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Abstract

Radially aligned nanorutile (RANR)n the form of microspheresjere synthesisedising a

hydrothermal methadParameterssuch asreaction time, reaction temperatuneactant

concentrations, as we lrésult amRANR hake varisus Istages ad n 0 s

formation Theseconsisted oflensely packed and sphericadliygned rutile phase nanorods
which were oriented on a common crystallographic ax{g@10) that had independent
terminating ends. The average diameter ofeimanorodsvas between2i 12 nm, while ther
lengths rangd from 50i 650 nm. Loading ranging from 0.5to0 10 wt % of metal
nanoparticls of: Au, Ni, La and LaNi onto the RANR support vere achieved B usinga

depositionprecipitation methodvith urea. The choice of the metals was carefully done

considering their positions on the periodic table. Ni is known to catalyse the synthesis of

CNMs. Its behaviour was tested on the unigue RANR support and cethpa a higher

transiton metal, Au. Further testing was taken to a different metal group, La and effeet of co

loading tested on L&l lanthanidetransition systemThese metalnangarticles (i.e. Au, Ni,
La and LaNi) that weredepositedon RANR supportvere found tarange in sizefrom 2i 3
nm, 11 6 nm, 2/ 8 nmand2i 10 nm respectively

The PXRD pattern of the supported cataystedominantly exhibited peaks of pure rutile
with a major pealat2 d val ue of 32.5A for the major
52.1, 64.066.5, 75.0 and 82° respectivelya showed major peaksc cur r i ng at
30° and 15°with minor peaks a26.5 and 28.0. Ni had peaks & d v 28, 3&55 58°
and 76. Au had peaks occurring atd v a4.3y 28543.5 and 48. The peak positions of
both La and Ni occurred at their respectvel v @ lthe @lsaded LaNi/RANR catalysts.
TPR analyses revealed different reduction temperatures thatsadredth increase in wt. %
loading. Au, Ni and La had mean reduction temperatures of®0500 °C and 600°C
respectively. However, the doaded LaNi/RANR catalyst showed different reduction
temperatures ranging 530700 °C for loading of 1i 10 wt. %. BET surface area analysis
showed the Metal/RANR catalyst decreased from 50 to 3% hwith increase in wt. %

loading from 5i 10 wt. %. This implied that the metal particles were occupying the pore

sited on the surface of the RANR support thereby @sang the BET surface of the

Metal/RANR catalyst with increase in metal wt. % loading.

Parametric studies for the synthesissbaped carbon nanomaterials (SCNMs), in particular

carbon nanfibers (CNFs) via chemical vapour deposition (CVD) using La, Aud,axddco-

rut
2d



loadedLa-Ni nanoparticles supported d®ANR were performedunder varying conditions
including: wt. % loadings temperature, flow rate, time and the type of metal used. The
synthesiof CNFs from the decomposition of acetylene and hydrogetC¢H,) was targeted

for thetailored synthesis of shaped carbon nanomaterials over supported Au, Ni, La-and La
Ni on novel radially aligned nanorutil€haracterisation of thearious metal/RANRatalysts

and the CVD products was performed bnansmission eldron microscopy (TEM)energy
dispersive Xray spectroscopfEDS), scanning electron microscopy (SEM), powderax
diffraction spectroscopy(PXRD), electron probe microanalys(EPMA), laser Raman
spectroscopy(LRS), thermogravimetric analysis (TGA), tiviolet visible spectroscopy
(UV-Vis), Fourier transform infraed spectroscopy (FTIR) anBrunauerfEmmettTeller

(BET) surface area measurements

La/RANR supported the synthesis of straight chain CNFs. The CNFs grew predominantly
from the tips of the Laanopatrticles in the catalyst. The hanoparticlesvereobserved on

most of the tips of the CNFs suggesting thaigtipwth was the mechanism of growth of the
CNFs synthesised over La/RANRuring CNFs growth,lte La nanoparticles were displaced
from ther positions on th&ANR supportThedislodgedLa nanoparticles had a tendency of
undergoing sintering to form large sized nanoparticles. Consequently, the sintered La
nanoparticles catalysed the synthesishafk CNFs with diameters ranging fromi/y0 rm

as compared to supported La nanoparticles with an average particle size ofit6was.
observed that the morphology of thea metalnanoparticles played a critical role in the
control of the morphology of the CNFfesd is closely related to the propestief the metal
particles, the reaction conditions and the-jpeatment of thé.a/RANR catalyst.At 5 wt %
loadings the average diameter of the CNFs synthesized by the La/Reésthtysts wa 40

nm while the lengths ranged from 200 riml00 um Thus increaed La wt. % loadings

resulted in larger catalyst particle sizes which in turn caused larger fiber thicknesses.

The RANRwas observed to ban actively interactive support that enhances the catalytic
performance of the metal nanoparticles on its suréggecially with Niin the synthesis of
CNFsover Ni/RANR catalystsVariation of parametric conditions such:ast. % loading,
reaction temperature, gas fleate and reaction time Haa significant effect on the
morphology, mechanical properties and densifythe CNFs grownon the Ni/RANR
catalysts. The Ni/RANR catalysts were observed to support the synthesis of twisted CNFs in
contrast to the straight chain CNFs synthesised on La/RANR catalysswisted CNFs

were synthesizd byway ofregular orientahucleation of heptagons and pentagons along the




nanofibre bodyCNFs growth timewvas found to be& crucial parameter that can be used to
understand the growth process and tailor the artificial properties of the resulting carbon
material assemblyl'herewas a threshold time interval over whitioth growth offibreswas
consistent and uniform coverag@as achievedetailed studies on CNFs synthesised over 1,

8 and 10 wt% NI/RANR showed similar trends with time at various temperatuss%
loading and flev rateswhile the 0.5 wit % Ni/RANR did not catalyse the synthesis of twisted
CNFs except a few amorphous carbon deposited on the catéilygss also provedhat the
longer the time, the more graphitic the CNH$wus the carbon crystallisation on the
Ni/RANR catalyst resuétd in the formation of primary amorphous carbdmen sifficient

time ofheating transforedthe carbon into graphitic material while the catalyst stapato

its specifictwistedmorphology.

Gold however, presented a differentsketrends in its performance as a catalyst supported on
RANR. The CVD products which formed over AuU/RANR catalyatsre observed to vary
under differenpparametriaeaction conditionsAt low wt. % loading catalysts catalysed the
formation of amorphousacbon materialHowever,Au/RANR at higher wt. % loading was
observed to catalyse the synthesis of both straight and coiled or twisted CNFs. Like La and
Ni, Au also supported tip-growth mechanism as Au particles were also observed on many
of the tips ofthe CNFsas the Au particles were dislodged from the RANR support.
Temperature facilitated enhanced sintering and the dislodged Au nanopatrticles grew to larger
particles of different sizeS.he sintered nanoparticles determined the diameters of the CNFs
synthesized.The fibres synthesized under different parametric conditions ranged from 10
100 nm in thickness with an average diameter of 50 Detailed studieslsoshowed that

both the diameter andngthdistribution range increadalrastically with incrase inreaction
temperature The temperature enhanced decomposition gfiland thus more carbowas

available forformingthe carbon matrix of the CNFs.

La and Ni were cdoaded on RANR to form eo-loadedLa-Ni/RANR catalyst.Metal wt. %
loadings rangingfrom 1-10 wt. % were achieved he peaks identying La may be ascribed

to La(OH)} and LaOs; phaseswhile Ni peaks were due to NiO. The phases reduced to
metallic La andNi to give celoaded LaNi/RANR catalysts. Rduction peaks shifted to
higher temperatres with an increase in metanoparticlesvt. % loading The shift in the

peak positions to higher temperatures may be attributed to increased crystallinity of the metal
oxides and mainly the increase in the oxygen in the metallic matrix of the cat@itystNi

nanoparticles were characterised by a spherical morphology with a diameter rangenof 1




with an average of 4 nm. The short rod structured nanoparticles wereothbaewith a
diameter range ofi8 nm and an average of 7 nifhe co-loaded LaNi/RANR catalysts
catalysed the synthesis @NFs that wee a mixture of both straight long stretching
nandibers and twisted or coiledandibers The actual morphology of each individual CNF
may have beerirectly attributed to the surface or end of thteNi nanoparticleover which

it grew. The straighthainCNFs were catalysed by the La end oftbdoaded LaNi/RANR
catalyst while the coiled or twisted CNFs, weoatalysed by the Ni end of thatalyst
During CVD reaction, the respective metal naaicles also dislodged from the support,
sintered andjavesynthesised fibres with a diameter range Gf38® nm with an average of
175 nm. It was observed that tharere no synergistic effecés a result of ctbading La and
Ni on the RANR support.

The supported catalystd,a/RANR, Ni/RANR, Au/RANR, and La-Ni/RANR showed
exceptional performance as catalysts in the synthesis of CNFs. However, the plain RANR
had no catalytic effeabservediuring the CVD synthesis of SCNMs. Ti@ well known for

its excellent photocatalytic behaviour. Therefore the supported catalysts and the plain RANR
were compared as catalysts for photocatalytic degradatiorethfyl orangeNleO). Detailed
studies of the preparation of the supported catalysts revealed that mataj hidchot result

in the blending ofthe nanoparticles species into the rutile phase lattice of the RBMIR.

PXRD and LRS showed the RANR peaks dominating those of the supported nanoparticles.
The supported metal nanoparticles caused slight shiftiigeoRANR peak positions. The

low wt. % supported catalysts did not show any significant photocatalytic activity different
from that of pure RANR.A 58 wt. % loading was observed to be ideal for the
photodegradation of MeQ.a/RANR showed the highest phottalytic performance of all

the supported catalysts. However, plain RANR exhibited excellent photocatalytic activity,
with degradation efficiency that far exceeded that of the whole range of supported catalysts.
The coloaded LaNi/RANR was the worst photatalysts due to a combination of Ni
inactivity and a tendency to inhibit the photocatalytic activity of both La and plain RANR.
Photoluminescence studies exhibited reduced intenfitidse supported catalysts indicating
consequential effective prohilmn of recombinatiorof the electrons and respective holes.
However, La/RANR sufficiently slowed the radiative recombination process of
photogenerated electrons and holes in,TiDis is because La loaded Ti@as a tendency of
expanding the wavelengttesponse rangas determined byliffuse reflectance UWis

spectroscopy.




Figure 1.1 (a)d). Typical FESEM images of the products synthesised with a titamiomtoxide

TNB concentration 00.4 M at various reaction temperatures: (a, b) 120 °C, (c, d) 150 °C, (a) and (c)
are overview FESEM images (b) and (d) are enlarged FESEM images of the surfaces of the
COrreSPONUING SAMPIGS.......cueieeeeeceeeeeeee ettt e et en et etesn s s eaeaeseen s e 10
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Chapter 1

1.1 Introduction

Carbon materials have been synthesised at thegsiaeaan many different shapescinding:
spheres, coils, tubes, fibers and helitemong these shaped carbon nanomaterials
(SCNMs) are the group known as carbon nanotubes (CNTs). CNTs are composed of
graphene sheets rolled into seamless cylinders (i.e. a -swadlld carbon nanotube
(SWCNT) for a single sheet or multiple cylinders nested within each other i.e-wall&d

carbon nanotubes (MWCNTS)Y. Carbon nanofibers (CNFs) are mdrical nanostructures

with graphene layers packed as stacked sheets while CNTs are cylindrical rolled up sheets of
carbon atoms. Interest in the synthesis of SCNMs has increased as more discoveries and a
wide range of advanced uses of these nanomatbealsccurred. SCNMs such as SWCNTSs,
carbon nanohorns (CNHSs), carbon nanospheres (CNSs), MWCNTs and carbon nanorods,
exhibit outstanding mechanical, electronic, optical, and thermal propeffiesy are also
characterised by large activerface areas, good conductivities, chemical stabilities and have

been used as a host material for the loading of noble metal materials for various appfications.

The synthesis of SCNMs has been carried out using many different methods and reaction
conditions. For example, chemical vapour deposition (CW&) been commonly used as an
alternative to laser ablation (LA) and atischarge (AD). Recent research has attempted to
investigate catalysts that provided efficient ways of synthesising SCNMs at lov eteses.

metal oxides were used aspports of the desired catalyst for the synthesis of SCNMs.
These catalysts were deposited using depostienipitation (DP) techniques or were

prepared using other chemical methods such as depegitgipitation using urea (DPU).

Titania (TiQy) is a metal oxide that has been frequently used in its nanostructured form as a
catalyst support. Studes have revealed that the morphology and crystal form of such
nanostructured materials had to be controlled, as their properties and performance were

greatly dependent on the®& For instance, when Ti¥Owas assembled into three




dimensional nanostructures, it was shown to have unique properties and characteristics,
including: novel topology, iorexchangeable ability as well as photocatalytic abtfityence

the idea for this tbsisis that under the correct conditions, specific nanostructures of TiO
may be successfully used as suppéotsmetals (Au, Ni, La,) active for the synthesis of
SCNMs.

Recent research has shown that ;Tg0uld be synthesised in the form of dandelide
nanostructures that were made up of rutile nanorods that were radially aligned and had
di amet er §ig. @1 ((@Xd)).é Thesé structures were prepared from a mixture of 0.4

M titanium nbutoxide (TNB) and 0.9 M HCI when addedrtdnexane in a total volume of 26

ml and reacted solvothermally under stirring at 12010 °C for 4 H.

500 nm

2]

Figure 1.1 (a)(d). Typical FESEM images of the products synthesised wiitaaium n-
butoxideTNB concentration of 0.4 M at various reaction temperatures: (2M®yQ, (c, d)
150 °C, (a) and (c) are overview FESEM images (b) and (d) are enlarged FESEM images of

the surfaces of the corresponding samples.
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In a similar vein, research conducted in our laboratories has shown that radially aligned
nanorutile structures (RANR) (see Fig.4.2), could be reproducibly synthesised by an
alternative hydrothermal technique (see Section 4.2.1)idmibrk, RANR were prepared in
sucha way that the rutile nanorods that formed had an average diamete8 ofb and
lengths which ranged from 30650 nm. These rutile nanorods were assembled together in
the form of microspheres and in subsequent studighis thesis their squashaped tips

were used as support surfaces in the DP of: gold, nickel and lanthanum and lanttiekelim

mixed metal nanoparticles. Thereafter these metal/RANR assemblies were tested as catalysts
for the CVD synthesis of SCNMs.Jastigations in this work sought to determine what wt. %
loading of each of these metals was required to effect optimal conditions for the synthesis of
SCNMs. Furthermore these studies were focused on deposition of the smallest possible
particles to increse their reactivity and on the development of a workable method for the

selective synthesis of SCNMs.
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1.2 Aim and Objectives

1.2.1 Aim

The main aim of this thesis was to establish if SCNMs could be synthesised by CVD over
gold (Au), nickel (Ni), lantanum (La) and lanthanumickel (LaNi) when deposited on
novelRANR supports. Here the catalyst preparation technique i.e. the hydrothermal synthesis
of the RANR support and then the subsequent DP of these metal nanoparticles was subject to
detailed studyThrough the research in this thesis it was also sought to determine the nature
of the carbon nanomaterials that could be synthesised over these catalysts with specific
respect to: CNHs, CNTs, CNFs, CNSs, SWCNTs and MWCNTSs. Further application was
extendedy testing the supported catalysts and the plain RANR in photocatalytic degradation

of an organic specimen.

