows:

1. 10% Co/SCNFH900 F80 2hrs IWI: Co catalyst supported on CNF
functionalized at 80 °C for 2 h prepared by IWI

2.  10% Co/SCNFH900 F80 2hrs HDP: Co catalyst supported on CNF
functionalized at 80 °C for 2 h prepared by urea HDP

3. 10% Co/SCNFH900 F80 2hrs N,H, HDP: Co catalyst supported on
CNF functionalized at 80 °C for 2 h prepared by hydrazine HDP

4.  10% Co/SCNFH900 F80 NS 4:1 HDP: Co catalyst supported on
CNF functionalized using H,SO4 and HNO3 at 80 °C for 2 h prepared
by urea HDP

5. 10% Co/SCNFH900 F85 4HRS HDP: Co catalyst supported on CNF
functionalized at 85 °C for 4 h prepared by urea HDP.

5.1.3.1 TEM analysis

TEM analysis was employed to determine whether the catalyst particles were truly
supported on the CNF supports and to also obtain a rough estimate of the metal
particle sizes loaded on the CNFs. The first three catalysts supported on the low
surface area CNFs, although prepared using different loading techniques, all
displayed large metal aggregates (with particle sizes up to 100 nm circled with red
circles) on the CNFs. Some of the metal aggregates were not even supported on the
CNFs (Figure 5.2-5.4). These catalyst supports thus gave a very poor dispersion of
the Co. The reason for the poor loading of Co metal is due to the inertness of the
CNFs; thus relates to the functionalization methods employed on these CNFs
supports. The CNFs employed for the three catalysts had low surface areas (Chapter
4) with low pore volumes which showed that the moderate functionalization
conditions were not severe enough and thus there was not enough anchoring sites for
the deposited metal nanoparticles on the CNFs (i.e SCNF H900 F80 2 hrs). It has
been observed that unfuntionalized carbon nanomaterials are poor catalyst supports
[6], and this study vindicates such results. Even though the CNFs were not graphitic it

Page

137



is clear that they still needed strong oxidation techniques to serve as good supports

for the Co metal.

Figure 5. 4: TEM images of 10% Co/SCNFH900 F80 2hrs N,H, HDP
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To obtain a good loading of the Co metal on the CNFs, high surface area supports
(i.e. the well functionalized CNFs) were used. TEM images of the two catalysts (i.e.
10% Co/SCNFH900 F80 NS 4:1 HDP and 10% Co/SCNFH900 F85 4HRS HDP)
prepared by urea HDP are shown in Figure 5-6. The TEM images of these catalysts
showed a sharp contrast from the catalysts shown in Figure 5.5-5.6. The Co metal
nanoparticles were easily loaded and supported on the CNFs with estimated particles
sizes of less than 20 nm (Table 5.1). This shows that harsh functionalization on the

CNFs (although not highly graphitic) was required to improve the support

capabilities.

Figure 5. 6: TEM images of 10% Co/SCNFH900 F85 4HRS HDP
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5.1.3.2 Cobalt phase analysis using XRD

From the XRD studies of the catalysts it was observed that after calcination all of the
supported Co on the CNFs was in an oxide phase viz CoO or Co30, (elucidated
using Ewa software and comparison of data for cobalt oxides, ICSD # 069374 and
NIST # N AL3340 2959). The spinel Co30,4 phase appeared in very high proportions
in the three catalysts which had large particle aggregates and poor dispersion (seen in
Figure 5.2-5.4). However the two catalysts, 10% Co/SCNFH900 F80 NS 4:1 HDP
and 10% Co/SCNFH900 F85 4HRS HDP prominently displayed the Co (1) oxide
phase. The XRD patterns (Figure 5.7) therefore indicates that the catalysts were
oxidised differently during the calcination process which can be related to the particle
sizes on the different catalysts supports and the way in which the metal particles are

bound on the CNFs surface.

