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ABSTRACT

The aim of this study was to synthesize helicabearnanofibers with controlled diameter by
using copper nanoparticles contained inside holawbon sphere. In this work, different
methods have been explored to synthesize coppepasditles contained inside mesoporous
hollow carbon spheres in order to minimize the esing effect of the copper nanoparticles.
Mesoporous hollow carbon spheres were used notamdy support for the copper nanoparticles
but to stabilize and disperse these nanopartiateprevent the formation of aggregates.
Mesoporous hollow carbon spheres were synthesigied) @ hard templating method, in which
mesoporous silica spheres or polystyrene spheres wsed as a sacrificial template. Carbon
nanofibers with different morphologies, includingagght and helical fibers were obtained by a
chemical vapor deposition method where acetylere dewomposed over copper nanoparticles
contained inside mesoporous hollow carbon sphatdyst at 350 °C. The synthesized carbon
nanofibers were grown on the surface of the mesysohollow carbon spheres as the methods
used to synthesize the catalyst failed to incorgopper nanoparticles inside the spheres.
Differences in the diameter of the straight andchaélcarbon nanofibers were observed from
both catalysts. This supports the important eftégtarticle size on influencing the shape of the
synthesized carbon nanofibers.
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Chapter 1. Research question and hypothesis

1.1 Introduction

Carbon can exist in many allotropic forms; the dsitg in the morphology of carbon materials
provides the flexibility to alter the properties adrbon [1] Carbon can form various allotropes
due to its variable valency [2]. Some of these earhllotropes include diamond, graphite,
carbon fibers, fullerenes, carbon nanotubes (CNeIs) Over the past few decades’ carbon
nanofibers (CNFs) were considered as by-productsatdlytic reactions, hence many studies
focused on finding ways to eliminate their formati@, 4]. Researchers showed enthusiasm to
make carbon nanofibers after carbon nanotubes ngpated by lijima in 1991 and since then a
great deal of research has been conducted on [Berb]. This attention was led by the
magnificent properties of the CNFs which are simiia those of CNTs. CNFs have high
mechanical strength, chemical purity, high surfasea, high pore volume, high electric
conductivity, and chemical inertness [6, 7]. Thasethe properties that make CNFs suitable for
use as a catalyst support and for use in nanomecthaevices, composite materials, in selective

adsorption, and in hydrogen storage [7].

Carbon nanofibers are defined as fibrous carboremadd containing more than 90 % of carbon
[8]. They are formed by graphene sheets that stpok each other which results in both hollow
and solid structures [1]. CNFs vary in length fram to micrometer sizes and range from being
amorphous to being highly crystalline [1]. The tmost common types of CNFs are the fishbone
and the parallel typ@=igure 1.1) [2]. The fishbone type consists ofpdite planes oriented at an
angle to the central axis leaving the graphite esitgs exposed, while the parallel type consists
of graphite planes oriented parallel to the cergrad [2]. Another type of carbon nanofiber is the
helical CNF (HCNF). The unique properties of HCNieeh as high chemical stability, surface
area, elasticity, mechanical strength and goodnthkiand electrical conductivity have led to

wide study of these materials [2]. Vapor growth t@dlical carbon nanomaterials was first




reported by Daviset al. in 1953 [1]. Figure 1.2 shows different types ofli¢ced carbon
nanofibers. In the early studies, the synthesisl©fs through vapor phase growth was poorly
repeatable [9]. After this, extensive researchhensynthesis of helical carbon fibers (HCFs) was
done by Motojimaet al. [10-13]. They reported the synthesis of HCHagigatalytic pyrolysis

of acetylene with a small amount of sulfur or pHaspis impurity over Ni nanoparticles [10-13].
This method was found to produce micro-coiled sbar high yield and the method to give
HCFs was highly reproducible [10-13]. HCNFs canchessed as a single helix, double helix,
triple helix, braid, spiral, coil and spring shapeased on the nature of the helical material [1].
The type and the amount of CNFs formed dependshenvariation of variables such as
temperature, type of carbon precursor, the parside of catalyst, gas environment and the type

of catalyst [1, 2].

C

Figure: 1.1: Schematic representations of the CNFs: (A) plgték) fishbone and (C) parallel

2].




_ﬁ, ﬂ.l‘

Figure 1.2: TEM images for different types of helical carb@anomaterials [1].

S~

Different methods such as chemical vapor depositf@vD), arc discharge and laser

vaporization have been used to make HCNFs [2].discharge and laser vaporization methods
use a high temperature (> 2000 °C) hence the caabmms are highly mobile resulting to a

perfect hexagonal graphite and the formation ohight carbon fibers [2]. For large scale

preparation, the CVD process has been noted astisé efficient method for the synthesis of

HCNFs[2, 14]. In this process hydrocarbons are decontposer transition metal nanoparticles

such as Cu, Ni, Co and Fe [2]. CVD provides easyrob of the experimental parameters; it is
cheap and provides a highly reproducible methotidha give a high yield of HCNFs compared

to other methods [2].

There are two theories as to how the shape ofaheah CNF is formegd(i) unequal extrusion of

carbon from a catalyst surface giving rise to thevature and (ii) by the shape of catalyst
particles under the influence of van der Waals der¢hat exist between the fiber and
surroundings [1]. The type of metal nanoparticlegdito grow CNFs determines the size,
morphology, and yield of the obtained CNFs hence $hinthesis of CNFs with controlled

morphology is a challenge [6]. It has been repotted one of the most important parameters




that affect the morphology and growth of CNFs ie #ize of the catalyst particle. The same
applies to HCNFs.

During the past two decades, many researchers usack copper nanoparticles to make carbon
nanofibers [15]. CNFs can be grown catalyticallydecomposition of a carbon precursor over
metal nanoparticles like Ni, Fe, or Co [5, 16]. @ep nanoparticles have a high surface-to-
volume ratio but they are very sensitive to air][IGxidation of copper nanoparticles can be
prevented by coating their surface with organioom-organic protective shells like carbon and
silica [15]. These capping agents not only pregemtace oxidation of the nanoparticles but also
help stabilize the size of these particles [17}f&uants such as oleylamine and oleic acid have
been used as a mixture to prevent surface oxidatimhagglomeration of numerous types of

nanopatrticles [18].

Noble metal nanoparticles relative to bulk metasehhigher catalytic activity due to the larger
fraction of the atoms available for the catalytioogess[19, 2(Q. However, noble metal
nanoparticles can form aggregates which resultsarbss of catalytic activity as the number of
active surface sites decredd®, 2Q. Hollow carbon spheres (HCSs) could act as support
these nanoparticles to stabilize and disperse tlerd, help prevent the nanoparticles from
forming aggregategl9, 2Q. Intrinsic properties of HCSs include; structuggge void space,
excellent reactivity, porous shell, low density andontrollable surface [21]. Previous studies by
Bhowareet al, Shaikjeeet al.and Liet al. have raised a number of questions such as: is ¢here
way that can be used to specifically synthesize £INith one morphology [22, 23, 5]? In these
studies it has been noted that the effect of gafHgN catalyst particle size, and metal support
used during the synthesis of CNFs plays an impbrtale in determining the morphology of
CNFs [22, 23]. This study focuses on finding a waygontrol copper particle size and eliminate
formation of aggregation using mHCSs and to symtkeSNFs with helical morphology using
Cu@mHCSs catalyst.




1.2 Motivation for the study

Supports such as carbon, Si@l,03, TiO,, CaO, and MgO have been used as metal supports to
enhance the catalytic activity of a catalyst ay fwe@vide good dispersion of the catalyst [5, 22,
23]. Previously helical CNFs have been synthesizgidg copper nanoparticles supported on
mesoporous silica [5, 22]. The problem that wasoantered in the previous studies was that
copper nanoparticles aggregate at the HCNF formagmperature which resulted in a loss of
catalytic activity as the number of active sitesrdased [5, 22]. As there was no control of the
size of copper nanoparticles both straight andchelCNFs with different diameters were

observed.

1.3 Aim and objectives

The purpose of this study was to synthesize hetiagbon nanofibers with controlled diameter

by using hollow carbon sphere coated copper natiojes:

The objectives of this study were:

To synthesize (i) mesoporous silica spheres usimgodified Stober method and (i)

polystyrene spheres (PSSSs).

To load copper nanoparticles onto these supports.

To deposit a carbon layer around the Cu/mSé@d Cu/polystyrene composite using
CVD and resorcinol-formaldehyde (RF) methods retpely.

To remove the template using chemical etching Wai®H/ or hydrofluoric acid (mSi©
template) or CVD (PSSs template).

To synthesize copper nanoparticles inside the mHCSs




To control the growth of HCNFs using different ceppanoparticles sizes.

To ascertain the physical and chemical characiesist the products by characterizing

them through techniques such as TEM, TGA, PXRD, BE@ Raman spectroscopy.

1.4 Research questions

Can porous hollow carbon spheres containing copgeoparticles prevent sintering
of the copper nanopatrticles?

How does the size of the metal nanoparticle atfeeisize of the carbon nanofibers?
Will carbon nanofibers grow on metal nanopartigésced both inside and outside a

hollow carbon layer?

1.5 Outline of dissertation

Chapter 1: Gives a short review of CNFs and thesaind objectives of the study.

Chapter 2: Gives a literature review on copper paritcles and the mechanism of the formation

CNFs using copper as a catalyst.

Chapter 3: Gives the experimental procedures faoth®gizing copper nanoparticles inside

mesoporous hollow carbon spheres (Cu@mHCSS).

Chapter 4: Reports the results on the synthesicopiper nanoparticles contained inside

mesoporous hollow carbon spheres.