1.2.2 Objectives

The objectives of this thesis were to:

1 Prepare RANR by a facile hydrothermal synthesis method

1 Load Au, Ni and La nanopaticles onto RANR support by DPU

1 Determine the crystallographic properties of the metal/RANR catalysts

1 Ascertain the optimum stable wt. % loading of the supported metals that would have
the highest catalytic performance in the CVD synthesis of SCNMs

Determine the ptimal conditions for the synthesis of the SCNMs using CVD

=

Characterise both the catalysts prepared and the SCNMs synthesised under the
optimal conditions.
1 Test photocatalytic performance of the supported catalysts against plain RANR

supported material.

12



1.3 Research Justification

The preeminent technical issue in the preparation of supported catalysts is to optimise DP
conditions to target catalytic properties that greatly affect their characteristics and
performance. DP techniques directly influeiche nanoparticl esd char
particle size, morphology, purity, and the chemical composition of the catalyst deposited on
the support? The key element to DP is the use of low pH and teatpee to bring about

slow depositiorprecipitation of the precursor metal hydroxides onto the support while
allowing a highwt. % of metal to be deposited. Hence a detailed study of the optimal DP
conditions of these selected metal nanoparticles (i.eNA@and La) could bring about the
desired CVD synthesis of SCNMEhe choice of the metals was carefully done considering
their positions on the periodic table. Ni is known to catalyse the synthesis of CNMs. Its
behaviour was tested on the unique RANR supand compared to a higher transition metal,
Au. Further testing was taken to a different metal group, La and effectlofddimg tested on

La-Ni lanthanidetransition system. However the Ti@sed to make the RANR support is
known for its photocatalyti activity. Effect of loadingAu, Ni, La and LaNi on RANR may
further be studied by comparing the photocatalytic behaviour of the supported catalysts to
that of plain RANR.

1.4 Scope of the Research

Research was conducted in this thesis to investigate tlepanmation as well as
characterisation of RANR, using a facile hydrothermal synthesis method, as a support for
metal nanopatrticles in the CVD synthesis of SCNMs. The dependence of RANR attributes on
the preparation conditions and on the gosatments sigficantly dominated the feasibility

of its application as a support to precursor metal catalysts of interest. Hence work reported in
this study concentrated on:

A The synthesis and subsequent characterisation of RANR by a hydrothermal synthesis
method (Chpter 4)

A The synthesis and characterisation of Au, Ni and La loaded on RANR by DP
(Chapter 4)

A The use of Au, Ni and La loaded RANR for CVD synthesis of SCNMs (Chaptrs 5

13



A The evaluation of the photocatalytic properties of Au, Ni and La loaded d%wRRA
(Chapter 9)

The chapter which follows provides a theoretical framework to the work that was performed
in the abovementioned chapters, as well as a thorough review of the related literature.
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Chapter 2

2.1 Literature review

2.1.1 Titanium dioxide (TiO ,)

TiO, occurs in several polymorphic forms. The two most common are anatase and the more

thermodynamically stable rutile pha@es seefn Fig. 2.1).

T

o

@
®
A

Figure 2.1Rutile unit cell, showing central Ti(IV) ion with 6 coordinating oxygen ions at the
apexes of anatahedrort.

Pure TiQin thecrystalline rutile phase is characterised by semiconductingprep and has

a photocatalytic activity of great importance in energy storage and environmental pollution
control? TiO,, as a semiconductor photocatalyst, has received a great deal of attention due
its chemical stability, notoxicity, low cost, and other advantageous properties. However, a
major disadvantagt its widescale usas its ineffectiveness under visiblight irradiation

i.e. the band gap of anatase is 3.2 eV, which requires ewtitatavelengths of < 387.5 nm

This implies that there remains a challenge with respect to extending the photocatalytic
response of Ti@in the visible regior. In addition, the photocatalytic activity of TiOs

limited by fast charge carrier recombination and low interfacial chaagsfer rates of

photogenerated carriefs.
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However, TiQ exhibits awide range of potential technological applications, including:
photocatalysis of pollutants, phesplitting of water and transparent conducting electrodes

for dye-sensitized solar celfsTitania is used in different morphological forms. These include
nanoparticles, nanorods, nanowires, nanospheres and nandtabesstance3D titania
hierarchical structures with hollow spheres and agglomerated spheres have also been recently
synthesized.Similarly titania nanoflowersiave beersynthesized by oxidising pure Ti with
hydrogen peroxide solutions at low temperafu@n the other handsujihara and Jiangave
separately synthesized 3D titania hierarchical structure films on glass substrates with

nanorodghat wereradially arranged” *°

Research has shown thacile hydrothermal methods of synthesis, can oxidatieehvert
Ti(ll) to Ti(lV) and hence make&D dandelionlike nanstructures with TiG as the
precursor material. For example, when titanium(lll) chloride was dissolved in HCI to make
an aqueous solution containing 15 wt% of Fi@hd supersaturated usihNgCl or NaOH to
control the pH of the solutiorthen3D dandelionlike nancstructures were formed aftédre
solution was heated at 20U for 4 h!* A schematic diagram illustrating the growth
mechanism of the 3Bandelionlike nanostructures under various experimental conditions of

the hydrothermal method of synthesis is showiFig. 2.2

TiCl,
. g
+ Reflux . nanorods g , further nucleation = %
°C vie .| nucleation : ; Ly’
Déiosisad 200 C. V.IEOI'OUS y "
H.O stirring 120 160 °C 160 — 180 °C 180210 °C

Figure 2.2. Schematic illustrations of the growth mechanism of the diddelionlike

nanostructures under various experimental condifibns.

The FESEM images of the centrifuged, washed (with water and pure ethanol) and room
temperature driedandelionlike sphees that were produced by the hydrothermal method are

shown in Fig 2.3!
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Figure 2.3 Typical FESEM images of the products synthesized withVD:BNB at reaction

temperatures ranging from 12®10 °C**

Rodlike structures formed around a central particle, similar to the RANR microspheres
shown in thisthesis have leen synthesized from metallic materials such sdgon
nanostructures (SiINWs), calcium carbonate and iron(lll) oxide prepared by sol
immobilization, solvothermal and hydrothermal methods respectitéfy. However a
thorough search of the literature has revealed that none of these have been used or tested as

catalyst supports in the synthesis of SCNMs.

In this study, the RANR structures which were synthesized bydaothermal synthesis
method (seeSection 3.1.] were used as supportstorwhich metals were preferentially
depositionprecipitated Thereafter the metal/RANR assemblies wesel as catalyst$or the
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synthesis of SCNMs. The metals that were loaded th@ddRANR supportsby DP will be

discussed irsections 2.1.2 2.1.5which follow.

2.1.2 Lanthanum (La) as a catalyst

Research has shown that Fi@oped with L&", prepared by the siajel method, was more
stable and had higher crystallinity than FTi@epared bythe hydrothermal methdd.In the
former case it was found that the*Laloped ions more easily entered the lattice of Z;iO
where it was postulated that they replaced some of tfeidris to form TiO-La at the
interface™® Consequently La is believed to form a very stable supported catalyst eneliO
La/TiO,. Previous remarch has also found that La doped JpgPesented high visibleght
performance, while cdopants like: carbon, nitrogen and boron enhanced the photocatalytic
activity.*>*"?% In at least one casewas believed that doping TiQwith La** accelerated the
separation of photgenerated electrons and holes, while thelgmant narrowed the band
gap and improved the quantum light efficiedtySection 5.2 presents further detailed

applications of La based catalysts.

2.1.3 Nickel (Ni) as a catalyst

The good performance dfi-containing catalysts has been suggested to be due to: increased
dispersion of the active phase, increased acidity, improved sulfurability or reducibility,
induction of edgen XS, crystallites and state of the promot®iAs an example, a sagjel
method has been used to obtaia precursor gel to prepare IO, from titanium
isopropoxide and nickel nitrate (Ni(NJ2-6H.0).'® In order to obtain the NITiO; films, the
precursors were dissolved irRpPopanol under vigorous stirring to get a sol. Thereafter 1 ml

of nitric acid was added dropwise until the sol began forming & géle resultant gel was

spun ond glass substrates to deposit these thin films which were then antfealddtailed
review of the applications of Ni in different catalytic forms and reactions has been presented

in Section 6.2

2.1.4 Gold (Au) as a catalyst

Gold's electronic structure is [Xe]“48d'%s". This configuration ensures that the 4f electrons
underscreen the 5d, 6s and 5p electrons from the nuclear charge resulting in a lanthanide
contractior®>. This contraction in turn results in thedSmetal series having similar lattice
constants to that of the 4d metals. In heavier elements such as gold, there is also a relativistic

factor that must be taken into account as the velocity of the 1s electrons begin to approach the
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speed of light The mass bthe electrons therefore increases relativistically, resulting in a
contraction of their orbitals around the nucleus. Due to this, the higher s and p orbitals also
contract, including the higher 6s and 6p orbitals that results in these orbitals beiley smal
than they usually would have be€rThe final result of all these effects are that the 5d and 5f
orbitals expand outwardmd are thus destabilised, which in turn, has an associated increase
in energy as a consequence of relativistic modification of the valence responses explainable

by double perturbation theoty.

Gold is a soft metal that is largely unreactive and highly stable even on lengthy exposure to
air, water, and other chemicals in the environment. The most common oxidation states of Au
are Au(l) and Au(lll) ando lesser exterAu(V). The Au(lll) has the Yconfiguration which

gives rise to many square planar complexes. The Au(l) has%kertdiguration and is prone

to the formation of linear structures. This phenomenon is maniputatesdextractionwhere

it is reacted with HCN to give a cyanide complex [Au(gNgold is characterised by a high
electronegativity with a value of 2.4 and a quite significant electron affinity of about
223 kJ mol giving Au’ ionic salts. Gl reacts with halides to form trihalides with Cl and

Br, while forming a monohalide with iodirté.

2AuUis) + 3Chig — > 2AuCly)
ZAU(S) + 3Br2(g) —_— 2AUBI’3(5)
ZAU(S) + Iz(g) _— 2Au|(3)

Gold readily reacts with acids buteknot react with aqueous bases. In its crystalline state,
gold has a cubic cloggacked structure with a closest -Au separation of 288.4 pm,
implying a gold metallic radius of 144.2 fth.Because of its stability under normal
conditions, Au(in its bulk form) hasfor a long timebeenconsidered to be catalytically
inactive for a long period of time-dowever, most recentlysupported gold nanoparticles
(AuNPs) have been used as highly active catalysts for a number of selective oxidation
reactions, such asvater gas shift (WGSR) reactions, epoxidation of propene, oxidation of

alcohols to aldehydes and oxidation efjdcose’

AuNPs supported on TiOhave been tested as photocatalysts for the production of

hydrogen'® The stepwise scheme outlined below has been proposed to explain the high
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phaocatalytc activity of this TiO, catalyst which produced hydrogen through

methanol/water decompositidf:

(1) TiOz + 2hv —> TiO4(2€ + 2h")

(2) 2h" + HxO(iqy —> ¥2Op(g) + 2H"

(3) 2H" + 2é —> Hy(q

(4) 2h" + CHOH(igy —> 2H" + HCHO

(5) CH3OHiqy <—> HCHO) + Hz(g)

(6) HCHO) + HoOqiqy <—> HCO:H(ig) + Ha(g)
(7) HCOMHiqy <> COgx(g) * Ha)

(8) CH3OHjiq) + H20(igy <> COyg) + 3Hz(g)

It is thought that the effectiveness of this type of photocatalyst might in part be due to the
deposition of the gold by DPU, as tmsethod allows for the formation of homogeneous

AUNPsiIn close interaction with Ti®

A diagran showing the proposed effect of the presenckudPson a TiQ surfaceis shown
in Fig. 2.4° Here the mechanism proposed starts with the excitation ofBji@Vi Vis light

to form an electrong) i hole (") pair (1)shownin theseries of stepabove?®

A
.<
Zy

CH,OH HCHO,CO,

Figure 2.4. A proposed mechanism for,Hbroduction by Au/TiQ photocatalysts through
methanol/water decompositidn.

The splitting of water molecules is then induced to release oxygen anugbydions (25.
The electrons generated on the F8Drface are then transferred to AUNPs where hydrogen
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ions are reduced to hydrogen gas®(3he effect of the AUNPs on titania is suggested to be
for attracing the electron charge to their surfaces,idvig the bulk or surface recombination

of the éi h" species, thereby promoting the formation of atomic species of oxygen and
hydroger’ In the abovementionedstudy, he optimal loading of gold onto the Ti®urface

was found to be0.5 wt. %° Here it was found that thermally treating Au/Ti@ 300°C
produced AuNPs with the best homogeneity and catalysts with the highest photocatalytic
activity.? Significantly, the photocatalytic activity was highest in the Au/Ti€atalysts when

gold was inits metallic state? Conversely, oxidised gold seemed @vé had a detrimental

effect on the photocatalytic activity of the matetfal.

Gold is known to undergo oxidative transformations under different temperature conditions
and chemical environment€ Fig. 2.5shows the variation of the particle size of the AuNPs

upon different treatment conditions.

> Anion Adsorption or Impregnation

c Au™.Cl O O a

] calcination o "
oxide | «— LN d(Au®) ~3nm + CI

d(Au®) > 10 nm + C1

HAuCI,

NH; washing

AuLNH, oo

H,/300 °C .
— d(Au®) = 3-4 nm, no CI

v Au™ urea

Q Q)
" C . - H,/300 °C
Deposition-precipitation with urea —_— d(Au®) ~2 nm, no Cl

Figure 2.5Mechanism for the preparatiarf supported gold catalysts by anion adsorption or

impregnation and DP&

The use of AuNPbased catalysts has been widely explored in recent Ye&rstailed
analysis and studies have demonstrated how the catalytic performasagpoited gold
catalysts was dependent on the particle sizes of the AtiNH=ce, their role in the reaction
mechanism and their active sites when used as catalysts was found to be subject to their:
dispersion, interaction with the support and the characteristics of the stippatiPs
deposited on inert materials have shown catalytic actfeitythe syntlesis of CNTsonly

when their diameters were betweenl@ nm?* On the othe hand, when AuNPs with

diameters from 2 to 26 nm were supported on transition metal oxides (such as ceria
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zirconium oxide, iron oxideetc) they exhibited excellent catalytic performance for
applications in: chemical processing, pollution control andl deés'* Additionally, AuUNP

based catalysts (such as Autade, PtAu/Fe,Os, Au supported on GO, NiO, ZnO, ZrQ,

Ce(Q andTi-SiO,) have enabled low reaction temperaturesi(200°C) to beusedand have
provided high reaction selectivity foEO oxidation??> The peparation of AuNFbased
catalysts has been shown to be affected by at least two factors. The first was the amount of
Au that could be depositedvhich was significantly affected by the point of zero charge
(PZC) of the oxide suppoff The second was the source of the Mere, since aumber of

Au sources were chloroauric compounididas been found that thi@ce amounts of residual

CI wereableto negativelyinfluencethe catalyic activity of these AuNPased catalysts.