+’ *’ + CoO 1‘ C030,4

10% Co/SCNFH900 F85 4HRS HDP

10% Co/SCNFH900 F80 NS 4:1 HDP

‘ 10% Co/SCNFH900 F80 2hrs N_H, HDP

x

Intensity (cps)

10% Co/SCNFH900 F80 2hrs HDP

10% Co/SCNFH900 F80 2hrs IWI

1 . 1 . 1 . 1 . 1 . 1 . 1 .
20 30 40 50 60 70 80 90

26 (®

Figure 5. 7: XRD patterns of the different FT catalysts.
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Table 5. 1: Co metal loading and particle sizes of the catalysts.

Sample name Loading  Actual Average particle Oxide
(%) loading size (nm) phase
(%)°
TEM XRD

10%Co/SCNFH900 F80 10 9.98 nq 7
2hrs IWI
10%Co/SCNFH900 F80 10 10.55 nq 8

C030,4
2hrs HDP
10%Co/SCNFH900 F80 10 9.25 nq 7
2hrs N,H, HDP
10% Co/SCNFH900 F80 10 7.64 9 6
NS 4:1 HDP

CoO
10% Co/SCNFH900 F85 10 9.76 10 8

4HRS HDP

a- Analysis performed using ICP-OES, ng- not quantifiable size range to large (10-

300 nm)

The catalysts (10%Co/SCNFH900 F80 2hrs IWI, 10%Co/SCNFH900 F80 2hrs HDP
and 10%Co/SCNFH900 F80 2hrs N,H, HDP) with big Co particle sizes and large
particle size distribution gave XRD particles sizes in the nano regime (Table 5.1). It

can be concluded that the average XRD particle sizes of 7, 8 and 7 nm for these

catalysts are not accurate because the Scherrer equation is only applicable to small

metal nanoparticles with a relatively narrow particle sizes distribution
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5.1.3.3 TPR analysis of the catalysts.

Reduction profiles of the catalysts are shown in Figure 5.8. The reduction
temperature of the different catalysts ranged from 300-500 °C. The catalysts that were
supported on the less functionalised CNFs (i.e. 10% Co/SCNFH900 F80 2hrs IWI,
10% Co/SCNFH900 F80 2hrs HDP and 10% Co/SCNFH900 F80 2hrs N,H, HDP)
displayed two reduction peaks (see Table 5.2) because of the two-step reduction of
the spinel Co30,4 to CoO and then Co [7]. The 10% Co/SCNFH900 F80 2hrs IWI
catalyst has a small peak at 233 °C which can be attributed to the decomposition of
some of the nitrate ions left over on the catalyst [8]. The first reduction (Co3z04 —
Co0) of these catalysts occurs at approximate temperatures of 300 °C, and the second
reduction peak (CoO — Co) was observed at 400-470 °C. It is therefore clear that the
first three catalysts had similar reduction profiles, independent of the catalyst
preparation method. The other two catalysts (10% Co/SCNFH900 F80 NS 4:1 HDP,
10% Co/SCNFH900 F85 4HRS HDP) having a high composition of the CoO phase
could only show a single distinct reduction peak at around 350 °C signalling the

conversion of CoO to Co.

10% Co/SCNFH900 F85 4HRS HDP

NO_" (decomposition)

10% Co/SCNFH900 F80 NS 4:1 HDP

10% Co/SCNFH900 F80 2hrs N H, HDP

TCD signal

10% Co/SCNFH900 F80 2hrs HDP

10% Co/SCNFH900 F80 2hrs IWI

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 5. 8: TPR profiles of the Cobalt oxide phase
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Table 5. 2: Reduction peaks of the Cobalt oxide phases

Sample name First reduction peak (°C) ~ Second reduction peak
(°C)
10% Co/SCNFH900 F80 321 403
2hrs IWI
10% Co/SCNFH900 F80 317 403
2hrs HDP
10% Co/SCNFH900 F80 295 462

2hrs N,H, HDP

10% Co/SCNFH900 F80 357 -
NS 4:1 HDP

10% Co/SCNFH900 F85 390 :
4HRS HDP

5.1.3.4 Fischer-Tropsch catalytic performance of the catalysts
Selectivity and activity of the catalysts are given in Figures 5.9-5.10 and Table 5.3.