Chapter 5: Reports the results on the synthesidetital carbon nanofibers using copper
nanoparticles contained inside mesoporous holloworaspheres.
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Chapter 2: Literature review

2.1 Synthesis of carbon materials using copper nanopacles as a catalyst

2.1.1 Application of copper nanoparticles

The unigue properties of metallic copper nanoplagisuch as their electrical, physical, chemical
and optical properties have led to their use indewange of applications in different industries
[1]. These applications include nanotechnologyctebeatalysis, and photo-catalysis. Copper
and copper-based nanoparticles are based on thle aaundant and cheap copper metal.
Copper’s range of accessible oxidation states esablto be used in many different reactions.
Copper nanoparticles have been used as an alterniatexpensive noble metals such as silver
(Ag) and gold (Au) in many conventional commerahEemical processes [2]. However, it is to
be noted that the synthesis of copper nanopartisleifficult due to surface oxidation of this
metal [2, 3]. Many researchers have found ways revgnt surface oxidation of copper
nanopatrticles [4, 5, 6, 7]. Copper nanoparticles attractive because there are multiple easy
ways of preparing them. Copper nanoparticles ekhptoperties which are different to bulk
copper. This can be attributed to the surface/loatio of copper atoms which varies with the
size of a copper patrticle [2]. The shape of smafiper particles can also influence the properties

of copper nanopatrticles.

Biological properties of copper nanoparticles asdcompounds have led to these nanopatrticles
being used as antibacterials, antivirals and asfdigants for waste water containing infectious
microorganisms [1, 8]. Copper nanopatrticles havmdoa lot of applications in nanotechnology
applications [3]. However, this area is dominatgdHhz use of Ag and Au as they usually exhibit
superior properties [3]. Due to the remarkable agbtproperties of copper, it has been found to

have a local surface plasmon resonance (LSPREiriiible region. This effect could be used to




tune chemical reactions occurring on the surfacepper nanopatrticles [2, 9, 10]. Copper-based
nanoparticles have been used in heterogeneouysiatalich as the Water Gas Shift reaction
which produces KHand carbon dioxide gas from water vapor and carbonoxide [2, 3, 11].
Amongst other applications, copper nanoparticleethzeen used as a catalyst in many organic
reactions such as in azide-alkyne cycloadditioryptiog reactions, reduction reactions and
oxidation reactions [2, 12]. Also, copper nanogdes have been used as a catalyst promoter in

catalytic reactions such as Fischer-Tropsch symsljig3, 14].

2.1.2 Synthesis of carbon nanofibers using copper nanoptcles

The size and shape of copper nanoparticles carofiteotied by the type of synthesis method
used [15]. Copper nanoparticles can be synthedizemligh different techniques that either
utilize a “bottom-up” approach in which atomic puesors are used to synthesize materials in the
nano-range or a “top-down” approach in which a mdkd is broken down into progressively
smaller components [16]. The bottom-up approachdfi@n been used due to the flexibility of
the method for controlling the shape and size ef ibsulting nanoparticles [16]. The most
important synthetic techniques are chemical methigdschemical reduction, electrochemistry,

photochemical reduction and thermal decompositiéj. [

2.1.2.1 Unsupported copper nanoparticles

Most studies to make carbon materials using aysithhve focused on the effect of the catalyst
metal particle size and shape on the diameter &F<Cahd the morphology of CNF produced. In
one paper it has been reported that copper partigith small size (< 100 nm) form helical
carbon nanofibers (HCNFs) whereas large partickesl§@0 nm) form straight CNFs [17].
However, other studies have shown different resdltse size of the metal particle might
contribute to the morphology of the fiber formed the morphology of the metal particle has to
be considered, given that the particles of the ssimecan either form helical or straight fibers

[18]. Agglomeration of the metal nanoparticles afdays a role in the formation of straight
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CNFs. Before copper nanoparticles are used to rakson materials in a CVD process they
usually have an irregular shape. However, once dhtalyst is activated these nanoparticles
change to be more regular in appearance. This wamistrated by Qinteal. [17] in their
synthesis of HCNFs with a symmetric growth modengstopper nanoparticles as a catalyst
(Figure 2.1).

TR 2
?06 @
o E

Figure 2.1: TEM images of (a) irregular shaped copper nanapestand (b) CNFs synthesized

50—nm —

from regular shaped copper nanoparticles (scale &0 nm) [17].

Zhanget al.[19] studied the effects of nano-copper catalyst sizkraaction temperature on the
morphology of CNFs. They reported that the shapeatdlyst particle has limited influence on
the morphology of CNFs. According to the authorgphology of CNFs is related to the size of
catalyst particles. They synthesized three diffecatalysts (A: 30-60 nm, B: > 120 nm and C:
60-110 nm) in which catalyst formed helical, sthdignd both CNFs respectively (Figure 2.2).
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Figure 2.2: TEM images of (a) HCNFs, (b) straight CNFs and qicaight and helical CNFs

synthesized by copper nanopatrticles [19].

2.1.2.2 Supported copper nanoparticles

Stober spheres have been used as a support fagraogmoparticles as they improve the catalytic
activity of these nanoparticles through metal-suppuderactiond20]. The synthesis of CNFs

has never yielded 100% pure materials. And mangiesuhave shown that CNFs are formed
with diverse morphologies (looped, single helixaght or double helix). This has led to a study
of the effects of the catalyst composition, carlpsacursor, impurity elements, pre-treatment
conditions and temperature on the formation ofdes[P1, 22]. Shaikjeet al. [21] reported the

synthesis of carbon nanostructures over supportggper nanoparticles catalysts at low
temperatures. They used different metal oxide sdpporhe authors reported that the
morphology of CNFs depended on the type of catadygiport, copper precursor, and solvent

used when preparing the catalyst.

Bhowareet al.[20] studied the physical and chemical propemie€NFs produced using copper
nanoparticles. They used three different coppepasupd materials namely: (i) silica coated
copper nanoparticles (Cu@S)Q (i) copper supported on silica spheres (Cugpi@nd (iii)
copper nanoparticles. CNFs were produced by passinixture of acetyleneddr acetylene/

over various copper catalysts at 300 °C for an hBrom the TEM images, it was shown that
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over the three copper catalysts only Cu/Si@med predominantly helical CNFs whereas the
other two catalysts formed predominantly straighers (Figure 2.3). To account for Cu/SiO
forming helical CNFs they concluded that the sifze@pper nanoparticles on this support is
smaller than the size of copper on the other twapstts. When the hydrogen gas was replaced
by nitrogen it was observed from the TEM images tmdy straight fibers were formed (Figure
2.4). Also, the yield of carbon was reduced whempgared to the yield obtained when using

hydrogen gas.

Figure 2.3: TEM images of CNFs grown using (a) copper nanopas, (b) Cu@Si@and (c)
Cu/mSiQ under acetylene/H20].

Figure 2.4: TEM images of CNFs grown using (a) copper nanagas;, (b) Cu@Si®and (c)
Cu/mSiQ under acetylene/N20].
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Li et al.[23] synthesized CNFs using Cu@s$giinder acetylene at 340 °C. They reported that
during CVD, copper nanoparticles with high catalydctivity migrated out of the silica coating
and catalyzed the growth of CNFs. They reported ttiea thick silica coating prevented copper
nanoparticles from catalyzing the growth of CNFg(Fe 2.5 c); hence copper nanoparticles
would have to migrate out of silica in order to\grGNFs. After decomposition of acetylene, the
copper nanoparticles moved out of the silica cgaéis indicated by the arrows shown in Figure
2.6 (a). The morphology of these carbon nanofilaes reported to be helical.

Figure 2.5: SEM images of (a) copper nanoparticles, (b) Cu@%i@ HRTEM image of
Cu@sSiQ [23].
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Figure 2.6: HRTEM images of CNFs synthesized using Cu@$8#ialyst [23].

The effect of particle morphology and carbon fiseucture was further studied by Shaikpte

al. [18]. The authors used TEM tomography to correfagemorphology of the carbon fiber with
the copper catalyst morphology. CNFs were syntkesiza catalytic decomposition of acetylene
over Cu/TiQ for an hour at 250 °C. From 2-D TEM images it vaéiserved that both straight
and helical carbon fibers were obtained from timailar shaped (rhombohedral) copper particle
(Figure 2.7 (a) and Figure 2.8 (a)). This wouldgesj that there is no relationship between the

morphology or size of the catalyst and the morpgyplof the carbon fiber.

They went on to do 3-D TEM tilting experiments bie tatalyst particles. After doing a series of
tilting experiments on the copper particles astediavith the growth of a straight fiber, they
obtained the TEM images shown in figure 2.7 (bIdfe copper particle was found to be trigonal
bipyramidal in shape. A copper particle associatéd a HCNF was also studied using tilting
procedures and its TEM images are shown in figue(2-g). The shape of the copper particle
was found to be pentagonal bipyramid. The authongladed that the difference in the shape of
the particle leads to the formation of either gfinhior helical fibers. HCFs are formed from the
five facets which were assumed to be unequal iivigGtwhereas straight fibers grow from a

pyramidal particle with three equal facets on tipéanes.
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Figure 2.7: TEM images of straight CFs grown from Cu/}iO(a) Straight CFs with
symmetrical growth mode; (b-g) TEM images of copparticle tilted at different angles and

related computer simulated images; and (h) simdlpseticle shape (trigonal bi-pyramidflg].

Figure 2.8: TEM images of HCFs grown from Cu/TiO(a) HCFs with symmetrical growth
mode; (b-g) TEM images of copper particle tilted different angles and related computer

simulated images; and (h) simulated particle siidistorted decahedron) [18].
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2.1.3 Synthesis of graphene using copper as catalyst

Graphene can be defined as a single atomic layeradion atoms arranged in a hexagonal
network [24]. Graphene is an attractive materiadose of its unique high carrier mobility and
band structure. The unique electronic, optical,ndbal and mechanical properties of graphene
have been investigated for potential applicatianglectronics, optoelectronics, and composites
[25]. In 1991 graphite was accidentally observedhea synthesis of diamond by CVD [26].
Graphene was first observed on Ni surfaces that vexposed to carbon sources such as
hydrocarbons [26]. On the other hand, graphene alss observed at the same time on single
crystal Pt substrates in catalysis experiments. [R6]this stage, it was deduced that graphene
formation was due to diffusion and segregationasbon impurities from the bulk to the surface

during the annealing and cooling stages [26].

Graphene can be grown using different methods sscimechanical exfoliation of graphite,
sublimation of epitaxial SIC and catalyst assistieeémical vapor deposition [24-28]. Mechanical
exfoliation of graphite gives high-quality grapheindow yield; this method is not scalable to
high-volume manufacturing [24-28]. Sublimation gfitexial SiC is scalable but it requires a
high temperature (> 1500°C) and the SiC subststxpensive [24-29]. The CVD method has
been used as an alternative to synthesizing grapberransition metals in high yield although
this method compromises the quality (carrier mogilof the graphene product [24]. The CVD
method allows for optimization of the growth progeghich can allow for improvement of the
quality of graphene [24] and it allows for explooat of different transition metals as catalysts
[27].