2.1.5 Lanthanum-Nickel (La-Ni) co-loaded on RANR

Recent research, involving new combinations of elements toasicatalysts, has sought to
develop stablehighly efficient and active catalytic materidlsFor instancetransitionmetals

of group VIIIB like: Ni, Co, Pd, Ir and perovskite type oxides such as LgNi&ve been
reported to be very active cataly3tdVi-containing catalysts are said to bring about excellent
performance with high lonterm stability, have sintering resistance and are able to evade
deactivatim.**** Nickel containing mixednetal catalysts have also been prepared on
different support mateals such as: Tig SIi0, -AbOs; ZrO, and LaOs; and have
demonstrated high efficiency as well as reliability, even at high temperatures {273 K)

for reactions such as the steam reforming of metffagémilarly Ni with La in the La

Ni/Al ;03 mixed-metal catalysthave beenshown to stabilize alumina high temperature
applications” Lanthanum haalso been found to bring about a synergistic effect in catalysts
by improving their resistance to coking in the steam reforming of: propane and ethanol as
well as in dry reforming’*®*' Similarly, in methane reforming reactions a perovskite type
LaNiO; mixed-metal catalyst has been used as a precursor for a very active catalyst in the
CO; reforming of CH.383

Detailed studies have also investigated the stabilities and activities of perovshii®©/,a
where their performance was compared @gfathe polymorphic phases of LaNi@nd
Ni/La,05.%° In a relatedstudy a simple selfombustion method was used to prepare
perovskites from their respective precursor compotthddere highly dispersed metal
nanoparticles were formeih situ over a titania syport which resulted in high catalytic
activity and stability*
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Since a highly stable support material, especially with refractory properties, sustains its
catalytic behaviour under both reducingnditions and high temperature reactions, it was
decided to test this phenomenon using a novel support materiabhadlyr aligned nanorutile
(RANR), in the form of microspheres. The RANRovided a unique topology onto which
LaNi mixedmetal catalyst were homogeneously dispersed. However, unlike in the above
mentioned study, the catalyst was not fornedsitu during the CVD reaction, but rather
during the catalyst preparation step in deposificetipitation where urea was used. Some of
the deposibn-precipitation methods will now be discussed.

2.2 Deposition-precipitation (DP) methods.

Gold precursors have been deposited on,Th®: cation adsorption (CA), deposition
precipitation with ureaIPU) and NaOH DPOH) to form Au/TiO, catalysts. Detailed

studies have been carried out to determine the nature of the species deposited as well as the
chemical phenomena which occurred during their preparation. It has been shown that the
cationic adsorption of the [Au(efi* complex had to be carried out at rocemperature to

avoid the decomposition of the complex and the reduction of “gdPOH and DPU

methods have involved the deposition of a Au(lll) species on astifface™®

Depositionprecipitation with NaOHQPOH) developed by Harat* presented better results

in terms of catalytic activity than impregnation which led to large AuNPs (>10hpP

with NaOH is easier tearry outthan with urea and is efficient in preparing nanosized gold
particles (23 nm) with deposition approximating 8 wt.% at a pH close to thatpufizero
charge of the oxide (PZ¢, ~ 6)* Further attempts to increase gold loading can be achieved
by decreasing the pH of the solutibelow 6 but this will be at the expense of the gold

particle size which increases sharply and also less gold particles loading onto the*3dpport.

Gold catalysts are effective at low reaction pematures. This phenomenon was tested and
observed for the oxidation of CO and the decomposition of trimethylathifiee particle

size of gold on the metalxide supports could be controlled by the selection of a suitable
calcination temperature. Smalgized AuNPs (<5 nm) gave the highest catalytic activity and
this posed an added advantage ofutbe oflower calcination temperatufé.it was observed

that the formation of large particlessults from the fact that the interaction of HAy@ith

the support is weak. The chlorides in the samples promote sintering of the Au particles during
thermal treatment. The sintering is suggested to be due to the high mobility of Au on the

support in he presence of chloridés.
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The particle size and the amount of gold deposited on iu®©ngly depend on the pH of the
solution containing thelAuCl,. In most preparation methods, Au is in the oxidation state 3+
after drying. The thermal treatment used to reduc® iwo Au’ can be performed with any
reducing gas such as,lér oxidising gases such as air. When the supported gold precursor

decamposes in air with temperature, it forms%aecause of the instability of ADs.*®

Harutaet al developed a depositigorecipitation method using sodium hydroxidPOH).**

The method provedore viablethan the conventional deposition of organogold complex in

gas or liquid phase on a support in the absence of moisture. It is also an efficient method to
prepare nanosized gold particles32xm). However, the method is not effective for the
deposition of gold nanoparticles on metal oxides with a point of zergeliRZC) below 5

or on activated carbdli.The totdity of gold present in solution cannot be deposited on the
support wusing DP with NaOH. Ma xhasrheemepogtexl] d | o ¢
to be deposited by DP with NaOH at pH rangé X0, whenthe nominal amount of gold

present in solution of 18t. %" Ho we v er |, gold |l oading is repor
pH close to PZ&o, which occurs at ~ 6 in DP with ureBRrevious studieseported that
depositionprecipitation with urea, coupled with increased DP time in solution led to small

Au particle sizes (2 nm) even at a very high metal loadifg*

The DPU preparation is characterised by the depasiof gold onto the Ti@surface from
the precipitation of a gold compound. The gold deposition on the gn&eeds by way of
formation of goldtitania surface complexand then of gold colloids arising from the
reduction of All' species by the i ions present in the suppdit.The gold colloids are
negatively charged on the surface and interact with the positively Judace at low
temperaturéd>*’ R Zanellaet al carried out detailed studies on different ways of carrying

out deposition precipitation of gold catalyst nanopartitieg?8-°>

2.3 Synthesis of carbon nanomaterials

Carbon nanomaterials have been synthesized using various techniques incbodmgal
vapour deposition (CVD), laser ablatifiA), and aredischargé’® The need for the synthesi

of shaped carbon nanotubes or nanomaterials is primarily because of their outstanding
mechanical, electronic, optical and thermal properfi3CVD shows noticeable advantages

for the growth of shaped carbon nanotubes or nanomaterials in terms of low growth
temperature, good controllability, and easiness to scafgaguctyield andincreasepurity.

Lase ablation and ardischarge could grow shaped carbon nanotubes or nanomaterials at a
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relative high yield?® An improved floathg catalyst CVD (FCCVD) was developed for the
semi continuous synthesis of shaped carbon nanotubes or nanomaterials with a relatively

large scale, high purity and low cast.

FCCVD involves aligning two horizontal tube furnaces with two temperature zonée
reaction tube for the growth of shaped carbon nanotubes or nanomaterials. Benzbee

used as a carbon source angligiused to bubble the benzene into the reaction tube. The
catalyst precursor is ferrocene which vaporises and decomposes at low temperature to form
atomic Fe which then agglomerates into iadusters or nanoparticl@5A growth prompter,
(thiophene) is added ia small amount by dissolving it in the benzene #meh serve to
nucleate shaped carbon nanotubes or nanomat&riadsrocene is consumed in the growth
process and the synthesized shaped carbon nanotubes or nanomaterials are floated and
transferred by the carrier gas to hang onto the reaction tube wall. The shaped carbon
nanotubes or nanomaits are then continuously grown through the floating catalyst
method. The method produces a large quantity of-hieb silver black, very light and free
standing shaped carbon nanotubes or nanomat&ridle structures of the carbon
nanomaterials caeasily be tuned and systematically adjusted by changing experimental
parameters, such as the sublimation temperature of the ferrocene, the amount of growth
promoters, the carbon source and its flow rate, and reaction tempé?afiig. 2.6 shows

some examples of shaped carbon nanomaterials that can be produced in diffiigaéed

synthesis reactions.

Carbon nanomaterials such as SWCNTs and CNHs are characterised by large active surface
area, good conductivity and chemical stability that have been used as a host material for the
distribution of noble metal nanoparticlescbhuas in imsitu growth of AuNPs on shaped
carbon nanotubes or nanomaterfdi§he ease of producinguNPs of uniform dispersion

and narrow size distribution is attributed to the pore structure of shaped carbon naootubes
nanomaterials. A direct reduction route of depositing AUNPs on shaped carbon nanotubes or
nanomaterials involves spontaneous reduction of AuNRgganometallic complexes. This
method has been used in the high yield catalytic synthesis of carbon namainaThis

method basically uses the CVD process of synthesis or more precisely FCCVD. The
precursor organometallic complex used in one of the processes is ferrocenen

pentacarbony{Fe(COY}) for the synthesis of shaped carbon nanomatéfials.
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Nano Cone

Figure 2.6 Structural representatierof different types of carbon nanomaterféls.

Shaped carbon nanotubes or nanomaterials have also been prepared from tailoring of carbon
nanomaterials by irradiatieimduced transformations. Amorphousfilins are irradiated in a

JEOL 2010F field emission gun TEM to form shaped carbon nanotubes or nanomaterials.
The electron beam carries a large current in a small area in the TE®& electron beans

then condensedndis propagated to irradiate and open holes in a carbon filmanlfarm a

thin graphitic bridge separating regions of carbon material formed. The beam is spread to soft
irradiation conditions such that it revetb normal current density observation values. The

thin graphitic bridge is narrowed until forming shaperboa nanotubes or nanomateriis.

The catalytic method® makeshaped carbon nanotubes or nanomaterials include catalytic
decomposition of carbon precursor molecules suchydsocarbons, CO or alcohols on the
surface of transition metal nanoparticles. The shaped carbon nanotubes or nanomaterials can
be produced via aerosol synthesis in a vertical laminar flow reZcttre catalyst particles

can beformed via nucleation ancbndensation of metal vapour, whichobtained by thermal

decomposition of metal organic precursors such as ferrocene and iron and pentalarbonyl.

Theset up for theatalyst particle formation via thermal decomposition of ferroceciaded

a saturator, a wateooled injector probe, and a furnace.dd CO carrier gas at a flow rate

of 300 en® min® was directed through the saturator filled with a mixturesitita and
ferrocene powders. In another-sgt, the introduction of iron pentacarbonyl vapour was done

as above but the saturation of the carrier gas was by way of passing it throggida |
precursor reservoir. The metaganic precursor vapours were introduced via the injector
probe to a furnace set at a temperature at which iron pentacarbonyl precursor vapour

immediately undergo decomposition forming iron vapour. The lastsédr catalyst particle
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formation consisted of a hot wire generator (HWG) positioned inside the heated furnace and
surrounded with a flow of mixed JH, gas for protection. The metal vapdarformed via

resistive heatin§’

Parametric studies were also done on the synthesditioms in plasmanhanced CVD for
making high quality shaped carbon nanlo&s or nanomaterials. This involved synthesis of
shaped carbon nanotubes or nanomaterials frof@H{ mixtures on an Mg&upported
mixed-metal MoCo catalyst using microwave plasihemhanced chemical vapour deposition
(PECVD) reactof? The catalysand support were preparbg wet mechanical mixing anal
combustion synthesis procedure. The catalyst was prepared from a solution of molybdenum
and cobalt nitrate hexahydrate andled to a solution containing NIgOs), and citric acid to
make a mixedmetal MeCo catalyst ora naroporous MgGsupport*® The dispesed and

dried catalyst was inserted intoettPECVD reactor. Hydrogen gass introduced into the
chamber first, followed by methane thereby initiating the synthesis process. Various synthesis
times and inlet gas flow rates were doyed for the parametric study. The parametric study
focused on the effect of synthesis temperature, inlet gas composition, synthesis time, and
plasma power on the shaped carbon nanotubes or nanomaterials ®§ravetimilar study

will be carried out in this work using Hdi catalyst on mesoporous rutile THAGRANR

supportas explained in details @hapter 9.

Similar studies were carried out to determine the effect of,Feé@0;, and NiO catalysts and
calcination temperatures on the synthesis of shaped carbon nanotubes or nanoosterials

a CVD methodon a carbon souec These studies precede work done in this research as
presented irfChapters 51 7 of the results and discussion section. Previous studies reported
on the use of CofAl,O5 catalyst in a synthesis carried out at atmospheric pressure in a
fixed bed quad reactor that was inserted into a stainless steel tube at a reaction temperature
of 950 °C®"®° The dried catalyst samples were calcined in air at 300, 600 and 850 °C and
loaded into the reactor. The CCMBactionwas carried out for 30 min. The Cg@@l,03
catalyst calcined at 300 °C produced ribitike and sheelike shaped carbon natubes or
nanomaterials. On increasing the calcination temperature to 600 °C, both MWCNTs and
SWCNTs were formed. The FeOxh8l; catalyst calcined at 300 °C produced SWCNTs
arranged in bundlesvhich had smooth surfacesyhich werelong as well as straight
Calcining the catalyst at 600 °C produced shorter SWCNTSs but of increased diameter of 4.03
nm as compared to 2.68n forthe 300 °C calcined cataly&t.
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2.4 Photocatalysis studies

Nanotechnology has found wide uses in different industrial sectors including environmental
water and waste water management, gas sensing and catalysis during photscaistysr
Tropsch and other related applications. Nanotechnology is considered a key area in
addressing the current drought, water shortage and water pollution chalfenges.
Nanotechnology has a potential of being designed into innovative, novel areffeotve
applications in environmental management including photo degradation of water and waste
water pollutant$? In this research, the prepared supported catalysts were tested for
photocatalytic performance against pure RANR. Previous studies téstgqzhdtocatalytic
degradation of a wide range of organic pollutants in water using purg ah® M/TiG,
supported catalyst3.he efficiency of TiQ as a photocatalyst reported to benaximised by
improving its charge carrier separation during the pleotrochemical and photocatalytic
processes. Nobkupported metalsuch as Au and Pt are known to modify the, E@d bring

about improved charge carrier separatiod plasmonic effecfd
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Chapter 3
3.1 Methodology

3.1.1 Preparation of radially aligned nanorutil e

A 250 ml roundbottomed flask filled with distilled water (100 ml) and fitted with a magnetic
stirrer bar was placed in an tbath placed on a magnetic stirrer. A solutiom@l, (12 ml)

was added dropvise to the flask while stirring. This solutievas then heated under reflux at

200 °C for 24 h using an oil bath. The resulting precipitate was cooled to room temperature
and centrifuged for 10 min at 3000 rpm and washed 3 times with using warm deionised

water. The supernatant was transferred to adyeskd dried in an oven at 120 °C for 40 min.

3.1.2 Loading of metal catalysts orradially aligned nanorutile support

As discussed in Chapter 2, different authors have reported on a wide range of metal loadings
onto various types of supports for diverse mesidlysts. Throughout this thesis, a common
method of metal loading on the tips of tRANR was used for all the metal catalystsing

DP ureamethod The metals that were loaded on the RANR support were: Ni.@andLa-

Ni.