The first three catalysts (10% Co/SCNFH900 F80 2hrs IWI, 10% Co/SCNFH900 F80
2hrs HDP and 10% Co/SCNFH900 F80 2hrs N,H, HDP) resulted in low Fischer-
Tropsch activity (below 10% CO conversion). Poor dispersion of the metal particles
on these CNFs (because the CNFs were not well functionalized and thus had weak
anchoring sites) may be the reason why these three different catalysts displayed lower
catalytic activity. The low number of exposed active sites that are responsible for
dissociative adsorption of CO and H; of the syngas is responsible for these results. It
is well documented that very weak metal support interactions lead to poor active
metal dispersion [9, 10] resulting in undesirable FT activity of the catalysts.
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Studies have shown a detailed relationship of FT catalyst particle sizes to their
catalytic activity and selectivity when studying small Co particles (<8 nm) [1, 11,
12]. Therefore for these catalysts the main parameter that resulted in the lower
catalytic activity is the poor metal dispersion and the big Co particles sizes since

lower dispersion is often associated with big metal particles sizes.

The last two FT catalysts supported on the optimally functionalized (CNFs (10%
Co/SCNFH900 F80 NS 4:1 HDP and 10% Co/SCNFH900 F85 4HRS HDP) have
very good Co nanoparticles anchored on the fiber structures and thus yielded good
cobalt time yield data for the FT process. This is due to the fact that the Co
nanoparticles are evenly dispersed and supported on the CNFs. Their catalytic
activity in terms of percentage CO conversion was in the range of 28-35%. The
improved activity of the catalysts is correlated to Co metal active sites with a particle
size ranging from 4-10 nm which is known to be a typical particle size range for the
study of Fischer-Tropsch synthesis [1]. The results confirm that good metal
dispersion and smaller cobalt active sites are important for the catalyst system
(dissociation, insertion and hydrogenation) to obtain a high activity. The results
indicate that the CNFs subjected to a harsh functionalization procedure were ideal to
serve as the Co catalyst supports (Figure 5.9). The catalysts 10% Co/SCNFH900 F85
4HRS HDP displayed cycling activity over the 120 h time on stream which may be

due to poor heat distribution and wax covering the catalyst particles.
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Figure 5. 9: Catalytic activity over 120 hours on stream
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Figure 5. 10: Column chart showing difference in activities and selectivities.
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Figure 5.10 and Table 5.3 show selectivities of the lower catalytic activity catalysts
(10% Co/SCNFH900 F80 2hrs IWI, 10% Co/SCNFH900 F80 2hrs HDP and 10%
Co/SCNFH900 F80 2hrs N,H, HDP). The data is similar because at large Co metal
particle sizes similar catalytic behavior under FT condition is expcted [1, 11, 12]. The
catalysts showed low methane selectivity (9-15%) with greater than 65% C5+
selectivity. In contrast the catalyst 10% Co/SCNFH900 F85 4HRS HDP were highly
selective to methane production (27%) and gaseous phase products (see Table 5.3).
The high methane selectivity is attributed to the small cobalt crystallites supported on
the CNFs. It is not clear why catalyst 10% Co/SCNFH900 F80 NS 4:1 HDP resulted
in lower methane selectivity and higher C5+ in comparison to the catalyst 10%
Co/SCNFH900 F85 4HRS HDP even though they displayed almost equal metal size
distributions as seen from XRD and TEM images (Figure 5.5 and 5.6). The difference
is however tentatively ascribed to the fact that catalyst 10% Co/SCNFH900 F80 NS
4:1 HDP is based on the CNFs functionalized using H,SO, and some residual sulfur

is left over in the CNFs serving as a promoter to lower the methane selectivity [13].

Figure 5.11 shows the gas phase olefin to paraffin ratio of the five catalyst systems. It
is seen that the low activity catalysts formed more olefin products when compared to
the other two catalysts (CNFs (10% Co/SCNFH900 F80 NS 4:1 HDP and 10%
Co/SCNFH900 F85 4HRS HDP). The distinct selectivities show that the catalysts
followed different polymerization mechanism which can be associated with the

H,/CO ratio on the Co metal surface.
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Table 5. 3: Fischer-Tropsch synthesis performance on the cobalt catalysts.