CVD has been considered the most promising appreacbngst all other methods to make
graphene, as it is inexpensive and produces large-graphene [30]. Synthesis of graphene
using CVD over Ni and Cu substrates was first reggbin 2008 and 2009, and since then a lot of
research using different transition metals (e.g. €e) has been conducted [24, 30]. The
synthesis of graphene using the CVD method invold@somposition of a carbon precursor at
high temperatures (900-1100 °C) in the presenceethl thin film/foils [27]. Fe, Ni and Co

have been used to synthesize multi-layer graphahede of these catalysts has indicated a lack
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of control over the number of layers which can tiglated to the formation of a metal carbide

due to the high solubility of carbon on these titams metals (> 0.1 atomic %) at high

temperatures when compared to copper (< 0.001 atéthi[24, 26, 31]. These metals have a
small grain size which makes it hard to synthe&izge-area graphene whereas annealing of
copper can lead to very large grains [32]. Différerechanisms have been proposed for the
growth of graphene over Ni and Cu (Figure 2.9) [EXpper films/foils are used as they are not
expensive and can be easily etched away from taphgne so that transfer on to a desired

substrate can easily be achieved [26].

Figure 2.9: Schematic representation illustrating the diffeeenn mechanism of graphene

growth on Ni and Cu substrates [30].

Liu et al. [24] synthesized high-quality monolayer and bilageaphene on copper using CVD.
They investigated the mechanism determining thevtir@f graphene. The authors came up with
a scheme (Figure 2.10) in which they describedntieehanism of graphene growth by low-
pressure CVD. Initially, hydrocarbon molecules atesorbed and de-absorbed on the copper

surface; after absorption, decomposition of therbgdrbon on the surface occur leading to the

( 1
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formation of carbon atoms. The carbon atoms them faggregates on the copper surface in
order to form graphene nucleation centers. Thishswn in the top part of Figure 2.10. The
carbon atoms then diffuse and attach to nucleatesriers to form graphene film (Figure 2.10
(2)). The authors concluded that the purity of ¢bpper film is vital for the controlled synthesis

of monolayer or bilayer graphene.

Figure 2.10: Schematic representation of graphene growth mésmmamising low-pressure

conditions [24].

Losurdoet al. [31] studied the role of hydrogen in the CVD grapé growth kinetics of Ni and
Cu using CH-H, precursors. Prior to this study, only carbon siilybhad been reported as a
factor contributing to the mechanism of grapheramgn on these two transition metals. Their
findings were that molecular and atomic hydrogeadilg diffused into copper while it
recombined on the surface of Ni. Hydrogen diffus@mn copper slowed down the deposition
kinetics of graphene on copper resulting in bloekafsites on the copper surface which led to
the formation of a graphene monolayer. Hydrogeffiasercombination helped to keep the sites
on the Ni surface free for GHx = 1-4) dehydrogenation leading to diffusion of @arlwhich

formed multilayer graphene.
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Regmiet al. [29] studied the effect of the growth parameterstiom graphene synthesized by
CVD on copper. They varied the temperature from &)A000 °C at a fixed pressure (500
mTorr) to study the temperature dependence on tiosvtly of graphene. Using Raman
spectroscopy (Figure 2.11) they determined thagnaphene was formed at temperatures below
850 °C. The authors managed to grow single laya@plggne at temperatures greater than 900 °C

whereas at 850 °C the graphene formed was highéctiee suggesting multi-layer graphene.

Figure 2.11: (a) Raman spectroscopy of graphene growth as etidtnof temperature. (b)
Average values ofpllg and L/lop from four different measurements. (c) Average valagline
widths of G and 2D graphene peaks from four difiermeasurements. (d-f) SEM images of

graphene on Cu grew in 30 min [29].

2.1.4 Synthesis of CNTs using copper nanoparticles

Carbon nanotubes (CNTs) are defined as cylindérigaphene sheets rolled up to form single
walled, double walled and multi-walled entities wdees graphene sheets in CNFs stack up on
each other forming solid and hollow carbon struesufFigure 2.12) [33]. CNTs and CNFs can
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either take on a straight or helical morphology.sistudies on copper have been based on the
synthesis of single walled carbon nanotubes (SWQIBHBs 35, 36] and fewer reports have been

reported for the synthesis of multi walled carbanatubes (MWCNTS) [37].

Figure 2.12: Formation of CNTs and CNFs from graphene sheetis different morphologies
[33].

Zhu et al. [38] reported the synthesis of bambke CNTs grown on a copper foil by CVD. The
authors studied the reaction in the temperaturgeréetween 600 and 1000 °C and observed that
when the temperature was lower than 600 °C theme we CNTs formed. The CNTs started
growing when the temperature was above 600 °Qu(Eig.13) and their yield increased with
temperature. It was suggested that at higher teatyrer (> 600 °C) the yield of CNTs might
have increased as a result of increased dissolofiararbon inside the catalyst, the enhanced
diffusion rate of the dissolved carbon across #algst particles and the rate of the growth of

CNTs as well as the increased number of coppeicfesion the CNTSs.
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Figure 2.13: TEM images of CNTs prepared for 30 min at (a) 7®),800, and (c) 1000 °C
[38].

Previously copper has been considered as a poalysiafor the synthesis of single walled
carbon nanotubes (SWCNTSs) [34, 39] but studies Bawvavn that copper can even be better than
Fe for the synthesis of SWCNTs [34]. The Fe cataysunfavorable for the synthesis of
SWCNTSs because Fe has higher catalytic activitytferdissociation of alkanes when compared

to copper [34].

Zhou et al. [35] prepared SWCNTs on the surfaces of silicorievgaand silica microspheres
using a copper catalyzed CVD method. The authcausd copper had a very high catalytic
activity for the growth of both random SWCNT andribontally alligned SWCNT arrays
(Figure 2.14). The presence of high-quality hortatip alligned SWCNT arrays was explained
as a result of the weak interaction between coppdrand silica surafce. Takagial.[36] also
demonstrated that copper is an efficient catakyste synthesis of SWCNTSs, since it was well
established that metals such as Fe, Co, and Ng@nhigh yields of SWCNTs via the CVD
method. The authors showed that any metal (Ag,ACuetc.) particle with size of 1-3 nm may
produce SWCNTSs in the CVD procedure (Figure 2.15).
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Figure 2.14: SEM images of (a) random networks of SWCNTs grdvam the surface of
silicon wafer with copper catalyst, (b) SWCNTs groftom the surface of silica microspheres
with copper catalyst [35].

Figure 2.15: TEM and SEM (inserts) images of SWCNTs grown ugiifferent metals as
catalyst [36].

The synthesis of bamboo-like structures dominatechtorphology of the MWCNTs grown over
a Cu/AbOs catalyst by CVD using ethanol as carbon precuaséemperatures between 700 and
850 °C was reported by Xu al.[37]. The percentage yield of the bamboo-like MWIGNvas
reported to increase up to 800 °C (40, 85 and 9ard)decreased at 850 °C (90 %). It was noted
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that the reaction temperature plays a key roldnenformation of the bamboo-like morphology
(Figure 2.16).

Figure 2.16: TEM images of bamboo-like MWCNTs grown at (a) 7($), 750, (c) 800, and (d)
850 °C [37].

2.2 Proposed theories of HCNF growth on a nano-metaktalyst

It has been proposed that the growth of CNFs oasiis result of adsorption and dissociation of
a carbon precursor on the surface of a catalysicfgand dissolution of carbon into the catalyst
particle to form a liquid metastable carbide [38, 41]. This latter step is regarded as the rate
determining step [33, 42]. Once the catalyst plartltas become saturated with carbon, the
carbon will crystallize out of the metal particledabe extruded to form a carbon nanofiber [33,
41]. The unequal extrusion of carbon from a catadysface, could give rise to the helical nature
of the carbon nanofibers (figure 2.17) [33]. Thisahanism is known as the vapor-liquid-solid

(VLS) method and it was first proposed by Wagnealef33, 43-45] for the synthesis of silicon
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whiskers. In the early 1970s Baketr al. [40] proposed this mechanism can be used to explai
the mechanism of filamentous carbon nanomaterias/t9. This proposal was based on both
kinetic data and observations using controlled-afvhere electron microscopy (CAEM). To
support the proposal that diffusion of carbon tigtouthe catalyst particle was the rate
determining step the authors recorded the activaéinergies for the growth of CNFs and
compared them to existing activation energies fiuslon of carbon through metals (Fe, Co);

data were in agreement.

Figure 2.17: (a) Straight fiber formation from the equal extamsof carbon, (b) Helical fibers

formation from unequal extrusion [33].

Baker proposed that the driving force for carbdifudion through the metal is the temperature
gradient created in the particle due to exothernécomposition of the hydrocarbon and
endothermic deposition of carbon [44]. It was notkdt this hypothesis did not explain the
growth when the dissociation of the carbon preaurscendothermic [40]. Another possible
driving force for carbon diffusion through the metsas proposed by Tibbetet al.[46]. In this

model, they assumed that molecular decompositi@hcanbon solution occur at one side of a

catalytic particle, which becomes supersaturatée. driving force was found to be the gradient
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in chemical potential which causes the carbonffogk through the particle. This hypothesis can
only account for the growth when the particle idtetebut not when it remained solid. Baletr

al. [47] also reported that a filament growth mechanisnalso affected by the interaction
between the metal catalyst particle and the suppedium. A schematic representation of a
growth mechanism of the filaments was developedctmunt for the growth mechanism of the
filamentous carbon (Figure 2.18 a). The growth enotla carbon filament is also affected by
the interaction of metal support and metal catgbgsticle. Depending on how strong or weak
the interaction between the metal and the supppthé growth mode can either be at the tip or

base of the filament (Figure 2.18 b).

(@)
(b)

Figure 2.18:(a) Proposed mechanism of a carbon filament granth(b) Influence of the metal

support interaction on the growth mode of filamestoarbon [47].