3.1.3 Depositionprecipitation method usingurea (DPU)

In each case a mass of 1 gRANR was added to 100 ml of an aqueous solution containing a
calculated concentration of precursor metal catalgs2 x 10° M HAuCl,), (0.408917g
NiNO3-6H,0), (0.14268g LaG) and ureg0.42 M). The prearsor metal compounds in the
solution corresponded to 8 wt.. %imilar calculations were made for the other loadings, (0.5,
1, 2, 5 and 10 wt. %Bhe pH was initially set at approximately 2 using HCI. The suspension
was refluxed at 70 °C and vigorously st for 24 to 72 h. This consequentially led to a
gradual rise in pH from 2 to 9 #seurea decomposed. The solids thus formed were gathered
by centrifugation at 800 rpm for 10 min. They were then washed in 100 ml distilled water
under stirring for 10 mm at 50 °C and then centrifuged. This washing step was repeated four
times. The catalysts were dried atiB80 °C for 2 h and stored in a dark cupboard under
vacuum in a desiccator. The amount of gold in solution corresponded to a maximum metal

loading onTiO..
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3.1.4 Chemical vapour depogion synthesis of carbomanomaterials

A typical CVD setup was used for the synthesis of the CNMgg( 3.1) This setup
comprised a furnace fitted with a thermocouple and a temperature/time control panel. The
furnace allowd for a quartz reactor tube to be inserted horizontally and was fitted with gas
inlet and exit connectors. A weighed mass of each catalyst was placed into a quartz boat and
then inserted into the centre of the quartz reactor tube. This was then pladéé fntmace.
Silicone inlet tubes that delivered acetylengH£) and hydrogen (k) from the gas manifold

were connected at the inlet connector to the quartz reactor tube. A silicone outlet tube was
connected to a bubbler which exhausted to the extatmpsphereKig. 3.1) The GH>

served as the source of carbon in the synthesis of the CNMs,aasldHreducing agent and
carrier gas. The synthesis of the CNMs was carried out by varying parametric conditions that
were set for the reactions. The paramgethat were varied were: temperature, reaction time,

gas flow rate, catalystt. % loading and the type of catalyst used.

Thermocouple

"‘Lras inlet

Exhaust
Gas outlet

Bubbler

Figure 3.1: Adiagram representing the CVD agi that was used to synthesise SCNMs.

In each reaction 500 mg of catalyst was amifly spread into a small quartz boat, and placed
approximately at the centre of the furnace in a quartz reactor tube, to ensure controlled
heating. A gas mixture of acetylene and hydrogesH{(i,) was then introduced into the
reaction tube through the ganlet and the exhaust was exited through the gas outlet. Gas
mixtures comprising of §4,/H,, with flow rates varying between 10100 mL min® and

reaction temperatures ranging from 20B50 °C were set as reaction parameters for the
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synthesis of the STMs. The furnace was heated to the desired temperature at rate of
10 °C min?, during which time K was passed through the system. Once the desired
temperature was reached, acetylene was then also allowed to pass through the quartz tube for
a setperiod of time (300 120 min). Thereafter the acetylene flow was stopped, while the
furnace cooled under a flow of,HThe assynthesised material was then harvested for further

characterisation.

3.1.5 Characterisation of RANR and supported catalysts

Detailed analyses of theRANR were carried out to determine their properties and
characteristics, including the morphology of tRANR using powder Xray diffraction
(PXRD) and transmission electron microscopy (TEM). The precursor metal content of each
sample was etermined using thermogravimetric analysis (TGA). Samples of the respective
catalysts were characterised using instrumentation presented and explagsetian 3.2
Analyses using high resolution transmission electron microscopy (HRTEM), variable
tempergéure powder Xray diffraction (VTPXRD), BrunauéEmmeti Teller (BET) surface

area measurements, Fourier transform indch (FTIR) spectroscopy and TGA were used to
provide detailed information in this regard. The RANR supported metal catalysts were then

used in the synthesis of SCNMs.

3.2 Analyses

Samples of materials prepared and synthesised in this research were analysed and
characterised using a wide range of instrumental techniques. The different techniques
provided sets of data from which detailed iptetation revealed the intrinsic properties and
characteristics of the materials. The catalyst nanoparticles were analysed using PXRD to
determine the crystallographic phases and structures &AhKR support and the Au, Ni, La

and LaNi catalysts loadedon the support. PXRD was compared to electron probe
microanalysis (EPMA) data’he wavelength dispersive spectra using wavelength dispersive
spectroscopy (WDS)ere used to mathe distribution of elements in the samplednergy
dispersive Xray spectrosopy (EDS). Surface area studies were done using BET.
Temperature programmed reduction/oxidation (TPR/O) analyses, both before and after the
CVD reaction, revealed details of the behaviour of the RANR supported metal catalysts.
TEM and scanning electronionoscopy (SEM) were used to study the morphology of both
the RANR supported catalysts and the SCNMs that were produced in these CVD reactions.

The SCNMs were studied using laser Raman spectroscopy (LRS) and TGA to compare and
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confirm the properties of tlse products. FTIRpectroscopyas used to analyse the bonding

in the RANR supported metal catalystsdto understand their chemical interaction and the
SCNMs thatwere produced The RANR and the supported Au, Ni, La andNiacatalysts

were further testéfor photo degradation of methyl orange (MeO) by irradiating the sample
with simulated sunlight generated by a Newport illuminator solar simulator. The degradation

reaction of MeO was monitored using a Wig¢/spectrophotometer.

3.2.1 Powder X-ray diffraction (PXRD)

The fundamental use of PXRD is in the identification of components in a sample. This
technique operates under the premise that about 95 % of all solid materials (organic and
inorganic) can be described as crystalline and are capable of intessithing-rays to give a
diffraction patterr. Every crystalline substance gives a pattern and will always give the same
pattern even in a mixture of substant&@he area under the peak of a given phase of that
substance gives a measure of the quantity of that phase present in the samplegajhe X
diffraction pattern of a pure substance is essentially like a fingerprint oubistasce thus
PXRD can distinctively identify and characterise polycrystalline phases. The fingerprint
PXRD pattern is derived from the diffraction ofrays by atoms arranged in a certain
sequence that make up the crystalline form of the solid matehal.disorderliness and
random arrangement of atoms in a material gives rise to materials described as amorphous
solids. Regularly arranged atoms in systematic sequential repetitions in three dimensions

describes solid crystals and hence crystallinity. Thallest volume of a crystal is a unit cell.

In this work, samples were analysed using a Bruker D2 Phaser PX&R3.2 that used Co

K radiation which made use of a 30 kVrXy tube and a currentof 30 mAovera @ 2 d O

90° range The diffractometer mde use of the BradgBrentano geometry with an incident

angle defined between therXay source and the sample while
defined between the incident beam and the detéddmwever, the diffraction vector was

always normal to th surface of the sample. Careful sample preparatasrequired. Here

packing of the sample into a sample holder to gain an almost flat plane surface that could be
further pressed with a glass plate to attain a smoothened surface with a uniform height was
required(Fig. 3.3) Both calcined and necalcined samples were prepared in this i@y

control purposes and tracking phase transitions during calcination
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Figure 3.2: The Bruker D2 Phaser PXRD fitted with a LynxEye detector.

Figure 3.3: Sample pregration for PXRD analysis.

Scans were measured over a 30 min period with sample rotation during scanning. The scans
produced a saif data which includpeak patterns, lattice parameters and Miller inditas
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peak patterns were identified by searchihgptigh an inorganic crystal structure database
(1 CSD) t hat mat ched phases which occurred

software.

3.2.2 Electron probe microanalysis (EPMA)

EPMA is a technique which identifies and measures concentrations of elements in
microscopic volumes of a sample usingay spectroscopy. The operating technique makes
use of an electron beam focused on a sample and interacts with it to generate arf@auray of
different types of electrons. The electron beam may be-$eattered ta@ive backscattered
electrons (BSE), secondary electrons (SE), characteristmy and cathodoluminiscence
light (CL).2 The surface scans of the sample, using the electron beam, produes tsigh

can be used to acquird-ray maps, high molution scanning electron images, phase
identification images from the CL data, phase distribution, estimation of proportions,
elemental composition variation and surface textural analysis of-phated composités.
Quantitative chemical analysis cars@lbe carriecbut using the characteristi-rays of
various substances. The technical application of EPMA combines both energy dispersive and
five wavelength dispersive spectrometers (EDS and WDS) at the microprobes to perform
guantitative and qualitativenalyses. EPMA uses high sensitivity crystals that ad@afold
increase in count rate, while maintainiggpod peak to background ratio and spectral
resolution. The microprobes are operated at a high vacuum in the pressure range 6f 2 x 10
10_6.4

EPMA analyses in this research were performed with a CAMECARXEPMA (Fig. 3.4

which was operated at 15 kV and at a working current of 20 mA. EPMA was used to analyse
the RANR supported metal catalysts, tbotono (La, Ni and Au) and mixedetal (LaNi)

loaded, for their elemental distribution by WDS mapping and quantitative analysis by

characteristic Xays. The spatial distributions were also determined-bgyXmaps.
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Figure 3.4: The electron probe micranalysis assembly.

3.2.3 Scanning electron microscopy (SEM)

SEM is a technique that is used for achieving high resolution images of surfaces. It involves
scanning a fine beam of electrons over a specimen and detecting the signals which are
emitted.Scanning kctron microscopy permits electron beam excitation of the sample that
generates signals detectable on the cathode raytypbs of detectors that visualise and
record the sample image. The visual images of the sample can be generated from signals due
to the displaying of: secondary electrons, bachkttered electrons, transmitted electrons or
sample current.The secondary electron image is formed by both the secondary eleuitbns

the backscattered electrons that reach the detector. This is because the secondary electrons
are generated from within a few nm from the surface of the sample. The resolution of modern
SEM instruments is of the order of 2 nm. Thus they are very sengit surface structure,

and provide topographical information. On the other hand, the-dmtkered electrons are
generated from deep within the sample and interact much more strongly with the sample.

They thus provide compositional information.

A FEI Nova Nanolab 600 FESEM, operated at 30 kV with a spot size of 0.63 nA, was used
in this research worlkHg 3.5. The La, Au, Ni and Lai nanoparticlesupportecon RANR
were analysed in a detailed study of morphological structure before and aftethes€&€wMD
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synthesis of SCNMs. The -aynthesised SCNMs were also characterised under SEM and

EDS to determine the elemental composition of the catal$&NM system.

Figure 3.5:The FEI Nova Nanolab 600 FESEM/FIB.

3.2.4 Transmission electron microscopy (TEM)

TEM is able to generate high resolution images of samples at magnifications as high as
0.5 nm from a high powered beam of electrons accelerated at 12T lkd&e electrons are
generated from thermionic or field emission sources after which a series of lenses facilitate
their collection and focus into the optical path. It is the optical quality of the lenses that
control the resolution of the electron microscopgdowever, these lenses are affected by

factors such as: astigmation as well as spherical and chromatic aberration.

The mechanism of TEM imaging involves manipulating thenbeof electrons using
condenser lenses that focuses the electron beam onto the sample surface askigo®i&in

The bearrsurface interaction results in different types of scattering and parts of it are
transmitted. These transmitted electrons are ftusy the objective lens into an image on

the chargecoupled device (CCD) cametaThe image is enhanced in its contrast using
objective apertures and is enlarged as the image is propagated down the column through the

intermediate and projector lenses.
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Specimen plane

_/////////’ Objective lens ,/////////,

Back focal plane

Intermediate image plane

/////////, Diffraction lens B T

Projected image Projected diffraction pattern

Figure 3.6 Beam geometries in the TEM for imaging (on theft)l and difraction
(on the right) mdes®

Parameters such as morphology, stay structure of materials, phase transitions, grain
arrangement, particle size and diameter measurements are able to be determined by TEM
analysis’ The use of TEM also enables the revelation of the finest details of internal
structure. Similarly etxapolations of TEM data from a series of reaction products can be used

to determine a stepy-step mechanism of the reaction process.

In this work, a FEI Tecnai T12 transmission electron microscéjmp @.7) was used to
characterise the morphologicproperties and characteristics of both the RANR supported

metal catalysts as well as the SCNMs that were synthesised via the CVD method.
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Figure 3.7: The FEI TECNAI T12 transmission electron microscope.

3.2.5 Energy dispersive Xray spectroscopy (EDS)

EDS analysis is a technique that scans thea)s generated from the interaction of an
electron beam with a sample. Because some of thayX produced in this manner have
wavelengths and energies that are characteristic of the elements therein, this Fadiows t
di stribution and the samp°’lEBSis speciically ossful ini on t
acquiring rapid qualitative analysis of an nokvn sample. EDS is also used to ctenpent
broader analyses such a¥£M, SEM, and EPMANDS. Therefore these previously
mentioned instruments are used to perform EEBS relies on an interaction of
somesourceof X-rayexcitation and @ample Its characterization capabilities are dure i
large part to the fundamental principle that each element has a ahigoie
structureallowing a unique set of peaks on its electromagmatission spectrumTo
stimulate the emission of characteristierays from a specimen, a higimergy beam of
charged particles such ectronsor protons or a beam of Xays, is focused into the sample
being studied The number and energy of therXys emitted from a specimen can be

measured by an energlyspersive spectrometer.
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3.2.6 Temperature programmed reduction/oxidation (TPR/TPO)

TPRanalyses providaundamental informatiom catalysis in terms dhe chemical stability

of the materiabeing analysed, botin a free or controlled atmospheric environment. TPR or
TPO analyses are performeid orderto find the most efficient reduction or oxidation
conditions. TPRTPO is also usefulfor identifying the supported precursor phases and their
interactions with the suppaot Consequentlyhe data obtained from TPR/TPO can be used to
predict the conditions under which the supported catalysts may bewlsstill retainng
their distinct physical and chemical characteristics. Ideallye support material should
reduce or oxidise at a higher temperature than the catalysts it supports. TPRisedlss a
characterisation of complex systems sucmasdmetalor doped catalysts and to determine
the role of the second component andestablish the formation of alloys or promotion

effects!

Figure 3.8 Micromeritics RS23ZPR/TPOanalyser

In thisresearchAu, La, Ni and LaNi catalysts were supported on RANRPR analysewere
performed on these materialsing a Micromeritics Autochem Il chemisorption analyser,
model RS232 fatus. A typical TPR analysisinvolved placing a precursor metal oxide
catalyst (such as ApOs;, NIiO, La0Os; and LaOs-NiO) supported on RANRinto the
Micromeritics analyse(Fig. 3.8. This was therset to areductiontemperaturegange ramped
at 10 °C mift while a reducing gas mixture gAr) flowed over each supported catalyst
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Reduction ratesvere measuredby the change in composition of the expended gashis

way the H concentration decrease in the expended, gas compared tats initial
concentratin was measured This providel useful quantitative and qualitative information

on the reactivity s well asthe behaviour of the supported catalysitesdmade it possible to

set conditions for optimizing the reactions to be catalysedvell as predicing other
parameters of the reaction. In this research, the TPR data was further used to determine

catalystco-loadingof catalysts on the support.