Catalyst % CO Product selectivity (mol %)
conversion

Cl C2-C4 C5+ CO,
10% Co/SCNFH900 F80 2hrs 9.4 10.9 5.9 795 -
W1
10% Co/SCNFH900 F80 2hrs HDP 6.9 15.1 9.6 716 -
10% Co/SCNFH900 F80 2hrs 6.3 9.6 6.2 788 -
N2H4 HDP
10% Co/SCNFH900 F80 NS 4:1 29.0 12.8 7.4 787 -
HDP
10% Co/SCNFH900 F85 4HRS 34.8 275 141 566 @ -

HDP

Syngas flow rate= 10 mL/min

2.4 4

2.0

Olefin/paraffin ratio

N 10% Co/SCNFH900 F80 2hrs IWI
N 10% Co/SCNFH900 F80 2hrs HDP

N 10% Co/SCNFH900 F80 2hrs N2H4 HDP

N 10% Co/SCNFH900 F80 NS 4:1 HDP
BN 10% Co/SCNFH900 F85 4HRS HDP

3
Carbon number (n)

Figure 5. 11: Olefin to paraffin ratio of Co catalysts supported on carbon nanofibers.
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5.1.4 Fischer Tropsch synthesis: Comparison of linear and helical CNFs as

supports.

The Fischer-Tropsch synthesis was performed using CNFs with different
morphologies (straight and helical) supports and annealed at 500 and 900 °C. All the
CNFs were functionalized using 55% HNOj3 for 4 hours at 85 °C which is just above
the boiling point of HNO3

The four catalysts were code named:

1. 10% Co/SCNFH500: 10% cobalt supported on straight CNFs annealed at
500 °C.

2. 10% Co/SCNFH900: 10% cobalt supported on straight CNFs annealed at
900 °C.

3. 10% Co/CCNFH500: 10% cobalt supported on helical CNFs annealed at 500
°C.

4. 10% Co/CCNFH900: 10% cobalt supported on helical CNFs annealed at 900
°C.

5.1.4.1 TEM analysis of the catalysts.

TEM analysis (Figure 5.12 and 5.13) of the CNF supported Co catalysts showed that
the different CNFs were all capable of serving as supports for the metal nanoparticles.
Some authors have also noted that both helical and straight fibers can serve as
catalysts supports [14, 15]. The metal particle sizes on the different CNF supports
ranged from 4-10 nm. Average cobalt metal particles supported of CNFs annealed at
900 °C were observed to be bigger than the particles sizes of Co metal supported on
the CNFs annealed at 500 °C. Catalyst 10% Co/SCNFH500 had Co crystallite sizes of
7 nm compared to 10 nm for the catalyst system 10% Co/SCNFH900. The same was
observed for the helical CNFs with Co metal sizes on 10% Co/CCNFH900 and 10%
Co/CCNFH900 at an average of 4 nm and 7 nm respectively. This difference in

particle sizes arises because of the degree of functionalization on the fiber axis. The
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CNFs annealed at 500 °C had increased functional groups (deduced from IR
spectroscopy) and thus were able to disperse small Co nanoparticles better than the
fibers annealed at 900 °C. The helical CNFs were able to support the Co nanoparticles
without any further breakages which were observed during the annealing process.
The stability is also observed on the straight CNFs because these CNFs had no
defects that arise due to the helical morphology.

Figure 5.12: TEM images of Co supported on straight CNFs, (a) 10% Co/SCNFH500
and (b) 10% Co/SCNFH900

Figure 5. 13: TEM images of Co supported on helical CNFs, (a) 10% Co/CCNFH500
and (b) 10% Co/CCNFH900
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5.1.4.2 XRD studies.

Co (1) oxide phases were the dominant phases on all four catalysts systems (Figure
5.14). The Co precursor were fully oxidised and all the nitrate counter ions were
removed. The particles sizes calculated using the Scherrer equation (see Table 5.4)
were similar to the size distribution seen from the TEM images. The broad peak at
Bragg angle of 25° shows that the CNFs are not fully graphitized and some of the
CoO peaks overlap with the CNFs diffraction peaks (at 20= 43 and 50°).