The VLS mechanism assumes the formation of a noatddide phase during the CNF/CNT
growth [40]. Using XRD and TEM some researcher®riga the formation of iron carbide after
growth which has also been disputed by most reseesd40]. For example, Oberlet al. [48]
identified iron carbide as the phase of the filatrgrowth. However, Tibbettst al. [49] studied
the decomposition of methane on a Fe catalyst.rTthedel assumed that iron which is in an
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austenite (Fe-C solid solution) phase becomes safpeated with carbon atoms and the flux is
primarily driven by the concentration gradient. iFrergument was that iron carbide does not
catalyze the growth of carbon nanofilament and thath carbide particles are formed upon
cooling of the supersaturated austenite partifiakeret al.[50] used many in-situ techniques to
show that carbon filaments do not grow on iron chrbvhen iron carbide was reacted with
acetylene. Their CAEM studies showed that the rarbide catalyst is not active during the
formation of the carbon filaments. This was in agnent with data from Mossbauer
spectroscopy which showed that the iron carbideeoimation increased as the catalytic activity

decreased.

Kawaguchiet al. [51] proposed a quasi-VLS mechanism for the groefttHCFs using a Ni
compound seed. This mechanism involves the suddfiesion of the carbon atoms on the Ni
compound seed. In the reaction temperature rang@®@BO0 °C in which the CNFs grow, Ni-C
does not form a liquid phase. The authors assutmadthe surface of a Ni compound seed
should be in a liquid-like state for the carbonnagato diffuse rapidly on the surface of the seed
and maintain the rapid growth of the CNFs. The dinpound seed was formed by reacting a Ni
particle with acetylene and impurity gas,8).. It was observed that the exclusive growing poin
is on the Ni compound seed located at the tip oFHThe different crystal planes might have
different catalytic abilities for the growth of th#CFs as they observed that the opposite planes
(X-X, Y-Y) in the Ni compound seed are identicaystallographically, whereas adjacent planes
(X-Y) are not identical (Fig. 2.19 a).
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Figure 2.19: (a) Ni compound seed (single crystal) on the tipaoHCNF and (b) growth
mechanism of HCNF [51].

Tessonnieret al. [40] proposed the most plausible mechanism forgrewvth of filamentous

carbon nanomaterials using a vapor-solid-solid (W@8chanism which did not consider bulk
diffusion of carbon in the catalyst particle (F&y20). This mechanism involves the dissociation
of the carbon precursor, followed by the surfaciusion of carbon atoms on the catalyst

particle, and carbon precipitation in the form afamotube growth.
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Figure 2.20: Shows the schematic representation of VLS (adnc) VSS (a,d,e) mechanism
[40].

The VLS mechanism can only be used to accounti®rgtowth of CNFs at high temperatures
(> 900 °C). Recently researchers have shown th&sCGd CNTs can be grown at temperatures
below 300 and 600 °C respectively. At this stagerd is no metal-C eutectic, assuming that the
catalyst is still a solid as opposed to the VLS namism [52]. It is now clear that VLS can
hardly be applied in the explanation of the groetfCNFs at lower temperatures. It is known
that carbon has a low solubility (< 0.001 atomic i%)opper even at high temperatures [53],

hence carbon dissociation and diffusion into a eogarticle do not occur.

Jianet al [54] studied the growth mechanism of HCNFs grdvam copper nanoparticles at

271 °C. Using density functional calculations (DRfAgy studied the chemisorption of acetylene
on the crystal planes of Cu (100), (110), and (XFigure 2.21). The Cu (110) plane was found
to have the highest surface energy among the 3ndex planes. It was concluded that acetylene
is less likely to adsorb on this plane, as the paritcles tend to agglomerate and form ellipsoids

which do favor formation of HCNFs. The authors megd a coordination polymerization
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mechanism (Figure 2.22). Initially acetylene is aatbed on the copper surface through
interactions between the unoccupied orbital of topper atom and the electron of the
acetylene molecule. This leads to the formatio @bordination bond. The coordination bond
gradually develops into a covalent bond througictebe rearrangement, thus regenerating
unoccupied orbital for the next process. Acetylgreetially decomposes and is adsorbed
concurrently on the surface of the copper cataliise rate-limiting step for this mechanism is
the adsorption of acetylene on copper surfacesetlyehey considered adsorption energy as the

driving force.

Figure 2.21:Energetically favorable adsorption sites of aaatglon copper catalyst [54].
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Figure 2.22: The polymerization process of acetylene on thepepgatalyst for CNF growth
[54].

2.3 Synthesis of CuU@mHCSs

Metal nanoparticles have been used in many apgitgtincluding catalysis as they show high
catalytic activity [55]. However, it is to be notétat the nanosized particles are not stable hence
capping agents are used to stabilize them to ptetream from sintering, which causes a
decrease in their catalytic activity [56]. The dregderest in catalysis using metal nanoparticles
has resulted in the synthesis and investigatiomigiily functionalized nanoparticles such as the
core/shell nanocatalyst, magnetite supported naalys§ nanocarbon catalyst, integrated
nanocatalyst, colloidal support etc. [55]. Over ldt decades many researchers have developed
different methods for the fabrication of hollow @articles [57]. These methods are classified
into two categories namely (i) the sacrificial-ctw@sed method which uses a nanoparticle
containing a removable core as a template andélf)jtemplating method which uses the self-
transformation of the solid interior nanoparticiol the hollow structure during chemical
reaction [57, 58].
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Sacrificial-core-based approach can be furthergoaized into hard-core templating and soft-
core templating. The hard-core templating method haen the most popular method for
fabrication of noble metal nanoparticles insideldwlcarbon spheres. Figure 2.23 summarizes
the general synthetic procedure for the synthekimetal nanoparticles inside hollow carbon
spheres using a decorated core-based approach Thiél.hard-core templating uses a rigid and

robust sacrificial core like silica, amorphous aartor different metal oxides [57, 58, 59].

Figure 2.23: Schematic representation of the hard-templatinghaak for the synthesis of
Cu@mHCS.

2.4 Synthesis of HCNFs using Cu@mHCSs

HCNFs can be prepared using different methods aadatalytic chemical vapor decomposition
(CCVD), arc discharge, and laser vaporization [6Bowever, arc discharge and laser
vaporization were found to produce mostly strai@fitiFs as they utilize high synthesis
temperature (> 2000 °C) [60]. These two methods giwor yields of HCNFs when compared to
the CVD method. The CVD process was found to benthst efficient process for the synthesis
of HCNFs and has the most potential for large spedparation [60, 61]. The CVD method is a
chemical process whereby a catalyst and or subsiratexposed to a carbon precursor which is
decomposed on the surface of the catalyst/subdatgve solid materials [60]. This method
uses a horizontal furnace consisting of quartz wwlik quartz boat that is heated to a certain

temperature while gases are passed through théRithee 2.24).
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Figure 2.24:Representation of carbonization CVD method.

2.5 Conclusion

It has been demonstrated that copper can be usgobto carbon structures under a range of
different conditions, although it was first thougiat be an inactive catalyst. The synthesis
temperature, particle size, and shape of the npeticle plays a vital role in determining the
type of carbon material formed. Different growthaianisms for the carbon materials have been
proposed and they are highly dependent on the nwtaction with the carbon precursors.
Copper nanoparticles have the ability to synthesidierent carbon materials ranging from
amorphous carbon at low temperatures ( 200-40Qd Gighly graphitic carbon materials at high
temperatures ( 500-1000 °C).
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Chapter 3: Characterization techniques

3.1 Characterization technigues

Different techniques were used to characterizeH@&lFs obtained using copper trapped inside
the mesoporous hollow carbon sphere catalyst termate their physical and chemical
properties. TEM was used to analyze the morphol®ige, and diameter of the obtained
products. The pore size and surface area of thelsarwas obtained using BET. TGA was used
to monitor physical and chemical properties (i.asgs) of the obtained products as a function of
increasing temperature. Raman spectroscopy wastasedhluate the degree of graphitization.

PXRD was used to analyze the bulk composition efcditalyst.

3.1.1 Transmission electron microscope (TEM)

TEM is an image analysis technique that can be wsedbtain information relating to the
structure, size, shell thickness, quality, and @iten of the synthesized copper nanoparticles
contained inside mesoporous hollow carbon sphé&itesimages were taken using a FEI Tecnai
Spirit G* TEM operating 120 kV. The powder samples wereeatisgd in methanol and sonicated
for 30 minutes. A drop of the prepared sample has tadded onto a copper grid and the grid

was dried before analysis.

3.1.2 Thermo-gravimetric analysis (TGA)

The thermal stability of the samples was analyzgdgia Perkin EImer TGA 6000 instrument in
air or nitrogen gas at a constant rate of 10 °C/rfiime sample (10 mg) was heated in the
instrument temperature range of 30-900 °C at a flate of 20 ml/min (nitrogen) or 50 ml/min

(air).
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3.1.3 Laser Raman spectroscopy

The crystallinity and disorder of carbon materialss analyzed using a Bruker Senterra Raman
spectrophotometer that runs on Opus 7.1 softwdre.semple preparation involved placing the

sample on a glass slide and reading the spectruarknfield mode.

3.1.4 Brunauer-Emmet and Teller (BET)

A Micromeritics Tristar 3000 instrument was use@ialyze the surface area and the porosity of
the obtained products. The sample preparationdviesgopre weighing ~ 2 g of sample which
was degassed in nitrogen at150 °C for 4 hours edfoe analysis using a Micromeritics Flow

Prep 060 sample degasser. Only PSSs were degas&eéiGaovernight before their analysis.