3.2.7 BET surface area analysis (BET)

Specific surface area (SSA) isngeasureof the total surfae area of a material per unit of
massof that material SSA is therefore measured iff ky™ or n? g* and is used to determine
the characteristic properties of a materialisfindamental informatigrobtained from BET
analysis has importantimplications for adsorption, heterogeneous catalysis and reaction
surfaces. SSA may be determined using different measurement methods lsyich simple
calculation fromthe particle size distributionj) adsorption measuremearity BET isotherns,
andiii) gas pemeability!® However, all theemethods excegbr BET, fail to measure much
of the surfacefine structure andeep texture of the particles. However, BE€asurements
may greatly differ due to the substance usethe adsorption procesBET surface area
analygs make use of nitrogen gas being adsorbed on the ssidapewdered solig, where
the volume adsorbedare measured at a constant temperatuee77.4 K and the lowest

relative pressur&

Figure 3.9Micromeritics RS232 BrunaueEmmettTeller (BET) surface area analyser
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In this research a Micromeritics RS232 BET surface analy¢€rig. 39) was used to
determinethe specific surface area of the novel support mategaRANR, in an attempt to
understand the topology of the nanorodsoamhich the metal catalyst nanoparticles were
loaded. Surface area studies w@erformedon these supportedRANR catalsts in an

attemptto understand thereaction kinetics

3.2.8 Fourier transform infra -red (FTIR) spectroscopy

Materials absorb light in different regions of the spectrum in distinct ways. However, most
materials absorb in the infrared region. 3&éabsorptons result in changes ithe vibrational

and rotational modes of the moleculesthese materials, due # change in the dipole
momens. Consequently, the absorption frequesmf a material aredetermine by the
vibrational frequenies of the molecule (of which it is made), which in turmfluence the
infrared photon energy transfer efficieiGyHere, aneasure of the magnitude of the infrared

photon energtransfer gives the absorption intensity.

Figure 3.10Bruker Tensor 27 FTIR analyser.

Compared to other infrared spectroscopies, F3pBctroscopys useful in the quantification
of several components absorbing in the smidared region. This is becae FTIR analysis
has a better signdéb-noise ratiachan other methods such as HPLC and\ii/ The technical
innovation involved in FTIR is the use of an interferometer instead of a monochromator and

slits. The operation mechanism is characterised bgphtting of a beam into two different
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paths. Once the beams are allowed to recombine after interference, the intensity of the output

beam is monitored as a function of path difference by using a det&ctor.

In this research, a Bruker Tensor 27 FTIR analy$ég.(3.10 was usedo monitor the
growth of RANR. Thereafter this analysis was extended to RANR supported catalysts to
determine the extent of interaction at the metal catélystpport interface. These analyses
generated spectra that served as unique molecular fingehamteere easily distinguished

from the absorption patterns of other molecules.

3.2.9 Laser Raman spectroscopy

Laser Raman spectral analysis is a technique that characterises mavéthalsinique
vibrational and crystallographic informatidimat isderived fom electronic states and phonon
energy dispersion in an electrochemical system of a matéffalis information enables
detailed studies of the physical properties that are relevant to electrons and ph&®iss.
commonly used to characterise’ sarbons such a8D graphite, 2D graphene, 1D carbon

nanotubes and 0D fullenes'®

Figure 3.11Bruker Senterra Laser Ramapestrometer.

Structural characterisation of graphitic materials provides particularly valuable information
about defects, stacking of the graphene layers and the finite sizes of the crystallites parallel
and perpendicular to the hexagonal axis. LRSdsmaparatively easy, netestructive, non

contacting and rapid measurement method to examine the inelastic scattering of light from a
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sample surface at room temperature and ambient pressure. The Raman spectra of graphitic
materials are commonly characterid by two dominant spectr al f
appearing at 1582 cfrand 2700 ci,, as wel |l as the D and DNj ba
and 1620 cnri respectively® The D-band featurestemsfrom the disordeinduced modelt

has asecondharmonic called G 61 band. Measurements of the -Dand and theG éand

frequencies at the single nanotube level therefore pravidpie information on the chiit}

and diameter dependence @fand G &hat can be used to determitiee magnitude ofhie

trigonal warping effect in the electron and phonon dispersion reldfions

Thelaser Raman spectrometer used in this research was a Bruker Sénter8al(l)fitted

with a 50x objective lens for imaging. Here the laser excitation wavelength wa$8¢etm

and spectral data were evaluated using OPUS 7.1 software. Detailed studies were carried out
on the CVD products synthesised over the various supported catalysts (Au, La, Ni and
La-Ni/RANR), under different sets of parametric conditions. Ts#gdies were conducted to
determine the effect of varying the parametric conditions of synthesis in terms of graphicity

and crystallinity of the products.

3.2.10Thermogravimetric analysis (TGA)

The basis of TGA is the monitoring of the mass of a materialfasction of temperature or

time under a controlled temperature and atmosphere. This involves heating a material and
measuring its weight as it is heated or cooled in a furnace. The material is loaded on a
specialised pan supported by a precision balahat rmeasures its mass loss/gain against
temperature or time. These measuremeats quantify the extent of water, solvent and
plasticizer loss, decarboxylation, pyrolysis, oxidation, decomposiwn% filler, catalytic

metal residue (remaining in SCNMa3 well aswt. % ash?®®

In this research TGA was applied in the characterisation of the SCNMs thadyménesised

via CVD over Au, La, Ni and L&l metal nanoparticle catalysts deposited on n®&NR
supports. Here TGA was used to determine the mass of catalytic metal residue that remained
on these SCNMs as well dee composition of the supported cat&ysnd their CVD
products as well as their thermal stabiliti@he decomposition temperature information
gained this way was useful in distinguishing the degree of crystallinity in the different
carbonaceoumaterials and was used to complement the PXRd Raman data that were
obtained. In this research a Perkin EImer TGA Simultaneous analyser STA 6000 Pyris Series

(Fig. 3.12 wasused for the TGA analyses.
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Figure 3.12TGA T MS Simultaneous Thermal analyser.

3.2.11Ultraviolet i visible spectroscopy (UWvis)

Modern chemistry has seen wide applications of spectroscopic methods in the identification
of molecular structures. UVis spectroscopyhas been used to determine molecular
structures, sizes of nanoparticféssoncentrations of solution, confirmation of molecular
structues, monitoring progress of reactions and to control the purity of compounds. Fhe UV
vis spectrophotometer comprises five main components in its asserilig.first is a light

source such as lollow cathode lamp, deuterium lamp or a tungsten lamp. This dstase
generate light in the UV, visible or infrared spectral ranges. The second is a monochromator
which is used to select light frequency with uniform wavelength from the lamp. Thesthird
specialised sample holding compartmigntvhich the fourthcompament fit, i.e. the cuvettes

which contain the sample and allow light to pass through them. Finally the intensity of the
light of each monochromatic beam after passing through the sample is measured by the

detector or photomultiplier in the UVis spectratange.
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Figure 3.13Varian UV-vis spectrophotometer.

The spectral scans and the adsorption speut then displayed on a computér. this
research th&arian UV-vis 50 Conc spectrophotometeffFig. 3.13) wasused to monitor the
photodegradation of nigyl orange (MeOpy using differentRANR supported catalysts ah
uniform wt. % loading. In these studieshé photadegradationof MeO was initiated using
light originating from aNewport illuminator solar simulatofsee section 3.2.12)sing a
range of parameters including volume, amount of supported cajatygalyst type and
durationof degradationHerereactions were monitored by measurihgMeO concentration
changes in the Mef@atalyst mixture under illuminatioat aconstant stirate with sampés
drawn at regular time intervals. The adsorption spectra of the MeO affimere then

represented on a computer dispfay.

3.2.12 Solar simulator

Solar simulators are designed to imitate the directional, spatial and spectral distributions of
concentrated solar radiatidhat is acquired at the focal plane of a highly concentrating
system.In this researctan Orel instrument 50° 500 W power input Newport illuminator

solar simulator WX00048-ig. 3.14). The solar simulator compridéhree main components

i) the power supplyij) the digital exposure control amng a reflector adjustor with horizontal

and verical lamps.
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Figure 3.14Newport llluminator Solar Simulator Oriel Instruments WX00048.

The radiation sourcevas a high powered lamihat delivers a continuous beam of intense

thermal radiatiorf” The arc lampproduce different kinds of radiation at visible wavelengths

with additional power in the infrared and ultraviolet regions of the specitilimeir spectral
distributions are then adjusted using a reflector adjuster by altering the horizontal and vertical

l amps to closely match t hencesnan Besexpresedlas @@ ut p u

Kubelka Munk algorithmic equatiaf®

(1—R)?
K=—"—=F(R)
2R
Where: K = reflectance transformed

R = percentage reflectance
F(R) = KubelkaMunk remission function
In such cases a high power linear arc of 200 kW electrical output may deliver as much as

75 kW of continuous radiative power at its focal plane with peak fluxes of 4250 suns.

Where 1 sun 1 kW ni?.
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Chapter 4

Au, Ni and La metal nanoparticlessupported on RANR

4.1 Introduction

The advent of catalysis for chemical reactions has seen the use of many different types of
metals as catalysts. Detailed studies have identified metals that pdréstnas catalysts

while other metal oxides as catalyst suppdvtaterials such as alumina, silica, taanum

oxide and other transition metal oxides aftenused as catalyst supportshe choice of the
support material is influenced by their properties and characteristics and how they enhance
the behaviouand performance of the metal catalysts they sugfifferent materials have
alternate morphologies on which catalyst nanopatrticles can be supported due to the various
ways in which they crystalliseSome branches of research focus on methods to fabricate a
support material that allows small nanoparticle catalysts to be loaded with required properties

and characteristict®

RANR have been prepared for use in photocatalytic reactionshe work presented here,

the RANR morphology was explored as a support for Au,.a&Nandco-loadedLa-Ni metal
nanoparticles. Detailed studies were carried out terdene how the RANR structure
supported metal nanoparticl&he choice of the metals was carefully done considering their
positions on the periodic table. Ni is known to catalyse the synthesis of CNMs. Its behaviour
was tested on the unique RANR suppand compared to a higher transition metal, Au.
Further testing was taken to a different metal group, La and effectlofdding tested on L-a

Ni lanthanidetransition system.
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4.2 Literature review

Transition metal oxides have been used extensivelygpastimetal nanopatrticles for use as
catalysts. Synthesis of Ti@ (titania) support nanostructures in various morphologies has
been widely researched due to their application as photocatalysts. The efficiency of a catalyst
is strongly dependent on the pele size, crystalline phase, extent of crystallinity, surface
properties and the particle and support morphofolggr instance, microspheres assembled
with nanorods have been found to exhibit low reflectaand also have efficient light

harvesting properties due to the ordered nanorod Units.

Hierarchical porous nanostructur@gth macropores in combination with mesopores or
micropores are of particular significance in practical applications. Such asoaikid pore

sydem has advantages over unimodal pore size materials in terms of diffusmeneffj
accessibility to th@ores by guest species, and large pore voldfhéacropores allowarge

guest molecules to access and achieve an efficient mass transport through the porous
structures. The micropores or mesopores enhance the selectivity and the surface area of the
nanostructureS. Porous channels of hierarchical porous structurbdtqratdysts are
selective for the reactants oropluct and increase the adsorptive sites and reactive channels
for in situ reactions. They are convenient for electron flow and most importantly
macroporosity and mesoporosity are favourable for light propagation and photon absorption

that could effectivel enhance photocatalytic reaction efficierity.

Titania has been used as a photocatalyst for the removal of hazardous organic substances; a
nanostructured reservoir for cosionresistant coatings; nanorod films for studying
reversible super hydrophobicity behavipan electrode material for dygensitized solar cells

and lithium batteries; a component in mesoporous membranes for ultrafiltration; and as an

additive for fiel cell membranes’

Titania has three naturally occurring polymorphs: brookite (orthorhombic), anatase
(tetragonal), and rutile (tetragonal). Rutile is the thermodynamically favoured phase, whereas
anatase and brookite are both metastable to rutilél #&raperatures. It has been widely
demonstrated that some propertfssch as crystalline phase and surface actiatyjtania

are very sensitive to its microstructdre.
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Hydrothermal synthesis has been used in the preparation of titania nanostructures with
tuneable phase and shdfi&lsing hydrothermal preparation of titania at temperatures of 200
°C, pure rutile phase has been obtaitfeRutile phase titania has been shown to be attractive

for many applications largely because of its thermal stability and optical properties.

The time evolution of titania rutile growth indicatesttaeestep growth process for the
formation of RANR. At the very beginning, TiGanatase nanoparticles precipitate in the
solution as a result of homogeneous nucledfioks reaction time proceeds, the particles
aggregate and grow through a redissolution mechanism to form nan®twsods grow
along the [001] direction due to the presence of a-biggrgy surface leading to loosely
packed immatureadially aligned nanorodsn time, further deposition and situ annealing
lead todensely packed mature dandeli6nsThe nanorods, which can form the mature

dandelions, are not uniform and continuous along the entire radius of the dantelions.

Gold in the form of nanoparticles supported on transition metal oxides has found application
as a catalyst effective at low reaction temperatures for the oxidatiodOofand the
decomposition of trimethylamine amongst many other applicatfofisNanoscale Au
particle size gives it catalytic activity, as opposed to the inert bulk gold. Bulk Ni and La
metds also have low catalytic activity, while in the naioom they are highly active. This is
generally explained by the absence of partially filledrbitals which make the metallic
catalysts unable to chemisorb small molecéieBrevious studies realed that nandu
deposited on transition metal oxides such a®©kEerliO, and CqO, is very active for room
temperature oxidation of C®. Of particular nterest for this work, however, is the potential

of mutual stabilisation of the titania substrate and the metal nanoparticles for application in

the growth of carbon nanomaterials.
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4.3 Experimental

4.3.1 Preparation of RANR

A 250 ml roundbottomed flask filled with distilled water (100 ml) and fitted with a magnetic
stirrer bar was placed in an ibath placed on magnetic heater stirrefiCl, (SigmaAldrich

CAS number 755@5-0, 12 m) was added drewise to the flask while stirring vigorously.

This solution was then refluxed at 200°C for 24 h while stirring. The resulting precipitate was
cooled to room temperature and centrifuged for 10 minutesC& §0n and washed 3 times

with 100 ml warm distilled water. The precipitate was transferred to a beaker and dried in an

oven at 120 °C for 40 minutes.