* CoO
10% Co/CCNFH500
w‘“,‘, " r"_:,:" - Aﬁﬂm‘*
10% Co/CCNFH900

Intensity (cps)

10% Co/SCNFH500

10% Co/SCNFH900

. 1 . 1 . 1 . 1 . 1 .
20 30 40 50 60 70 80

20 ()

Figure 5. 14: XRD patterns of the catalysts using S/ICCNF supports
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Table 5. 4: Co metal loading and particle sizes of the catalysts.

Sample name Loading (%)  Actual Particle size (nm)
loading (%)?

TEM XRD
10% Co/SCNFH500 10 8.09 9 7
10% Co/SCNFH900 10 9.76 10 8
10% Co/CCNFH500 10 8.94 5 7
10% Co/CCNFH900 10 8.63 7 9

a- Analysis performed using ICP-OES.

XRD Co particles sizes (calculated by the Scherrer equation) and TEM images show

good correlation.
5.1.4.3 Reduction profiles of the catalysts.

H,-TPR analysis displayed a single major peak arising at temperatures ranging from
350-400 °C, and therefore indicating a single reduction step from the CoO to Co
(Figure 5.15) metal. XRD analysis also showed the CoO phase as the predominant

phase in the catalysts systems. The reduction reaction is: CoO — Co.

A second major negative peak is seen at temperatures above 700 °C arises from the

gasification reaction of the carbon support [6].
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Figure 5. 15: TPR profiles Co catalysts supported on the annealed straight and helical
CNFs

Table 5. 5: Reduction peaks of the catalysts.

Sample name First reduction peak (°C)
10% Co/SCNFH500 367
10% Co/SCNFH900 390
10% Co/CCNFH500 364
10% Co/CCNFH900 385
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5.1.4.4 Fischer-Tropsch reactor studies.

Catalytic evaluation of the systems was performed for a period of 120 hours. Pseudo-
steady state activity was observed after (~20 h) for all the catalysts (Figure 5.16 (a)
and (b)). The Co nanoparticles supported on CNFs annealed at 500 °C had +15 %
higher activity to CO conversion than the catalysts supports annealed at 900 °C. The
catalyst 10% Co/SCNFH500 and 10% Co/CCNFH500 had average percentage CO
conversions of 38 and 40% respectively. The conversions were lower for the catalyst
10% Co/SCNFH900 and 10% Co/CCNFH900 yielded approximately 30% CO
conversion. The results therefore show the different support morphologies, both
helical and straight, did not have any fundamental effect on the Co active sites during
the FT process, This was not unexpected because characterization by different
techniques of the annealed CNFs (spectroscopy, XRD and BET) gave results that
showed the fundamental properties of the CNFs were similar to each other. However,
a small effect is observed when the CNFs are annealed at different temperatures (i.e.
at 500 and 900 °C). This difference may be because the CNF annealed at 900
contained only sp® carbon, and the CNFs annealed at 500 had both sp® and sp®
hybridized carbon. The presence of sp® carbon serves as good metal anchors (because
they were easily functionalised) for the Co particles which then prevents metal
agglomeration during heat treatment (i.e. the reduction step) and during the FT
synthesis. The Co particles supported on the CNFs annealed at 500 °C remained
smaller that the Co particles supported on the CNFs during the FT process and thus
keeping high activity over 120 h.
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Figure 5. 16: Activity of the catalysts over 120 hours on stream (a)10%
Co/SCNFH500 and 10% Co/SCNFH500, (b) 10% Co/CCNFH500 and 10%
Co/CCNFH900
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From Figure 5.17 and Table 5.6, it can be seen that the catalytic selectivity of the four
catalysts showed high activity towards methane selectivity (> 15%). Xiong et al. [15,
16] also obtained high methane selectivity on the high activity cobalt catalysts
supported on carbon nanomaterials. This high activity of the catalysts towards
methane production is associated with the small metal particle sizes (i.e. by high H,
coverage on the small Co crystallites) because of the electronic effects associated
with the quantum effects associated with small nanoparticles [17, 18]. The Co on the
helical CNF supports showed higher methane selectivity than the Co on the straight
CNF supports (Table 6). The four catalysts also have approximately equal activity
towards gas phase products with that Co supported on the straight CNFs annealed at
500 °C giving a better C5+ selectivity than all the other catalysts. The straight CNFs
therefore had better selectivity than their helical counterparts. This could relate to the
observation that the straight CNFs were robust and did not break into smaller pieces
during the annealing and functionalization process and thus their structure and pore

structure was less compromised during annealing.
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Figure 5. 17: Average activities and selectivities of the FT catalysts
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Table 5. 6: Catalytic performance of Co supported on the straight an helical CNFs