3.1.5 Powder X-ray diffraction (PXRD)

A D2 phaser equipped with a Lynxene dectector vl uo determine the crystallinity of the
catalysts using Co-Kradiation at 30 kV. The scan ranged from %2  100° in 0.026 ° steps.
The sample was ground to fine powder, and packed sample holder, ensuring a flat surface
before analysis.
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Chapter 4. Synthesis and characterization of copper
nanoparticles contained inside mesoporous hollow

carbon spheres

4.1 Synthesis and Characterization of copper nanoparties

4.1.1 Introduction

Copper is a 3d transition metal with interestingygbal and chemical properties [1]. Copper
nanoparticles are attractive to use as a catalysause they display high surface-to-volume
ratios compared to bulk catalytic materials [2]. pper nanoparticles have been used in
applications such as electronics, antibacteriahtsgeand antiviral agents due to their intrinsic
optical, catalytic, electrical, and biological pespes [1]. Different procedures have been used to
synthesize copper nanoparticles such as chemiaal reduction, thermal decomposition etc.),
physical (e.g. deposition, pulse wire discharge) eand biological (e.g. using bacteria, fungi etc)
methods [3]. It is well known that copper is syst®e to surface oxidation, hence in order to
produce metallic copper nanoparticles their synshieas to take place under an inert atmosphere
e.g. using N gas [3]. This procedure is not necessarily sudfitito preserve the stability of the
copper nanoparticles as these nanopatrticles haighaurface energy which makes their surface
atoms very active [2]. Surfactants have been intted not only to prevent oxidation of the
copper nanopatrticles after exposure to air bubtdrol the size of these nanopatrticles [2, 4, 5].
The surfactants prevent agglomeration of the metabparticles by forming a capping layer by

adsorption on the particles [4].

Synthesis of the copper nanoparticles with cordbdd size, shape and surface properties is still

a key problem [6]. The difficulty in the synthesiSthe copper nanoparticles with a controllable
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size arises from their relatively low redox potahtind ease of oxidation; hence their synthesis
requires a strong reducing agent and a high teryerf2]. This section reports on the synthesis
of copper nanopatrticles using thermal decompositibonopper (Il)-acetate-monohydrate under
nitrogen gas. Different surfactants were used totrob the particle size of the copper while
varying the reaction time from 30 minutes to 6 Isodrhe chosen reaction times were selected

from previous studies on the synthesis of coppeoparticles.

4.1.2 Synthesis of copper nanopatrticles

These methods were modified from the methods regoart the literature that have been used to

synthesize cobalt nanopatrticles [7, 8, 9].

412.1 Materials

Some of the chemicals were of technical grade dhdr® were of analytical grade. The oleic
acid (90 %) (OA), oleylamine (70 %) (OLA), triocposphine (90 %) (TOP), and absolute
ethanol (AR) were purchased from Sigma-Aldrich. Thexane (CP) was purchased from
Associated Chemical Enterprise. Copper (ll)-acetadb@ohydrate, ((CEDORCu-HO) was
purchased from Merck (Pty) Ltd, South Africa.

4.1.2.2 Experimental procedures

(a) Synthesis of copper nanopatrticles

A mixture of OLA (10 mL) and 90% OA (0.942 g) comiad in a 3 neck round bottom flask was
heated up to 210 °C (x10 °C). A mass of 0.399 ¢(6H;00)Cu-H,0) was weighed and

dissolved in 5 mL of OLA using a small amount oktme (3 mL). This mixture was then
quickly injected into the 3 neck round bottom fla¥ke mixture was refluxed for 30 minutes or

6 hours at 210 °C. After the reaction mixture hadled, the resulting product was washed with

( 1
| 40}



hexane and acetone several times. After the copgeoparticles had settled down they were
dispersed in hexane (25 mL) and acetone (10 mhg ¢bpper nanoparticles were not filtered or
centrifuged because they were of small size andssx©LA could not be completely removed

by washing.

(b) Synthesis of monodispersed copper nanoparticles

A mixture of OLA (5 mL), OA (0.565 g), and TOP (2, 6 mmol) contained in a 3 neck round
bottom flask was heated up to 210 °C (£10 °C). Assnaf 0.399 g of ((C¥DO)Cu-H,0) was
weighed and dissolved in 5 mL of OLA using a snaalount of acetone (3 mL). This mixture
was then quickly injected into the 3 neck roundtdot flask. The mixture was refluxed for 6
hours at 210 °C. After the reaction mixture hadledpthe resulting product was washed with
hexane and acetone several times. After the copgeoparticles had settled down they were
dispersed in hexane (25 mL) and acetone (10 mlg.chpper nanoparticles were not filtered or
centrifuged because they were of small size andssx©LA could not be completely removed

by washing.
For the purpose of the synthesis of the Cu/m&Gpper nanoparticles supported on mesoporous
silica) or Cu/PSS (copper nanoparticles supportegalystyrene spheres); a solution of copper

nanopatrticles (2 mL) dispersed in hexane and aeet@s used. In the synthesis of Cu/PSSs the

copper nanoparticles were dispersed in hexanethada.

Characterization techniques

The morphology of the copper nanoparticles wasyaedl using TEM. The average particle size

was calculated from the TEM images using Imagetiveoé.
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4.1.3 Results and discussion

The synthesis of the copper nanopatrticles was guitsimed by varying the refluxing time from
thirty minutes to six hours using OLA and OA asfadtants. When the copper nanoparticles
synthesized for thirty minutes were exposed to e color of the solution containing the
nanoparticles changed from red-brown to blue. Bhiewed that copper oxide nanoparticles
were formed [10, 11, 12]. The TEM image of the aed copper nanoparticles showed
polydispersed copper nanoparticles with irregularphology and particle sizes with d = 85 + 31
nm (Figure 4.1). When the reaction time was ratsesix hours a red-brown solution containing
the nanoparticles was observed and after exposus# the color remained the same indicating
the formation of metallic copper [10, 11, 12]. Figu4.2 shows the TEM image of the
polydispersed copper nanoparticles with the averpgsicle sizes of 90 + 24 nm. The
morphology of the copper nanopatrticles had diffeisdrapes (rods, spheres and tetrahedrons).
The analysis of the copper nanoparticles showetheeasing trend in the average size with
reflux time. This is attributed to the high syntisetgemperature used, as the adsorption of

capping agents on the copper nanoparticles igdessed at higher temperature (> 150 °C) [6].

Figure 4.1: (a) TEM image of the copper oxide nanoparticlestissized at 210 °C for 30

minutes and (b) diameter distribution of the coppede nanoparticles.
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Figure 4.2: (a) TEM image of the copper nanopatrticles syntleesat 210 °C for 6 hours and (b)
diameter distribution of the copper nanoparticles.

In an attempt to synthesize monodispersed coppeopaaticles with a smaller size, a study
using three different capping agents (TOP, OLA, @A) was conducted. TOP is a strong
reducing agent that has a synergistic effect wike is known to bind tightly to the metal
nanoparticle surface [7, 13]. These effects areomapt for producing highly monodispersed
copper nanoparticles as they prevent a fast remucii the copper ions to metallic copper. Due
to copper’s low redox potential, it is important tse a strong reducing agent at a high
temperature during the synthesis of the copper pemicles [13]. Shao et al. synthesized well
dispersed Co nanoparticles that showed no aggldimerd he authors noticed that by addition
of three different surfactants (TOP, OLA, OA) thesenge particle size of the Co nanoparticles
decreased from 200 nm to 8 nm [7]. The table betwlicates the data from studies performed
while varying the TOP/Cu molar ratio. The amount@ifA, OA and copper used was kept
constant as mentioned in 4.1.2.2 (b).
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Table 4.1: Effect of TOP on the particle size of th copper nanoparticles

Amount of TOP Reaction temperature (°C) Reaction time (h Nanapes
(mmol) size

2 mmol 210 6 69 nm

4 mmol 210 6 51 nm

6 mmol 210 6 31 nm

A decreasing trend in the nanoparticles size witlidasing concentration of TOP was observed
as shown from the TEM images (Figure 4.3 a, b, @nd his observation can be explained by
the steric effect of TOP and the strong affinityQ for the metal nanoparticles which slows the
copper sintering process during copper particlevgrd13]. When 2 and 4 mmol of TOP was
added to OLA and OA mixture, a red-brown soluti@mtaining the nanoparticles was formed.
Over a long period of time the solution containthg nanopatrticles synthesized using 4 mmol of
TOP patrtially turned blue indicating formation afpper oxide nanoparticles. When 6 mmol of
TOP was used the average particle sizes of theecapmopatrticles had decreased to 31 + 10
nm, and the solution containing these nanopartitlesed from red-brown to blue immediately
after exposure to air. From the literature, it waported that formation of metallic copper
nanopatrticles is favored at 210 °C using OLA wheraddition of TOP can only be effective at
250 °C [13].
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Figure 4.3: TEM images of (a) copper nanoparticles synthesirgdg 2 mmol TOP, copper
oxide nanoparticles synthesized by increasing theuat of TOP (b) 4 mmol, and (c) 6 mmol at

210 °C and (e-g) diameter distributions of the @ppanoparticles.
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4.1.4 Conclusion

Copper nanoparticles with particle size rangingnfrd0-69 nm were successfully synthesized.
The effect of the reaction time was shown to beartgnt as it was observed that the
nanoparticles synthesized for 30 minutes were inmely oxidized after exposure to air. The
addition of TOP to Cif ions was shown to decrease the copper nanopasize It was
observed that the higher the concentration of T®@®;smaller the copper particle size and the
synthesized copper nanoparticles were oxidized uemposure air. Also the synthesized
nanoparticles were not monodispersed as it wasdete when using the 3 surfactants method.
The capping agents prevented agglomeration ofdpper nanopatrticles; thus the key role of the
surfactant is to enhance the growth of nucleatibtha expense of copper ions growing on

copper precipitates.

4.2 Synthesis of copper nanoparticles contained in Holw carbon spheres and

characterization

4.2.1 Introduction

Hollow nanostructures have attracted a lot of neteanterest in the past decades. Foremost
among these are carbon-based hollow spherical trtantges [14]. It is possible to use the
inside of the hollow carbon spheres (HCSs) as aoerariosure to store and use metal
nanoparticles. Thus, the interior of the HCS cadtlas a support for the copper nanopatrticles to
stabilize, and disperse them and help limit theoparticles from forming large aggregates [15].
HCSs have been prepared by various methods suclpyaslysis, medial-reduction, and
solvothermal and chemical vapor deposition procesl(it6]. Nanocasting to make a solid core
comprising of a mesoporous silica sphere has ba@mdively used to synthesize carbon
capsules with a hollow core and a mesoporous bgatbverage of the silica by carbon and the

removal of the silica. In this technique three stape involved (i) the creation of a spherical SiO
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template, (ii) coverage of the template with anrappgate carbon precursor and carbonization
and (iii) etching of the template core [17, 18,.19]

The templates can either be soft (micelles, mienoHsion droplets and gas bubbles) or hard
(silica, carbon and polymer spheres) [16]. Hollawbon spheres can be made by the removal of
templates, either by dissolution or by calcinatainhigh temperatures [18]. Nanocasting has
some disadvantages viz: the procedure is time ooimgu as it involves multi-steps, uses
corrosive media for dissolution of the hard templahd uses conditions that are not friendly to
the environment. Synthesis using a hard templateoiee easily controlled, is reproducible and
produces HCSs with well-defined shape [20].