4.3.2 Deposition-precipitation method using urea (DPU)

The DPUmethod to makenetal catalysts wassed to makéu/TiO, describedn previous
studies->?? A determined amount of precursor metal salt was added to 1 g of RANR in 100
ml of water ina round bottomed flask. A stoichiometric excess of 100 times the metal
concentratiorof urea was then added to the mixture émd was vigorously stirred while
heating to 80 °C to obtain the desired metal loadings ranging from 0.5%b ¥ Hydrated
chloroauric acid (HAuG}6H,O, SA PreciousMetalg was used as the gold source, solid
LaClz (Sigma AldrichCAS number 10096058i 8) was the source of La and nickel (Il) acetate
tetrahydrate (Ni(OCOCH,-4H,0) (Sigma Aldrich)as theNi source The purpose of #huse

of urea wadecause urea decomposes $jomeaning that there is remdden increase in pH

in a localised region of the solution as observed with the addition of hydroxyl species. In
agueous conditiongyrea hydrolyzes upon heating above °“@and preipitates metal ions

from solution and deposits them on the support material (RANR)

The DPU was carried out over a 24 h period. This is because the longer the deposition time,
the higher the nanoparticle distribution. The gradual decomposition of wezatine
facilitated the breaking down of the metal nanoparticles into smallest particle size possible.
The solid material was gathered by centrifugation @0@ rpm for 10 min. After washing

with 100 ml distilled water while stirring folO min at 50 °Cthe solids were collected by
centrifugation. This washing step was repeated four times. The supported catalysts were dried
at 6670 °C for 2 h and stored in dark cupboard under vacuum in a desicc@tdhe
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prepared catalysts were calcined at 700 °C for 4 h and reduced at different temperatures as

explained inSection 4.4.6

4.3.3 Characterisation techniques

Detailed morphological analyses of the RANR andRAR supported metal nanoparticles

were performed using scanning electron microscopy (SEM, FEI Nova FIB) and transmission
electron microscopy (TEMEEI Spirit 120 kV). The average particle size was determined

using manual measurement tools in ImageJ on TEM and SEM images. A minimum of 200
particles were counted on the images. The crystallographic phases of the RANR and the
supported nanoparticles veerdetermined using powder-rdy diffraction (PXRD) on a
Bruker D2 Phaser diffractometerind2ange from 7A to 120A using

BET (Micromeritics TristarSurface area and Porosity Analyser 3000) measurements were
performed to determine surface area, pwlime and pore size of the RANR andtaie
loaded RANR. 8mple material200 mg, was degassed at 150 °C for 4 h underti

remove the moisture before the BET analysis.

Hydrogen temperature programmed reductiog-TRR) analysis of the dried arwhlcined

metal loaded RANR waperformed on a TP®RJlicromeritics AutoChem Il Chemisoriph
Analyser 2920 Statusnit. The unit is equipped with a thermal conductivity detetbor
determine the optimum temperatures at which the metal oxides rddube TPR analysis,

100 mg of catalyst sample was placed in &hdped quarts sample tulderior to TPR
analysis, each sample was jreated under flowing Ar at 15@ for 30min. After the pre
treatment, the sample was cooled to room temperature. The gas flow was then switched to
5% H, in Ar balance at 5énl min™ and the sample was heated to 9G0at a constant rate of
10°C/min. A thermocouple in the furnace of the sample compartment monitored the

temperature during the ramping and coojimgcess
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4.4 Results anddiscussion

4.4.1 Structure and morphology of RANR

RANR particles were successfullyrdfiesised reproducibly a series of reactions to make
as much RANR as possiblslore than 20 pots of RANR synthesis were set up throughout
this research workTEM images of the asynthesised RANR are shown ffg. 4.1 The
images of an enlarged individURANR particle are shown ifig. 4.1(c). The mean diameter

of the nanorods was-22 nm and lengths ranged fro® 650 nm. The nanorods were
densely packed and spherically aligned. Previous studies segtiedtthe growth pattern of
the nanorods is algnthe 11Qaxis of the rutile crystal plane with a preferred orientation in the
001 directiorf’, °

Fig. 4.2 shows typical 3D SEM images of the-m®pared RANR. Magnified views of

individual RANR particles are shown in imagé3 and €) of Fig. 4.2 The images shouhe

RANR at various stages of formation brdugabout by the parameteo$ the hydrothermal

method of synthesis. These parameters include reaction time, reaction temperature, reactant
concentrations, as well as thetals®dheueadtionnodés p|
parameters are critical in the hydrothermal syntheERANR nanostructures. J. Zhet al.

illustrated the growth mechanism of the Iandelionlike nanostructures under various
experimental condition® Here we observed that reaction parameters directly inflaethee

degree of Aucleation of TiQ in the formation of 3D RANR nanostructures. Therefore

reproducibility depended on how the optimum conditions were set.

The PXRDpattern of RANR inFig. 4.3 confirms the material to be a pure phase of rutile
TiO,. The pattern shows anisotropy of the peak shapes for different crystallographic planes,
consistent with a material composed of nanorods that have all grown along a kngle p
during the formation of the RANR structure
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Figure 4.1 TEM images of RANR showing the radial alignment of the rods (a) and (b) and

the termination of the tips (c).
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Figure 4.2SEM images of RANR nanoparticles showing various degreesroffan.
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Figure 4.3PXRD pattern of RANR confirming the exclusive presence of the rutile phase and
also confirming peak anisotropy, related to the shape of the rods.

4.4.2 DPU of Au, Ni and La onRANR support

The loading of metal nanoparticles of Au, Ni anddrdo RANR was done using deposition
precipitation using urea (DPUAt acidic pH, the TiQ surface of RANR is positively
charged which promptl anionic precursor metals to electrostatically attach onRABIR
support. As the hydrothermal decompositionuoéa progresse the pH increagkand the
surface charge density of the precursor metal anion prectgppatéicleswas altered giving

rise to particle disintegration and hence a decrease in particle size with time accompanied by
a more uniform particleistribution with no distinguishable aggregation and sinteririge

method was used to carry out parametric studieg.d¥% of metal nanoparticles onto RANR.

Fig. 4.4shows typical TEM images of 5 w loadings of Au, Ni and La metal nanopatrticles
respedwely onto the RANR.

At 5 wt. % metal loading, the Au, Ni and La metal catalysts were successfully deposited on
RANR using DPU. Fig. 4.4 (a)shows some Au nanoparticles deposited at the tips of the
RANR. The precipitation of Au is reported to take plaeeywquickly and is complete within

the first hour when the pH of the solution is still acidit® Fig. 4.4 (b) and (c) show the
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distribution of the metal nanoparticles as they are deposited on the nanotbdsRANR.

The metals were evenly distributed across all the tips of the RANR nanorods of the RANR.

The metal nanoparticle sizes were determined from TEM images using Irkaged.5 (a)

and (b) show diameter and particle size distribution of the nanooddee RANR and the
supported metal nanoparticles respectively. It was observed that at short deposition time, the
average metal nanopatrticle size of the deposited Au was large, but with an increase in DPU
time, the size decreased coupled with a highemhieading®® This explains the observed

small particle size distribution of the metal catalyst with averages ranging from3\ant,

Ni: 2-3 nm and La: B nm (Fig. 4.5(b). The small size of the metal particles obserigd

TEM suggests that a strong interaction occurs between RANR support and the metal

nanoparticles precipitated during deposition.

Weight% loadings of Au, Ni and La metal nanoparticles on RANR showed a similar pattern
of metal nanoparticle deposition. Some metal nanoparticles were also noted to be distributed
along the radial length of the Tihanorods of theRANR. Fig. 4.6 (a)shows a high
magnification image of Au nanoparticles deposited on RANR. The phase contrast of gold
nanoparticles iseen on thdiO, of RANR (M, =79.87g. méf) because of gol d
atomic mass (A= 196.97 g. mot). The atomic masses Ni (A, = 58.69 g. mol) and La (A

= 138.91 g. mat) arelower than that of Au and do not show a distinct phase contrast from
that of RANR. Even at higher magnification, the Ni and La metal nanoparticles aer iight
colour but contrast sufficientlyrom the RANR to be distinguishe#ig. 4.6 (a) shows that

the patrticle size distribution is homogenous wt8% Au/RANR. Fig. 4.6 (b) and (c)show

the deposited Ni and La metal catalysts on the nanorods BIAN&.

Deposition of 10wmt. % loadingof Au, Ni and Lais shown inFig. 4.7. Fig. 4.7 (a)shows a
dense distribution of Au nanoparticles on the nanorods dR&MNR. Au nanoparticles were
deposited on the tips of the Ti@anorods of th&@ANR. This is also presented ifg. 4.7 (b)
for 10 wt % Ni loading. The deposition of 1@t. % La showed unifornspatial distribution
of La nanoparticles as shown in Fi§(c). The inserts irFig. 4.7 show how the Au, Ni and
La are attached to tHRANR to form supported catalysts

ImageJ was used to determineerage metal nanopatrticle sizes. A0 % loading the Au
nanoparticles have particle sizes ranging fraf8 @m. The Ni nanoparticles have particle
size ranging from i16 nm while La nanoparticles are in the rang@& 2m. Fig. 4.7 also
shows the squaréips of theRANR.
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The DPU process involves vigorous stirring of RANR in the solution mixture over time
ranging from 1824 h. But theRANR did not disintegrate or get pulverised. They retained
their morphology and respective dense packing of, i@horodsin their RANR structure
However, a the hydrothermal decomposition of urea progigste pH increagkand the
surface charge density of the precursor metal anion precigppatéicleswas altered giving

rise to particle disintegration and hence a éase in particle size with time accompanied by

a more uniform particle distribution with no distinguishable aggregation and sint&hag.
deposition of metal catalyst nanoparticles does not expand or distort the arrangement of the
nanorods in th&@ANR spleres.
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Figure 4.4 TEM image of 5 wt % loading of (a) Au catalyst, (b) Ni catalyst and (c) La
catalyst orRANR.
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at 500°C and H T reduced at 600C.
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Figure 4.6 TEM image of 8 wt% loading of (a) AU/RANR, (b) Ni/RANR and (c) La/RANR
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Figure 4.7 TEM image of 10 wt % loading of (a) AU/RANR (b) Ni/RANR and (c)
La/RANR.
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4.4.3 PXRD analysis

Powder Xray diffraction (PXRD) analysis of the supported catalysts sHoeansistent
patterns for the respective different metal loadings for each metal. The peaks in each series of
patterns matchethe identity of respectivesingle phaseas shown in the AU/RANR PXRD
patterns inFig. 4.8 (a).The major pealobserved was relatl tot he r uti | e2’phase
(100) peak. The AU/RANR patterns iRig. 4.8 have characteristic small extra peaks
occurring between rutile peaks 101 and 200 and also between 200 and 111 of the rutile phase
due tometallic gold(ICSD collection code 44362y he peaks at 2d° value
increase in intensity with an increasewh % Au loading corresponding to an increase in
diffracting material. PXRD peaks of Ni/RANR shownHig. 4.8 (b)also had similar patterns

that matched with those of purerati However, additional peaks
29.3, 391 and 472° (ICSD collection code 53807 These peaks were attributed to Ni metal.

The peaks increased in both intensity and increase in wiet# loading.

The PXRD pattern ifFig. 4.8 €) showed patterns of the La/RANR catalysts. The patterns
exhibiteda series of peaks thatcuredin the PXRD ofthe pure rutile phase. However there
wasno distinguishable peaks that may be attributabkelta phase. This could be due to La
particles leing too small. However, La peaks were expected to agp@ad v al ulés of
and 223° (ICSD collection codes 1950 and 104658article size analysis iSection 4.4.2
showed La particles having a size rang82im. This size rang&as in the correct range to

give a peak in a PXRD pattern. Detail€BEM analysis Bowed that La particles deposi

aroundthe tips of the rutile nanorods of the RANR
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Figure 4.8 PXRD pattern of supported Au/RANR (a), Ni/RANR (b) and La/RANR (c)
calcined at 700 °C for 4 hr.
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4.4.4 EDS analysis of the supported catalysts

Energy dispersive Ray spectroscopy (EDS) analysis was carried out only on the.P@ wt
loaded RANR to confirm the elemental composition of the materiglg. 4.9 shows EDS
spectra of the 10 wit% supported catalystssig. 4.9 (a) showed peaks confirming the
presence of A. A peak due to Twvas dueto the rutile TiQ nanorods of the RANR. The Cu
peakwas due to the copper grid used to load the catalyst sample for EDS arflys&9

(b) showed peaks confirming the presence of La in the 100Mta/RANR catalystThe La

metal dispersed energy at a wavelerthiit issimilar to that of Ti. Therefore the La peaks
overlappeahose of Ti hence the metals are identified on the same peaks. However, Ti has
electrons in the K; ;> shells and gives EDS count at 4.5 KeV. La dodshawe electrons in

the K shellbut in the M that are excited and give EDS count at 0.833 Kield. 4.9 (c)
showed peaks corresmting to Ni. The Ni peak overlap wittihat of Cu at 1 and 7.5 KeV.

Fig. 4.9 (c)also shows a small Si peak which can be attributed to particles of glass from the
glassware used in the preparation of the materials or more likely to some silica contaminant

in the film.
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Figure 4.9EDS spectra of supported metal nanoparticleRANR (a)10 wt % Au/TiO; (b)
10 wt % La/TiO, and (c) 10 wt% Ni/TiO,.
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4.4.5 BET surface area measurements

Surface area studies using BET skdwow the deposition affected the surface area and
porosity of the RANR. The surface area and pore volumes slibgorted catalysts obtained
from DPU decreased with an increase in metal loading. The unloaded RANR suppert has
surface area of 50 g’. The BET surface area of the unloaded RANRIi® tothe
supportedcatalystmetal nanoparticles. This is becauke loadednanopatrticledad a high
density coverageon the RANR nanorods sugort® The supported catalyst metal
nanoparticles covered the pores on the support suifatdée 4.1shaved both surface area
and pore volumes decreasing relative to that of unloaded RANRhIg.may be compared

to the observations made Kjhoudiakovet al. who reported that Au supported on,Bg was
observed to undergo stw-seven fold decrease in surfaaeea on heat treatment of the
catalyst samples? This is despite the fact th&e,0; is a different material with a different
morphology to RANR.The previous reports presented values ranging frord080nt g
which decreask slightly after meal loading*®*? This is in agreement with what was
observed in this work. The corresponding surface areas and pore volumes ofethe th
samples after drying at 80 °C and again after calcination at 700 °C for 4 h are presented in
Table 4.1 The surface areas of all three Au/F&amples decreased to between 33 and%50 m
g ! while that of Ni/TiG samples decreased slightly within a 4%@®nt g ! range and the
La/TiO, ranged from 36 to 44 1y *.

The observedlecrease in surface argand of the overall supported catalyst complement
PXRD and TEManalysesthatshowed increase in partislsizedistributionwith an increase
in metal loaing. More pores o the RANR support material were blocked with increase in

loading coupled with increase in spatial distribution and particle size.
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Table 4.1BET surface areas and pore volumesAaf Ni and La nanoparticles on RANR

support calcing at700 °C for 4 h.