Catalyst % CO Product selectivity (mol %)

conversion
C1 C2-C4 C5+ CO,

10% Co/SCNFH500 39.8 18.0 9.1 72.0 -
10% Co/SCNFH900 34.8 27.4 141  56.6 -
10% Co/CCNFH500 38.2 27.5 18.7 513 -
10% Co/CCNFH900 29.2 29.7 165 521 -

Syngas flow rate= 10 mL/min

5.1.4.5 Concluding remarks

CNFs were used as catalysts supports for Fischer-Tropsch synthesis. CNFs (both
straight and helical) annealed at 500 and 900 °C were chosen as the preferred supports
because of their high surface area and better thermal stability. The CNF, although not
highly graphitized, showed that they still required harsh functionalisation procedures.
CNFs functionalised at moderate conditions led to poor dispersion of the Co metal on
the support. The Co supported on both the helical and straight CNFs (after optimised
functionlaisation) showed high CO conversion activity. The catalysts also displayed

high activity to methane production because of the small cobalt particle sizes.
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Chapter 6: General conclussions and

reccomendations

6.1 Conclusions

The aim of the study was to synthesize carbon nanofibers using copper nanoparticles
and then use the carbon as catalyst supports for the Fischer-Tropsch process. Using
characterization techniques such as TGA, TPR, TEM, XRD, FTIR and Raman

spectroscopy etc. the following conclusions are drawn from these studies:

Control of the copper oxide particle sizes to be used as catalysts for producing CNFs
was studied, Surface area studies using nitrous oxide chemisorption of the reduced
Cu nanoparticles remains high showed that the CuO did not sinter during reduction.

Carbon nanofibers grown on the Cu catalysts resulted in two morphologies, helical
and straight CNFs were grown on the small supported copper Cu and the large Cu
catalysts respectively. The CNF yield from these catalysts was up to 60% acetylene
conversion. All the as synthesized CNFs are amorphous with a characteristic brown

color.

Annealing of the CNFs at 500, 900 and 1400 °C increased the thermal stability and
structural robustness of the carbon. The annealing of CNFs did not convert them to
highly graphitized carbon because of topological defects present in the CNFs and
possibly because the annealing temperatures were not high enough. Annealing also
improved the CNF surface area generating carbon with a mesoporous nature after

heat treatment.

The CNFs were purified to remove Cu particles and functionalized using nitric acid,
however the CNFs, although not highly graphitic, still needed harsh functionalization
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conditions to improve the surface activity (interaction) and surface area of the

materials for application as catalyst supports.

The properly functionalized carbon nanofibers (both helical and straight CNFs) were
used as catalyst supports and displayed good Co loading and dispersion on the CNFs

surface.

Comparison of Fischer Tropsch activity of Co supported on CNFs annealed at 500
and 900 °C showed that Co supported on CNFs annealed at 500 °C showed better CO

conversion than the Co supported on CNFs annealed at 900 °C.

The activity and selectivity of Co supported on the straight and helical CNFs did not
show any significant difference due to support effects associated with the different

CNF morphologies. All these catalysts displayed high methane selectivity.

6.2 Recommendations

The helical carbon nanofibers broke during higher temperature annealing of > 900 °C
at atmospheric pressure, thus it is suggested that annealing of the CCNFs under

vacuum can be employed to avoid the breaking of the helical carbon nanofibers.

Annealing of the polymeric carbon nanofibers will require very high annealing
temperatures (possibly >1500 °C) to generate highly graphitic carbon nanofibers,
especially the straight carbon nanofibers which did not break under high temperature

treatment.

The application of the annealed CNFs still require greater understanding on the
functionalization and pretreatment processes since it has been observed that the

supported cobalt nanoparticles were highly selective to methane.
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