In this study the use of a mesoporous SiASi0,) or polystyrene sphere (PSS) as a template to
make Cu/mSi@and Cu/PSSs as a template for the synthesis ofl@ti@5s using a sacrificial-
core-based approach are reported. The experimaoidures will be divided into two sections.
The first section4.2.2 will be on the synthesis of Cu@mHCSs using sidisa template and the

second sectiord(2.3 will focus on the synthesis of Cu@mHCSs using $&Sa template.

4.2.2 Preparation of Cu@mHCSs using silica as a template

4221 Materials

The hexadecyltrimethylammonium bromide 08 %) (CTAB), ammonia solution (25 %),
absolute ethanol (AR), tetraethyl orthosilicate @3 (TEOS), trimethoxy(octadecyl)silane (98
%) (C18TMS), and hydrofluoric acid (48 %) (HF) wegrerchased from Sigma-Aldrich.
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4.2.2.2 Experimental procedures

(a)CTAB

A solution of water (20 mL) and absolute ethanddQ2mL) was prepared and 10 mL of
ammonia (25 %) was added to the solution. Thistewluwas stirred for 10 minutes at room
temperature. A volume of 15 mL of 98% TEOS was tadded to the solution which was then
stirred for 6 hours to form monodisperse Stoberesgh CTAB (5 g) and TEOS (2.5 mL)
dispersed in ethanol (50 mL) were then added inéosblution containing the Stéber spheres.
The solution was stirred overnight at room tempeggato form a mesoporous silica shell on the
pre-formed silica to generate a mgi@bmposite material. The resulting mi€pheres were
filtered, oven dried at 100 °C for 4 hours and icedd in air at 500 °C for 4 hours.

(b) C1sTMS

Instead of using CTAB (5g) and 2.5 mL TEOS, 2 mICg§TMS and 5 mL TEOS was used and
all the other experiment variables were kept tmeesas in the above method (method a).

(c) Cu/mSiO;

Copper nanoparticles dispersed in 25 mL of hexamé acetone (5:1 respectively) were
sonicated for five minutes. A mass of 1 g of mSi®25 mL of acetone was sonicated for five
minutes and transferred to the copper nanopartgm@gion. This solution was then stirred for 4
hours at room temperature to allow the copper nartiges to load onto the mSiOThe

Cu/mSiQ in acetone was centrifuged several times for 1Qutes at 4000 rmp, washing with
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acetone to remove the organic content betweenrteegures. The Cu/mSjQvas dried in the

oven at 100 °C for 2 hours and calcined in airQit 2C for 2 hours.

(d) Carbonization of Cu/mSiGO,

The Cu/SiQ powder was placed in a horizontal quartz reaator lreated up to 900 °C under a
flow of Ar gas at a flow rate of 100 mL/min. Thduene and carrier gas were then bubbled into
the reaction for 2 hours to form a carbon sheluatba Cu/mSi@core. The silica core was then
removed using 5 % HF (48 %) overnight or 2 M NaOHRlevrefluxing at 100 °C for 6 hours.

4.2.3 Preparation of Cu@mHCSs using PSSs as a template

4231 Materials

The polyvinylpyrvolidone (Mw 40000) (PVP), styrerf8 %), formaldehyde (37 %), and
absolute ethanol (AR) were purchased from Sigmaigtid Sodium carbonate (anhydrous) was
purchased from Merck (Pty) Ltd South Africa.

4.2.3.2 Experimental procedures

(a)Preparation of PSSs

An amount of 8 mL styrene and 0.1 g PVP (mw 4000&)e dissolved in 200 mL of water and

50 mL ethanol. Potassium persulfate solution (@ 1% 20 mL water) was added to this solution,
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which was then stirred for 15 minutes. The mixtwaes then refluxed at 80 °C while stirring for
27 hours. The final product was filtered and wash&dg distilled water and dried at 100 °C for

an hour.

(b)Preparation of Cu/PSSs

Copper nanoparticles dispersed in ethanol and leef@&mL) were loaded on 2 g of PSSs (50
mL ethanol) and stirred for 4 hours. The mixturesviitered and oven dried at 100 C for an
hour.

(c) Preparation of Cu@mHCSs

Copper nanoparticles loaded on PSSs (2 g) and armarsolution (25 %; 1.5 mL) were dispersed
in ethanol (100 mL). An amount of 1.5 mL formalddbysolution (37 %), 0.75 g of resorcinol,
and 1.0 g CTAB were added into 50 ml ethanol arertfixture was then added to the first
solution and stirred for 20 hours to form a reswtiformaldehyde polymer around the spheres.
PSSs@Cu@RF was transferred into a Teflon linedctaste and heated at 190 °C for 5 hours.
The final product (red) was then filtered while Wag with water. PSSs@Cu@RF was first
carbonized using CVD under a nitrogen flow (50 min)rat 350 °C for an hour to decompose
the PSSs which was followed by annealing of mHQS98@ °C.

Characterization techniques

TEM, BET, and PXRD were used to characterize theth®sized materials. The average
diameter of the spheres and the shell thicknessS30, were calculated using ImageJ software
from multiple TEM images.
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4.2 .4 Results and discussion

The discussion of results will be divided into teections. The first sectiod.@.4.) will discuss
results on the synthesis of Cu@mHCSs using siica template and the second sectb@.4.9

will focus on the results obtained on the synthesiSu@mHCSs using PSSs as a template.

4.2.4.1 Synthesis of CuU@mHCSs using silica template

The silica spheres were synthesized using the Btdls¢hod which can be tailored to give
spheres with a desired diameter and narrow pasiz&distribution. Researchers have improved
the original method allowing the synthesis of parailica particles with desired size and
morphology [21]. In this study two surfactants wased to compare the shell of the synthesized
silica spheres and to tune the pore size of timspheres.

The obtained silica spheres were characterizeddW {Figure 4.4 and 4.5). The method used to
synthesize the silica spheres gave a product witfonm size distribution and high yield. The
mesoporous shell from the CTAB-silica spheres wHEdt to see by TEM when compared to
the GgTMS-silica spheres suggesting a difference in thban shell thickness in the two
products. The shell thickness of the CTAB-silichexes was found to 34 nm whereas the one
for the GgTMS-silica spheres was 87 nm (Table 4.2). From Bifglysis, the CTAB-silica
spheres appear to have a slightly high surfacecmepared to the gTMS-silica spheres (Table
4.2). This observation can be explained by the Isptaie size of the CTAB-silica spheres as the
silica spheres surface have more pores compare®,§®dMS-silica spheres. Table 4.2
summarizes the effects of the two surfactants enstiell morphology of the silica spheres.
Based upon the TEM images, thgsTMS-silica spheres (Figure 4.6 b) appear to haskgatly
better capacity to support the copper nanopartmbespared to the CTAB-silica spheres (Figure
4.6 a) due to its bigger pores. The mesoporoud ghftlences the loading of the copper
nanoparticles on mSg3pheres.
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Figure 4.4: TEM images of mSi@synthesized using CTAB with diameter of 566 + 35 (i)
diameter distribution of the silica spheres.
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Figure 4.5: (a) TEM images of mSi©synthesized using:gTMS with diameter of 517 £ 41 nm

and (b) diameter distribution of the silica spheres

Table 4.2: Effect of surfactants on the synthesizeslilica spheres shells

Particle size | Silica shell BET analysis
Surfactant | (nm) thickness (nm) Surface area | Pore size
(m*/g) (nm)
CTAB 566 + 35 34 159.2 2.8
C1sTMS 517 +41 87 144.0 4.0
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Figure 4.6: TEM images of copper nanopatrticles (circles/arposigoported on (a) CTAB and
(b) CisTMS synthesized silica spheres.

After coating the Cu/mSifcatalyst with a carbon layer (acetylene) using@M® method, the
silica template was etched out using 5 % HF ovéni§ilica etching can be reversible or
irreversible depending on the type of solution usé etching solution has been reported to be
the fastest process that is irreversible [22]. ite@n etched out product of this process is silicon
tetrafluoride (Sik) [22]. From the TEM images it was observed that topper nanoparticles

were also removed with the template and only mH@8=ined (Figure 4.7).
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Figure 4.7: TEM images of Cu@mHCSs after etching the (a) CTA&nd (b) GsTMS
synthesized silica template using 5 % HF and (she)l thickness distributions of the mHCSs.

To confirm that no copper nanoparticles were [E@A analysis was conducted on the mHCSs.
The TGA (Figure 4.8) plot shows the variation ofigi# as a function of temperature. The TGA

data showed that the entire sample decomposedngetatures around 737 °C and no residue
was noted at T = 900 °C, indicating that all thepmer nanoparticles were etched out during the

template removal.
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Figure 4.8: TGA and the first derivative of the TGA profile @u@mHCSs after template

removal.

Another attempt at removing the silica templates weade using 2 M NaOH. The Ok$n can
etch the silica framework by coordinating to a ®inaresulting in a breakage of Si-O-Si bonds
[22]. Unlike HF, NaOH etching can be reversibletlas breakage of Si-O-Si bonds leads to a
formation of less condensed oligomers of silicacgggewhich can be chemically reversed [22].
From the TEM images, it was observed that somée@fmHCSs were broken resulting in the
copper nanopatrticles being removed from insidemthCSs and placed on the outer surface of
these mHCSs (Figure 4.9).

56

——
| S—



Figure 4.9: TEM images of Cu@mHCSs after etching the silicagiate with 2 M NaOH.