Sample: Surface Area m? g Pore Volume cm3 g™

PlainRANR

5 wt. % Au/RANR
8 wt. % Au/RANR
10 wt. % Au/RANR

5 wt. % Ni/RANR
8 wt. % NI/RANR
10 wt. % NiI/RANR

5wt. % La/RANR
8 wt. % La/RANR
10 wt. % La/RANR

4.4.6 TPR analysis of supported catalysts

TPR profiles of the metal nanopatrticles supported on the RANR are shown #h JFgAt

acidic pH, the TiQsurface of RANR is positively charged which proegpnionic precursor
metals to edctrostatically attach on tHRANR support.The profiles inFig. 4.10 (a)are for

the supported Au/RANR. The Au/RANR materials have profiles characterised by a reduction
peakaround 100°C. Previous studies reported a similar {tasnperature reduction peéke

this for Au/TiO, samples™ 3> The observed peak Fig. 4.10 (a)is attributed to the reduction

of the Au nanoparticles. This confirms that the DPU loaded Au was in the oxidised state as
also reported in former wofR and support previously reported results that AwgTiO,
precursor decomposes in air due to the instability ofauo form AW.*® This observed
phenomenon isttributed tothe extent of interaction between the support and the deposited
metal catalyst with vary from one support to ather for the same cataly€t.The

interactions are influenced byréace energetics and morphology of the support material. The
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peak intensities ifrig. 4.10 (a)show a steady increase with increasetn% gold loading on
the RANR support.

Reduction profiles of supported Ni catalysts kig. 4.10 (b) show that peaknitensities
increased with an increase wi. % loading, with the 10 wt% having the widest and most
intense peak. However, the peak intensity @ft5% Ni/RANR is greater and narrower than
that of 8 wt % NI/RANR. This could be due to the Ni particlestbé 5 wt % NI/RANR
having a smaller particle size thus reducing more rapidly than the large particles of the Ni
particles of 5 wt% Ni/RANR. The wide regions of Htonsumption extend from 300 to 610
°C with a halfwidth maximum at 500 °C. Previous steslireported that Kiiis fully reduced

at 330 °C to Ni.** However, this value varies with the support on which the Ni is supported.
Similar to supported gold catalysts, the Ni mhetgeracedwith different support materials to
different extents thus influencing the reducibility of the metal. G. Yetaai>* reported that

the NiI/RANR forms a peak at 520 Kitw a subsequent wide region of ldonsumption
extending into the final isotherm@mperatureat 603 K with an ultimate return to baseline.
This observain is a shift from the observed reduction range including difference in the
positions of the peaks driheir relative intensities for supported Ni catalysts and other zeolite

supports such as TOFeOs; and SiQ.

Fig. 4.10 (c)presents TPR profiles of La/RANR catalysts. The profiles are characterised by
wide peaks with regions spanning from 400 to 900 The profile of the 5 w&o La/RANR
is characterised by °CtThie phepmenknss emdidatédbys 00 and

Su Khineet al. who postulated that the distinctive reduction peaks at different temperatures
could signify that there exist variotges of G species at diffrent mobility that participate

in the reaction with K*® Previous studies revealed different reduction temperatures due to
the nature of the support on which the La was loddéu this study, we report a reduction
temperat ur e o0ssugpbr@don RANR hsgsentdd aFig. 4.10 (c) The shift

to higher reduction temperature as compared to previous studies highlighted above could be

attributed to the greater extent of interaction between the La afRAINR support.
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Figure 4.10 TPR spectra of supporte@ Au/RANR (b), Ni/RANR (c) and La/RANR
calcined at 700 °C.
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The rutile peak is more intense at a reduction temperature dfGDOFig 4(c) than it is in

Figs4 (a)and(b). This is mainly because of the reduction temperature of rutile thd is at
alower temperature than the reduction temperature of La metal occurring aroutt gb@

shift of the La reduction peak to higher temperatures enabled the rutile peak to intensely
exhibit itself than in Fig 4(b) where it is suppressed with Ni peaks ooguaround the same
reduction temperature as that of ruti@mparison of the TPR response of profiles-ig.

4.10 (a)and (b) for Au and Ni respectively, shows that the deposition of La on RANR
influences TPR behaviour rendering the*'Léess susceptibl to reduction hence higher
reduction temperatures are observed. These reduction temperatures are critical in determining
suitable reaction thermal conditions in catalysis. In this work, reduction was done in a CVD
setup prior to synthesis of shaped carbanomaterials so that the metal oxides,@4, NiO

and LaOs) loaded on the RANR support are reduced meetallic supported catalysts
(Au/RANR, Ni/RANR and La/RANR) that have desirable catalytic properties and

characteristics. The catalysts were usedHerstynthesis of shaped carbon nanomaterials.

4.5 Conclusions

The hydrothermal method of synthesias used to successfully synthed®&NR powders

using TiCk as the starting material. The RANR spheres have arage diameter of-2.5

e m aongrisel nanoods packed radially (i.evith a common crystallographic axis for all

rods), with a diameter range of13 nm and lengths ranging from 3@&5 0 n m. The i
prepared?o RANR powders provi de a good Supf
Hydrothermal decomgsition of urea was successfully used to load Au, Ni and La
nanoparticles othe RANR support.

Detailed studies were done for the preparation method in particle size, effast. &

loading surface area analysis and reducibility at different metal lgadin acidic pH, the

TiO, surface of RANR is positively charged which proegbainionic precursor metals to
electrostatically attach on tHRANR support. As the hydrothermal decomposition of urea
progressd, the pH increagskand the surface charge densitytbe precursor metal anion
precipitate particleswas altered giving rise to particle disintegration and hence a decrease in
particle size with time rad a more uniform particle distribution with no distinguishable
aggregation and sinteringhe supportedu nanoparticles lparticle sizes ranging froni 1

3 nmwhile the supported Ni nanoparticlesdhaarticle size ranging from2i 3 nmand the

supported La nanoparticlesre intherang@i8nm The catal ysts in the n
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are in the oxidisedofrms AypOs;, NiO and LaOs; but were reduced to metallic stateg

calcinationand subsequent reduction in hydrogen
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Chapter 5

Synthesis of carbon nanofibers over supported lanthanum

nanoparticle metal catalysts onRANR: A parametric study

5.1 Introduction

The use of materials on the nanoscale is receiving ex¢éeatention, in attempts to design

and synthesize new functional materials with novel properties. This has also opened avenues
for new materials that previously were not well known or less researched. Lanthanum (La)
has recently been sthesizedto catayse the synthesis of carbon naraderiaé for different
applications. Carbon nanotubes (CNTs), carbon nanofibers (CNFs), single andwadlé&d

carbon nanotubes (SWCNTs/MWCNTS) are of interest due to their desirable properties such
as electrical behaviour and mechanical strength. Irchiapter presented here, a parametric
study of the synthesis of CNFs via the CVD of acetylene under hydroge/{z) over La
nanoparticles supported on RANR (La/ RANR) was conducted. Here the mechanism of
growth (i.e. base or tip) was monitored by vagyiparameters such as gas: flow rate,
temperature, CVD reaction time and % weight La loading. Tipesameters were varied
during the syntheses to determine how the supported catalyst performed in terms of its
activity and selectivity as welbndto deternme the nature of the carbon nanomaterials that
were preparedCharacterisation of the catalysts aneé VD products was performed by
TEM, SEM, PXRD, LRS and TGA.
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5.2 Literature review

Shaped carbon nanomaterials (SCNMs) are structures of any shapepfncadeon atoms

and having diameteon the nanometer scleSCNMs may take shapes such as: spheres,
sheets, fibers, rods, sticks, horns, flakes or simply amorphous carbon nateriacent

years CNFsand mostly CNTs have attracted much attention among researchers throughout
the world due to their peculiar microstructural morphology, unique properties and potential
applications in various fieldsCNFs are characterised by being many times stronger than
steel, harder than diamond,virag an electrical conductivity higher than that of copper and
thermal conductivity higher than that of diam&RdCNFs alsoshow promise for a wide
range of potential applications such as: field emission displays, fuel cells, electronic devices,
catalysts and biosens8fs Numerous previous studies have reported on the synthesis of
different shapes of carbon nanomaterials over a wide range of supported and unsupported
catalystsusing differentcarbon sources. Reports have included theytatgpreparation of
simple and coiled CNFs from coal gas and acetylene by the catalytic chemical vapour
deposition (CCVD) method with catalysts such as: ferrocene, supported gold and Co

supported on silica respectivel§® 2

Previous studies have reported on the hydrothermal growtitania with tuneable phases,
shapes and 3D dandelitike structure§* Here the overall 3D dandelidike structures
were spherical with average diameters of abouti15um and were composed of many
loosely radially packed nanometsale crystals with squashaped endS. These 3D
artiycial h i e-lika stradures taed the chdvanthge | gbresearving the novel
nanometescale properties, while providing the convenience of storing and handling metal

nanoparticles that could be spatially dispersed along the radial lengths of the ndhorods.

Lanthanum, like other heavy metals, has been found in industrial and oth@ca@heaste
products'® Unfortunately, its recovery from these waste products has been minimal due to its
limited uses.’ Nonetheless, it has been used in a few instances in catalysis. For example,
lanthanumhas been used as a-catalyst/cedopant in the preparation of a Ti®upported
catalyst that was made by a homogeneous hydrothermal precipitation rh&inaitarly, a

Lai N co-doped TiQ catalyst has shown superior photocatalytic actitatplain TiO, for the
decomposition of Rhodamir under visiblelight irradiation'® Likewise La has been used

as a cecatalyst in a mixed metal oxide catalyst (i.€TiS¥%), where the resultant material was
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able to photodegrade methylene bt&i@n the other hand, La has also been used-tiope

TiO, nanocrgtals with carbon, where the enhanced photocatalytic activity of this and other
such Ladoped TiQ nanocrystals has been attributed to the modification of the optical
properties as well as surface states of,T&

However, based oextensivditeraturesearch it appeared that suppodtéa had never been

used unaided as a catalyst in the synthesis of SCNMs. Consequently it was hypothesised that
due to the spherical morphologies and radial loose packing of the rutile titania nanorods into
RANR structures, these would have been able twige unique support structures for La
nanoparticles, resulting in novel La/RANR catalysts for this mepélence in this chapter,
La/RANR catalystwassynthesized, characterized and then tested for their ability to catalyze
the formation of SCNMs from atylene by the CVD method. Here it was hoped that if La
was a successful catalyst, it could in the future be recovered from environmental wastes to be

used for this and various other applications.
5.3 Experimental

5.3.1 Preparation of La supported catalysts

La caalysts supported on RANR were synthesized in this work using the hydrothermal
method that was introduced 8ection 3.1.3and explained in detail i€hapter 4. In brief,

both LaC} (solid) and TiCj (liquid) were obtained from Sigma Aldrich. A hydrothetma
method was used to prepare the RANR at 200 °C. Depogitempitation using urea (DPU)

was used to deposit La onto the RANR according to calculated loadings i.e. 0.5, 1, 2, 5, 8 and
10 wt. %. The DPU experiments were carried out & g0r 24 h.

5.3.2 Synthesis of CNFs

CNFs were prepared in a horizontal quartz tube reactor as shokig.if3.1 (seeSection

3.14), in which the La/RANRatalyst was placed in a quartz boat positioned atehéeof

the furnace. The temperature maintained at thee@ihtthefurnace was varied t800, 400,

500, 600 and 700 °C. Acetylene gas was introduced into the tube reactor at a flow rate that
was varied to: 50, 75 and 100 tmin™ with hydrogen (being used as the carrier gas) set at

the same flow rate. For all reactionsh e f ur naceb6s t eanpheatirgtrater e wa
of 10°C min™ to the preset reaction temperature and then held at that temperature for a pre

set period of time. Acetylene and Hhe carrier gas) were both introduced at a uniform pre
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set flow rae. After each reaction was completed the furnace was allowed to cool down to
room temperature under the hydrogen gas which was allowed to flow throughout the duration

of the reaction.

5.3.3 Characterisation of catalysts and carbon products

The crystallographiphases of the La/RANR catalysts were determined by obtaining PXRD
patterns using the Bruker D2 Phaser diffractometer idirage from 7t0 120u si ng Co KU
radi ation wavel en g tshnthésized C\Df products/veere noitected Bide
analysedby: TEM, SEM, and LRS. For TEM analysis, the samples were prepared by
dispersinga small amount of the materisd methanol under sonication. The drops of the
dispersed material were placed on an holey carbon Cu 4gicto A FEI TEM Spirit
operated at aoltage of 120 kV was then usdeébr SEM analysis, the material removed from

the tube reactor was directly mounted on carbon tape on a sample holder stub. A FEI SEISS
FIB was used for SEM analyses. The avenaagicle size was determined usiimgageJand
statistical analysiswas done using particle size measuremdntsn TEM and SEM
micrographs. A minimum of 200 particles were counted from these micrographs and using a
normal Gaussian curve, the particle sizes were established statistically. EDS anallyses of
chemical compositions of the carbon nanomaterials and catalyst surfaces were performed
using the TEM FEI Spirit 120 kV EDS.

5.4 Results and discussion

5.4.1 PXRD analysis

The PXRD patterns of the unloaded RANR, supported La/RANR and La/R3GIRVIs are

shown n Figs. 5.1 (a)(c). The PXRD pattern irFig. 5.1(a) showed that unloaded RANR

was composed of nanorods that were arranged in the standard tetragonal rutile strticture
orientationin the (110) plané* The PXRD pattern of the supported LARR catalyst
predominantly exhibited peaks of pure rutil«
major rutile peak, and minor peaks at 42.5,04&%2.1, 64.0, 66.5, 75.0 and .82
respectively). La showed peaksc cur r i ng at .1°2nd bwaréspeetiselyas f 30
shown inFig. 5.1(b)andAppendix A.
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Figure 5.1 PXRD patterns of: (a) RANR hydrothermally prepared at 200 °C for 24 h,
(b) 10wt. % La/RANR prepared using DPU at 80 °C for 24 h, (c) SCNMs from CVD at
700 °C, 2 h and@5 mL min® on supported catalyst (SCNMs on&@ % La/RANR).

Both PXRD patterns ifrig. 5.1(b) and(c) showed very similar, but minor peaks that were
duetoLaat 2d v aPane28.0.%5 Ih thi® study thed.a peak corresponded to that
identified on the pattern for the La catalysts in previous stddlielsis implied that La is not
crystallographicallyfusedinto the TiO, matrix of theLa/RANR catalyst The PXRD pattern

in Fig. 5.1(c)showed a broad pedkatisat 2 d v .&°l Thie peakias be®n identified
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as being predominantly due to graphitic carbon nanostruétusgsthesized over the 10 wit.

% La/RANR catalyst. Herat was observed that the carbon peak overlapped with the rutile

and La peaks. PXRD analysis of the/RANR catalyst showed new peaks appearingcat 2

values of 123° and 221° for higherwt. % loadings of La (seéppendix A). In previous

studies by M. Salavatliasri et al, it was observed that calcining A at 600 °C for 2 h
transformed it into a high purity phase with a hexagonal strutidreis correspond to high
calcination temperaturet 700 °Cfor 2 hthatresulted in the transformation of a pure phase

of crystalline La t hal23 ang p2#°altrcancdbe @ncludechtieat 2 d v
the combined effect of calcination and reduction facilitated the transformation of the La metal

to a phase which appeared at lower angles on the PXRDdfcthle La/RANR catalystin

addition to the rutile peaks, the PXRD peak patterns of the supportedNB/Ratalysts

shown inFig. 5.1(b)had peaks which oc@u254°e2822anti362Zd valu
which were attributed to minor peaks of the temperature enhancetetahtransformed

phase.