From the TGA analysis, a 9.2 % residue (presumdbé/to copper nanoparticles or to residual
silica) was observed (Figure 4.10). Only one typeasbon was observed from the TGA profile.
The first derivative peak at ~ 512 °C is associatgth graphitic carbon. Further analysis of
Cu@mHCSs by PXRD was done to confirm the presefi@®mper nanoparticlesigure 4.11
shows the XRD pattern of the Cu@mHCSs after theovamof the silica template using 2 M
NaOH. The diffraction peaks at 2value of 50.58°, 59.32°, and 89.05° corresponthéo(111),
(200), and (220) planes of face-centered cubic eogCSD No. 053246). The pronounced
diffraction peak in the range below 40.00° shovggaphitic feature of carbon. The XRD pattern
supports that a 9.2 % residue from the TGA prdfiligure 4.10) is due to copper nanoparticles

not silica.
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Figure 4.10: TGA plot and the first derivative of the TGA prefiof Cu@mHCSs after template
removal.
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Figure 4.11: Powder X-ray diffraction pattern of Cu@mHCSs afeanplate removal.

58

——
| S—



4.2.4.2 Synthesis of CuU@mHCSs using PSSs as a template

In order to avoid removal of copper nanoparticlésem etching out the silica template, it was
decidedto make a template that avoided the problem. Taeaehthis PSSs were chosen as a
template. PSSs can be decomposed easily througiDan@thod [23]. PSSs with an average
diameter of 307 £ 19 nm were successfully synfeesi(Figure 4.12a). In a separate TGA
experiment it was shown that PSSs decomposed ifnoar 400 °C (Figure 4.13a). To test the
methodology the PSSs were coated with carbon dkagesorcinol/formaldehyde methodology.
The resorcinol-formaldehyde polymerization process be catalyzed either by an acid or base
[24]. In this reaction ammonia was initially usesl @atalyst. The removal of the template was
thus done at 350 °C by decomposition of the PSBs.nHCSs/residue was then annealed (500
°C) using a CVD method [23]. The mHCSs were obthiafier decomposition of the PSS
template from PSS@RF (Figure 4.12 b).
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Figure 4.12: TEM images of (a) PSSs spheres with the diamdt80d + 19 nm, (b) mHCSs
with the diameter of 300 + 30 nm and (c-d) diamedestributions of PSSs and mHCSs

respectively.
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Figure 4.13: TGA and the first derivatives of the TGA profilektbe (a) PSSs and (b) mHCSs.

The PSSs were used as a support for copper naiotgmrinlike silica spheres PSSs are not
porous. The copper nanoparticles were placed ooutex surface of the PSSs. After this process
a carbon layer was added to the Cu/PSSs to teslidiw carbon spheres could be obtained using
the resorcinol-formaldehyde polymerization meth@dhen the Cu/PSSs catalyst was coated
with RF polymer the formation of Cu/PSSs@RF waseetgd. Removal of PSSs would then

lead to formation of the Cu@mHCSs catalyst. FrosmEM images, it was observed that most
of the copper nanoparticles were found on the detsurface of the mHCSs (Figure 4.14). The
average particle size of the copper nanoparticlas Cu@mHCSs sample was calculated to be
90 £ 21 nm. The TGA and the first derivative of th@A profile of the Cu/PSSs@C (Figure

4.15) shows weight residues of about 5.4 % whick at#ributed to the copper nanoparticles.
The first decomposition peak at around 380 °C wé#sbated to the loss of PSSs, while the

second decomposition peak at around 445 °C wabuw#d to the loss of amorphous carbon.

From the literature, it was reported that coppeds$eto form complex ions in ammonia as copper
metal is oxidized to Cii[25, 26]. The reaction that takes places in thigance is described in
equation (4.1) [27]. Shionat al.[26] synthesized silica coated copper nanopasicleing a
liquid phase method. The authors used 1 M hydratonkeep the copper nanoparticles from

undergoing dissolution/oxidation during silica $efrmation that was catalyzed by ammonia. It
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was reported that the hydrazine prevented the bgidaf the copper nanoparticles for less 30
minutes, thereafter hydrazine started to decompidss. meant that use of ammonia would be a
problem as it will readily dissolve copper nanojdes. To overcome this problem, we chose to
replace ammonia with sodium carbonate as a cataly&F polymerization reactions.

(4.1)

Figure 4.14:(a) TEM images of copper nanopatrticles outsidestivéace of mHCSs (b) diameter
distribution of copper nanoparticles.
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Figure 4.15: Shows the TGA and the first derivative of the T@ubfile of Cu/PSSs@C.

Sodium carbonate (N@0O;) is a commonly used base catalyst for the polyraéon of
resorsinol and formaldehyde [28]. A series of ekpents replacing ammonia by pGOs to
catalyze RF polymerization was conducted to makeC@#i (Table 4.3). The molar ratio of
water and ethanol was varied as shown in Tabledde3to the poor solubility of anhydrous
NaCO; in ethanol while keeping the molar ratio of theatydt and formaldehyde constant.

Table 4.3: The effect of reaction time and solventsn the formation of mMHCSs

NaCO; () Ethanol (mL)| HO (mL) Stirring time | Diameter
(h) (nm)
Sample A 1.5898 150 10 72 275 £ 36
(HCSs) 96
120
Sample B 1.5898 100 50 72 266 £ 40 nm
(HCSs) 96
120
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The RF catalyzed coverage of PSSs was achieved/¢oRpSs@RF catalyst from which the
PSSs were decomposed to give mHCSs. Figure 4.M8sshEBM images of mHCSs synthesized
by varying the amount of ethanol, water and timeantthe TEM images it was shown that
HCSs can be formed using a base catalysed RF meSadple A had less broken mHCSs
compared to sample B which was associated witmgetiahell thickness. The obtained mHCSs
were of diameter 275 + 36 nm for sample A and 2@6 aim for sample B.

Figure 4.16: TEM images of HCSs synthesized by varying the reacime and amount of
solvents.

Cu@mHCSs were also synthesized using method A afod 86 and 120 hours (Figure 4.17 a
and b respectively). From the TEM images, sampl86Akours appear to be the optimum
method that can be used to synthesize Cu@mHCSseCamnoparticles (enclosed in the
overlayed circles) were sucessfully incorporatesida the mHCSs although some of these
nanoparticles were still found on the outer surfaicthe mHCSs (Figure 4.17). After 120 hours

most of the copper nanoparticles had aggregatddrio large particles, as shown in the TEM
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image (Figure 4.17 b-right) whereas the TEM imagaws1 on the left shows Cu@mHCSs. To
confirm the existencef copper in Cu@mHCSs (sample A-96 hours) PXRD yaswas used

(Figure 4.18). The PXRD pattern shows that the $ammgntains copper. Diffraction peaks at 2

value of 50.53°, 59.13°, and 88.50° represent1id); (200) (220) planes of face-centered cubic
copper (ICSD No. 053246). The particle/crystallg§ze of the copper nanoparticles was
calculated using Scherrer equation (4.1). The nvast intense peak of the diffraction pattern
corresponding to the (111) and (200) planes weeel ts calculate the average crystallite size.
The calculated crystallite size (23 nm) is closethie average particle size of the copper

nanoparticles obtained from the TEM images (249118n).

— 4.2)

Figure 4.17: TEM images of Cu@mHCSs synthesized using methoddmple A at a duration
of (&) 96 h and (b) 120 h.
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Figure 4.18: Powder X-ray diffraction pattern of Cu@mHCSs afeanplate removal.

4.2.5 Conclusion

Copper nanoparticles supported on mSsamples were readily prepared. However , coverage
by carbon followed by mSiQeaching also led to copper leaching. Thus thehodkilogy used

to remove the silica template (most particularh®oHF solution) also removed the copper
nanopatrticles. Attempts to use 2 M NaOH etching gksve copper leaching. Another difficulty
that emerged is that insufficient carbon coverages achieved. Broken mHCSs were observed
and it also led to copper loss from the mHCSs. SR&S8e used as an alternative template for the
synthesis of Cu@mHCSs. The PSSs were covered bgrtasing a RF polymerization reaction.
The RF polymerization reaction was successfullglgaed using both ammonia and 8&s;. In

the synthesis of Cu@mHCSs it was observed that amanehd not only polymerize RF but it
also oxidized copper. Precipitation of copper nambgles occurred on the outer surface of the
HCSs as shown in Figure 4.14. TEM and PXRD valdatee presence of copper in the
Cu@mHCSs whereby the silica spheres were etchedsmg 2 M NaOH. TEM and PXRD also
confirmed the presence of copper in the Cu@mHCSghegized using a PSSs template
whereby the RF polymerization was catalyzed usiagCi; catalyst.
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Chapter 5: Synthesis and characterization of helida

carbon nanofibers

5.1 Introduction

Carbon nanomaterials with helical morphology hagerbwidely studied owing to their unique
chemical, mechanical, electrical and field emisgiooperties [1].These are the properties that
make CNFs suitable for use as a catalyst suppaitfan use in nanomechanical devices,
composite materials, in selective adsorption, amchydrogen storage [2]. Researchers have
shown that copper nanoparticles can be used astieffecatalysts for the synthesis of CNFs.
Synthesis of HCNFs using acetylene at low tempesatwsing supported and unsupported
copper catalyst has also been extensively rep@dtddl Many suggestions have been proposed
to rationalize how straight and helical CNFs aremied from the copper nanoparticles as both
the morphology and size of the catalyst particlagehan influence on the formation of different

morphologies of CNFs.

It has been observed that nanopatrticles of the sareebut with different shape can form either
straight or helical CNFs [5]. On the other hand #ige of copper nanoparticles has been
considered to have an important effect on the nuggy of CNFs [6]. However, particle size
cannot be considered as the only factor, as thes dot explain the synthesis of the wide range
of CNF morphologies or how the size relates tolacédlemorphology [1]. The surface of copper
reacts differently in various atmospheres (e gH/N,, and B) and this has been postulated to
have an effect on the growth of straight or hellChlFs [7]. Bandaret al.[8] proposed that the
helical nature of CNFs can be induced by liquidatgesuch as Ln, Cu, and Sn because of the
large interfacial tension that exists between tlam graphite surface angles (wettability). This
observation was explained by repulsive interactiotnéch lead to non-linear growth. Metals

with small wetting angles such as Ni and Co havenbeeported to produce predominantly
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straight fibers [7]. It is to be noted that these aot the only factors that influence the
morphology of CNFs.

The CVD method has been used extensively to makesGidcause of the ease of production of
the CNFs on a large scale [3, 9, 10]. The intentibthis work was to control the size of copper

nanoparticles using mesoporous hollow carbon spharel to evaluate their effect on CNF

growth. From previous studies, the diameter ofdalyst particle used to make the CNF has
been observed to be related to the diameter o e [3].

5.2 Experimental procedures

A mass of 0.005 g of Cu@mHCSs powder was placeal quartz tube in the middle of the
furnace and heated to 350 °C in Ht a rate of 100 mL/min for 35 minutes to activtte

catalyst. Acetylene was introduced, together wighirto the reaction chamber at a flow rate of
100 mL/min for 30 minutes. The total flow rate w0 mL per minute. The system was then
allowed to cool to room temperature under afldw. The reaction time with acetylene of 3

minutes was also studied.

5.3 Results and discussion

The discussion of results will be divided into taections. The first sectio.G.1) will discuss
results on the synthesis of HCNFs using Cu@mHCS8thegized using silica as a template and
the second sectior5.3.2 will focus on the results obtained on the synthed HCNFs using

Cu@mHCSs synthesized using PSSs as a template.
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5.3.1 CNFs synthesized using Cu@mHCSs and Cu/mS;O

TEM images of CNFs synthesized using the Cu@mH@&8yst are shown in Figure 5.1. CNFs
with different morphologies (curled, helical, andagyht) were observed. Some of the mHCSs
are broken (Figure 5.1 a), indicating that the eyppmanoparticles could be found on the outside
of the mHCSs. In Figure 5.1b the appearance oCIHEs can readily be seen. However, all the
CNFs appear to be found on the copper outsideeoMmHCSs. The CNFs appear to show some
coiling. In Figure 5.1c, mHCSs as well as strai@hFs (top right corner) are to be seen. In the
bottom part of the picture, broken coiled CNFs t&nobserved. No evidence for growth of
CNFs can be seen inside the mHCSs. From the TEMéam# was observed that formation of

amorphous HCNFs occurred from small sized coppeoparticles supported on the mHCSs.

This effect was also observed when a Cu/mSi@alyst was used to synthesize HCNFs under
C,Ha/H, at 350 °C (Figure 5.2). The CNFs grown from Cu/@Sire more abundant than those
grown over Cu@mHCSs. Figure 5.2a would suggestttieaCNFs grow from the surface of the
silica sphere that contains the surface copper. marity of the CNFs have a helical shape
consistent with literature reports. However, stnaiGNFs are also seen in abundance (Figure
5.2b). This observation could be explained by srpaiticle size nanoparticles that form on this
support [2] and other morphologies were observenh fclustered copper nanoparticles that were
isolated from the silica spheres and found on tiitase of the silica spheres.
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Figure 5.1: TEM images of CNFs synthesized using Cu@mHCSs ysdtalt 350 °C under
CoHo/H,for 30 minutes.

Figure 5.2: TEM images of CNFs grown over Cu/mSiinder GH,/H; at 350 °C.

From the TGA analysis (Figure 5.3), two types ofbca peaks were observed. The first
decomposition peak was observed at a temperatud8®fC indicating complete oxidation of
amorphous type of carbon and the second and teizdrdposition peaks occurred at 559 °C and

604 °C indicating decomposition of graphitic tydecarbon.
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Figure 5.3: Shows the TGA and the first derivative profile the CNFs synthesized using
Cu@mHCSs catalyst.

Raman analysis was used to evaluate the degreeaphitization of the CNFs. Two carbon
peaks that are normally observed in the Raman rgpaceé the D band which occurs around
1280-1350 cril and the G band which occurs around 1580-1600 ). The D band is
associated with the disordered graphite bonds walseiee G band is associated with a vibration
of spf carbon atoms [11]. The Raman spectra of the CNELCa@mHCSs catalyst are shown in
Figure 5.4. Thed/lg ratio for the CNFs synthesized using Cu@mHCSdysdtevas found to be
0.26 whereas the ratio for the Cu@mHCSs catalystakaerved to be 0.68 (Table 5.1). Usually
CNFs synthesized at lower temperatures (< 350 f€pgpected to have more structural defects
[3,]; in this case we have a mixture of both mH@8d CNFs contributing to the observed ratio
(0.26). The Cu@mHCSs/lratio indicated that the mHCSs have more disordeagdon while
the CNFs formed from £, by Cu@mHCSs catalyst have a higher degree of gizgion.
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Table 5.1: Summary of the D and G band positiomnd ratio of the intensities of the D and
the G bands

Sample D band position (¢th | G band position (cf) | Ip/lg
Cu@mHCSs 1335 1593 0.68
CNFs 1368 1587 0.26

Figure 5.4: Raman spectra of the Cu@mHCSs catalyst and CNRthesjized using the
Cu@mHCSs catalyst.

5.3.2 CNFs synthesized using Cu@mHCSs obtained from Cu/BS@C

TEM images of the CNFs synthesized using Cu@mHG8sshown in Figure 5.5. Broken
mHCSs (Figure 5.5a, ¢, d, e, and f) with diversaphologies of the CNFs formed from the
copper nanoparticles that have escaped from the $sHe observed. From these TEM images
both straight and helical CNFs can be seen. Tlaéghtr CNFs appear to have larger diameters
than helical CNFs, indicating the difference in teaticle size of copper. In Figure 5.5b, the
mHCSs without copper nanoparticles can be sees.sHaws that the method used to synthesize
the Cu@mHCSs did not work.
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Figure 5.5: TEM images of CNFs synthesized using Cu@mHCSslysatat 350 °C under
C,H2/H;,for 3 minutes.

From the TGA analysis (Figure 5.6), one type oboarwas observed. The broad decomposition
peak was observed at a temperature of 430 °C imgigcan amorphous type of carbon. The first
small decomposition peak at around 70-100 °C wiaibatted to the loss of adsorbed moisture in

the sample.
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Figure 5.6: Shows the TGA and the first derivative profile the CNFs synthesized using
Cu@mHCSs catalyst.

The Raman spectra of the CNFs and Cu@mHCSs catagsthown in Figure 5.7. Theg/lls
ratio for the CNFs synthesized using Cu@mHCSs ysttatas found to be 0.34 while the ratio
for the Cu@mHCSs catalyst was observed to be OTabl¢ 5.2).The b/lg ratio of both
Cu@mHCSs and CNFs indicated that both material® l@ahigher degree of graphitization.
There is no consistency between the Raman and@#e (Figure 5.6) data. Carbon made from
RF polymerization is expected to have structurdéds when annealed at lower temperature
(500 °C), but the Raman data suggest otherwisesdime applies with CNFs.

Table 5.2: Summary of the D and G band positiomnd ratio of the intensities of the D and
the G bands

Sample D band position (¢t | G band position (ci | I/l
Cu@mHCSs 1339 1592 0.33
CNFs 1350 1587 0.34
( 1
A



Figure 5.7: Raman spectra of the Cu@mHCSs catalyst and CNRthesjzed using the
Cu@mHCSs catalyst.

5.4 Conclusion

Silica template

In summary, it is seen that both the Cu/mSa@d Cu@mHCSs give growth of the CNFs outside
the sphere. The range of CNFs shapes is as exgectedpper supported on silica spheres. The
shapes grown on the copper supported on the cabuot unusual, but appears to be different to
that grown on silica. This would suggest that thpper particles have different sizes or shapes
when supported on carbon or silica spheres. Howexeevidence is available at this stage to

confirm this (expected) statement.

77

——
| S—



PSS template

The method used to synthesize Cu@mHCSs was noéssfof as most of the mHCSs were
broken leading to the formation of CNFs outsidertit¢CSs. From the TEM images there is no
evidence that the copper nanoparticles were incated inside the mHCSs. Both straight and
helical CNFs were observed and the difference & dmmeter of both CNFs suggested

differences in the size of the copper nanopatrticles
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Chapter 6: Overall conclusions and future

recommendations

6.1 Overall conclusions

The main aim of this project was to synthesize HEMNEing copper nanoparticles contained in
mHCSs and to correlate the diameter of the HCNR Wié copper nanoparticle size. The size of
the copper nanoparticles was narrowed from 90 firi4o 69 + 19 nm. Both mSyand PSSs
were used as templates for the mHCSs. When silgsaused as a template, HF was used to etch
out the silica template but in our findings coppanoparticles dissolved and were etched out
together with the silica template. Sodium hydroxidkes used as an alternative to HF, but after
etching the silica template most of the mHCSs vieo&en and some of the copper nanopatrticles
were leached out of the mHCSs. Further, some wenedf on the outer surface of the mHCSs.
When this catalyst was used to synthesize HCNRFgube CVD method, diverse morphologies
of CNFs was observed. Most of the CNFs were foumdhe surface of the mHCSs due to the
nanoparticles being present on the outer surfadeoor the nanoparticles being separated from
the surrounding mHCSs (chapter 5). From the TEMgeesait was not possible to correlate the

diameter of the CNF obtained with the particle sizeopper.

When PSSs were used as a template, only a few coppeparticles were incorporated inside
the mHCSs (chapter 4). When this catalyst was tsegnthesize the CNFs, it was observed that
most of the copper nanoparticles were again fourtdide of the mHCSs, many of which were
seen to be broken. This implies that our goal wes@ached. This can be explained by the poor
interaction between copper and PSSs, as the ndinbgmdo not necessarily attach to the surface
of the PSSs.
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The catalyst obtained from silica template produosate HCNFs than the catalyst obtained
from the PSSs. CNFs were however grown on the copgaoparticles found on the surface of
the mHCSs.

6.2 Future recommendations

This study has shown how challenging working wibpger can be, as this metal easily dissolves
in HF and ammonia. To synthesize Cu@mHCSs catadgdtitions such as HF and ammonia
have to be avoided. Although NaOH did not seemaeehan effect on copper, the structural
integrity of the mHCSs was compromised, as it waseoved that most of the mHCSs made in
this study were broken. More work on the use of 8&eds to done, as this material does not
compromise the nature of copper because of its efasmoval. The surface of the PSSs can be
improved to enhance the surface interaction betvoegper and PSSs. It may be possible to

make one-pot synthesis of Cu@PSSs, during thersgyelymerization to PSSs.

Use of 3-D TEM needs to be explored as this isghasiest technique to show if the copper
nanoparticles are indeed inside of the mHCSs. Taidd help when evaluating the effect of
copper particle size on the fiber diameter, asstigpe and size of the nanoparticle can easily be
observed from the 3-D TEM.
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