5.4.2 Transmission andscanning electron microscopy

Figs. 5.2(a)}(b) show a SEM and a TEM mmagraph of La metal catalyst nanoparticles
supported on spherically shaped RANR. The SEM micrograpigins.2(a)showed the 3D
morphology of the RANR on which the La nanoparticles were dispersed. The TEM
micrograph showed supported La catalyst nanopesticee encircled regions kig. 5.2(b)
spatially distributed along the radial length of the rutile nanorods (see arreiy.ib.2(b)

prior to use in these CVD reactions. The nanorods withirRIWER had average diameters

of 15 nm and lengths whichrrged from 500 to 650 nm. The La nanoparticles had diameters

which ranged from 2 8 nm as measured using the ImageJ particle size analyser.

Previous studies have reported on the nucleation and growth of CNFs by exposure of
transition metal surface to lydrocarbon gas under low presstitdén a similar way, La
nanoparticles supported on RANR were exposed:kty Giluted with H, at flow rates which

varied (i.e. 50, 75 and 100 ml rifinin a CVD process that was carried out at temperatures
that ranged from 30D 700 °C. Here it was observed that the morphology of the catalyst
nanoparticles played a critical role in the ecohbf the morphology of the CNFs. Previous
studies on the CVD synthesis of CNFs over Ni showed that individual nanoparticles may
have independently affected these fibers during the reaction, having given rise to variations in
their thicknes$® However, in this work we observed that individual La of the La/RANR
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catalyst particles desnot indvidually affect the properties of the CNFs synthesised. This is
attributable tahe La particles sintarg during the reaction to form larger sized partidigs

nm) as shown irfrig. 5.3 The sintering was facilitated by the dislodging of the Leiglas

from the RANR support during CNFs tip growth. Neighbouring La metal particles came
together formingdrge sized particles ranging i8D0 nm.This is evidenced by thiarge
diameter sized particles observed after the synthesis of Ghit=$5(4). Y. Li et al have also
observed that the structure of SCNMs formed in a catalysed reaction is closely related to the
properties of the metal particles, the reaction conditions and th&eptenent of the
catalyst?’ Here it was observed that the mean particle size of the La changed GMD

under the different setsf reaction conditions. This was because the La patrticles sintered and
agglomeated aghe reaction proceeded. This resuli@NFs of thicker diameters than what
was suggested by the initial La particle sizEgy. 5.2 (c) is a size analysis of the La
nanoparticles showintat they had a size range ¢©92nm with a meaparticle sizeof about

6 nm.

2410 % wt. La/RANR

Particle size (nm)

Figure 5.2(a) SEM micrograph of spherical M. % La/RANR nanoparticles that were used
in the CVD synthesis of CNFs at 700 °C. (b) TEM micrograph of the 10 wt. % La/RE&NR.

Particle size analysis of La nanoparticles.




Similar studies by MKawaguchiet al.in the growth mechanism of regularly coiled CNFs,
through acetylene/hydrogen pyrolysis ansupported Ni powder at 300000 °C, have
shown that they grew exclusively from the tips of the Ni catalyst parfit/sis may explain

the growth of CNFs over the La/RANR catalysts as La was observed on many of the tips of
the CNFs (see insert ifrig. 5.3(a)and (b)). This suggested, at least in some instances, that
tip-growth had occurretf In othercasesCNFs were observed to have growrdbiectionally

from one catalyst particle (see arrow kig. 5.3(c) with homogeneous thickness and
characteristic lengtfheLa particles were not observed at the tips of the CIREsH.3 @d)).

Figure 5.3 TEM micrographs of CVBsynthesized CNFs at: (a) 5 wt. % La/RANR
(b) 8 wt. % La/RANR and (c and d) 10 wt. % La/RANR at 700 °C for 2 h and a flow rate of
100 mL min.
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The inserted TEM micrograph iRig. 5.3(a)is a higher magnification showing how La
nanoparticles had been displaced from the RANR nanorodsaahgiven rise to lon@NFs.

In particular, the inserted TEM micrograph king. 5.3(a) revealed hat the size of the La
nanoparticle (c.a. 40 nm) determined the thickness of the CNF (c.a. 40 nm) i.e. the diameter
of the fiber was roughly equal to the diameter of the La nanoparticle around which it grew.
Equally, it appeared that the La nanoparticlesbéed carbon atoms to deposit, dissolve and
then condense into networks that grew into CNFs i.e. La nanoparticles catalysed their growth.
It was also noted that at highst. % of La loadings more graphitic CNFs were synthesized
(seeSection 5.4.3.

Theaverage diameter of the CNFs synthesized by the La/RANR catalysts .&5oetdings

was 40 nm while the lengths ranged from 200int®0 um. However, La nanoparticles still
attached to the RANR had an average particle sizeiod 3im(see particle sizanalysis in
Section 4.4.2 This implied that upon being dislodged from the support, theahaparticles
sintered to form large particles that seeded the growth of CNFs with thicker diameters. This
trend of the La nanopatrticles being dislodged from thppaer was observed throughout the
whole range ofwvt. % loadings (i.e. 5 10 wt. %) as well as all temperature and flate
variations. However, it was observed that changing the reaction parameters for the CVD
synthesis brought about significant changgethe nature of the CNFs produced. For instance,
the 5 wt. % La/RANR catalysts exhibited exceptional catalytic perform@ge5.7) across

the whole parametric range, while lower loadings resulted in the synthesis of amorphous
carbon (seé&ig. 5.6. Onthe other hand, the 8 wt. % La/RANR catalysts exhibited moderate

catalytic performance across the whole parametric rdfigse. (5.5 (a)(d)).

Fig. 5.4 presents the fiber thickness analysis of the CNFs that were synthesised over the
571 10 wt. % La/RANR catalystsat 700 °C for 2 h and a flow rate of 100 mL fhirThe
average diameter of the CNFs ranged fromi4B70 nm while that of the supported La
catalyst was shown toaveaverage diametesf 6 nm. This size difference further confirmed
that sinteing had taken place during CNFs synthg848 nm) as shown ifig. 5.5 The
sintering was facilitated by the dislodging of the La patrticles from the RANR support during
CNFs tip growth. Neighbouring La metal particles came together forming large sized
paticles ranging 20i 600 nm. This is evidenced by the high diameter sized particles
observed after the synthesis of CNIFgy( 5.4).Detailed analysis revealed that the average
fiber thickness increased with increasetd % metal loading as shown Hg. 54 The 5 wt

% loading had CNFs of average diameter of 40 nm while 8 and.1% \Wadings had 250
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and 270 nm respectively. It could be concluded that increased. % {oadings resulted in

larger catalyst particle sizes (due to sintering) which in tuasexlarger fiber thicknesses.
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Figure 5.4 Thicknessof the CNFs formed at: (a) 5 Wi La/RANR (b) 8 wt. % La/RANR
and (c) 10 wt% La/RANR at 700 °C for 2 h and a flow rate of 100 mL Tin
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The TEM micrographs ifig. 5.5compared CNFs synthesised o8esind 10wt. % L/RANR

over a 1 and 2 h reaction time intenv&ily. 5.5a) and(b) showed CNFs synthesized at 8 wit.

% La/RANR (a relatively high loading). Here the CNFs were generally characterised by large
diameters (> 200 nm) and were more crystallirmtthose produced under a combination of
lower loading, flow rate and reaction time. In particular, amorphous carbon was observed to
have deposited on the surfaces of CNHg.(5.5(b) when the reaction time was doubled

(i.e. 1h to 2 h). This observatiavas consistent with a phenomenon described by J. BetBai

al. where CNFs and CNF coils, that were synthesized by CVD over alumina, were observed
to have had only amorphous carbon deposited on their outer layers after long time exposures
at high temperates® At higher temperatures and the same flow rate, the CNFs were well
formed and homogeneous. However, at lower temperaisreS00 °C) and flow rates

(< 50 mL min) there was little exposa of the catalyst, such that inconsistencies developed

in sectional diameters and morphology. For instance the CNHMSgin5.5(b) appeared
deformed and inhomogeneously bent. Despite longer exposure time (i.e. 2 h) the CNFs in
Fig. 5.5(b) grew to greatetengths with significant deformities (a®nfirmed by the laser
Raman spectroscopysection 5.4..

Figure 5.5TEM micrographs of CNFs synthesised over 8 wt. % La/RANR (a) 100 mt min
for 1 h at 700 °C and (b) 100 mL rflifior 2 h at 700 °C and 10 w# La/RANR (c) 100 mL
min™ for 1 h at700 °C and (d) 100 mL mihfor 2 h at700 °C.
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Fig. 5.5 (c)and(d) showed micrographs of CNFs synthesised at a higher loadit@wt. %
La/RANR. The fibers are generally characteriseddrgediameters andremore crystalline

than those produced under a combination of Wiw% metal catalyst loading, flow rate and
short time.Hence it was tentatively concluded that the extent of graphitisation appeared to be
dependent both on the reaction temperature as welleafidw rate of GH,. Similarly, it
appeared that the crystallinity and fiber morphology was directly influenced by the size of the
La particle. As far as it could be ascertained, this is the first reported use of La on its own as a
catalyst for the syntlses of CNFs. Hence further investigation is required to get a full
understanding of the general growth mechanism of CNFs from it as well as establishing the

threshold conditions under which stable crystalline and more graphitic CNFs can be formed.

5.4.3 Percentage weight loading variation

The wt. % of La loaded onto the RANR support was varied to determine its effect on the
nature and morphology of the SCNMs that were synthesized by this CVD method overa 1 h
period. Thewt. % loading of La on RANR was varieddm 0.5, 1.0, 2.0, 5.0, 8.0 and M.

%. TEM analyses showed that at lower %. loadings (0.5, 1.0 and 2.0 wt. % La/RANR) no
CNFs were formed. For instance for a 1.0 wt. % La loading on RANR, amorphous carbon

was observed to have deposited around thelysh at temperatures frora00r 700 °C
(Fig.5.6).
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Figure 5.6 Detailed analyses of the CVD products that were synthesized over 1 wt. %
La/RANR at a temperature range of 50000 °C and a flow rate of 100 mL rifin

The trends presented iRig. 5.6 were &o observed for the CVD products that were
synthesized over 0.5 and 2 wt. % La/RANR. The TEM and SEM micrographig.irb.6

showed clumps of transparent carbon materials that appeared like folded sheets (which may
even have been graphene layers). Therld8aman spectroscopy (LR®pta of these
materials Fig. 5.6) showed that there was an increase in orderliness in the carbon matrix that
formed with increased temperature (i.e. thHdl ratio decreased with increased reaction
temperature). This was confied by the TGA profiles ifrig. 5.6 which showed that the
decomposition temperatures increased with increased reaction temperature i.e. the amount of
ordered carbon materials that had formed had increased. Based upon this data it was
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concluded that the taytic activity for CNF formation at low loadings of lan RANR (i.e.
between 0.5 and 2 wt. %) was negligible. Similarly it was concluded that the formation of
disordered, structurkess carbon sheéke products was as a result of pyrolysis and not
catdytic transformation of gH, over Laloaded ontdRANR.

Conversely at 5 wt. % loading, CNFs were predominantly synthesized. TEM and SEM
micrographs Eig. 5. 7)revealed an increase in density coverage for CNFs that were formed
around the supported catalysts the reaction temperature was increased. This implied that a
combination of moderate to high loading of La on RANR and a higher temperature promoted
the nucleation and shaping of carbon into CNFs with various degrees of graphicity. This was
confirmed ly both LRS and TGAlataas presented iRig. 5.7 Raman analysis showed that

the G-band increased (and hence tbAd ratio decreased) as the reaction temperature was
increased from 500 700 °C; TGA showed that the onset of the decomposition temperature
increased from 400 °C to 700 °C as the reaction temperature was incFegsédi showed

that there was an associated increase in the average diameter and length of the CNFs with
bothwt. % loadingof La on RANR and reaction temperature. The trendswibed observed

in diameters, lengths, graphicities and thermal stabilities were comparable to CNFs from
other metal catalyst&€Chapters 61 8) supported over RANR except their morphologies that
differ due to differences in growth mechanisms supported lbgrelift. The trends presented

in Fig. 5.7 and 5.8were also observed for the CVD products that were synthesized over 5
10 wt. % La/RANR at 75 mL mihfor 1 h.
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Figure 5.7 Analysis of the CVD products that were synthesized over 5 wt. % La/RANR at a
terrperature range of 500700 °C and a flow rate of 100 mL rififor 1 h.

When thewt. % loading of La on RANR was increased tov8 % and 10wt. % it was noted

that the catalytic performance also resulted in the synthesis of CNFs. However, their
performares and efficiencies were noted to f@or than that of the 5 wt. % La/RANR
catalysts. Additionally it was observed that there was a significant change in the morphology
of the products that were synthesized. For instance, the straight CNFs producetl & 5 w
were mostly absent at 8 and 10 wt. %. Rather the products that formed (in both the 8 and 10
wt. %) appeared as spheres that had been joined together and were arranged into randomly
bent and twisted chains (especially at lower reaction temperaturslspwaa inFig. 5.8 The

data presented iRig. 5.8also represent the phenomenon observed for 8ida/RANR.
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Figure 5.8 Analysis of the CVD products that were synthesized over 10 wt. % La/RANR at a
temperature range of 500700 °C and a flow rate of 00mL min* for 1 h. The micrographs

shown represent the majority product in each case.
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5.4.4 Gas Flow rates

In order to examine the effect of the flow rates gHCand H (the carrier gas) these were
changed at 25 mL mihintervals i.e. 50, 75 to 100 mmin™. Here it was observed that the
various La/RANR catalysts performed differently as the flow rates were varied. For instance
at 50 mL mift, the La/RANR catalysts changed from white to a dark brown cdgtaubon
deposit)during the CVD reactions ag¢mperatures between 300 and 400 °C. However, these
catalysts did not catalyse the synthesis of any form of SCNMs. This was confirmed by both
TEM and SEM analyses. For CVD reactions conducted at 500 to 700 °C all the catalysts
turned black, but there was smnificant increase thereof in the quartz boat afterwards. This
showed that th€a/RANR (irrespective of loading) could only sparingly catalysei£n H,

at 100 mL mift into amorphous carbon layers as no SCNMs were obsefigd(6).

At gas flow ragés of 75 and 100 mL mifhit was observed that tHe/RANR catalysts turned

black over a temperature range of 50000 °C. TEM, SEM Fig. 5.7 and Fig. 5.8 and
Raman analysegSection 5.4.3 of the products that had formed, causing the catalysts to
changecolour, revealed that CNFs had been synthesized under these flow rates. In addition it
was observed that highly ordered pyrolytic graphite (HOPG) had been synthesized at higher
temperature$Fig. 58) when the flow rate was 100 mL mfinThis implied thathe effect of

having varied the gas flow rate was mainly on the conversiornptds Gas to CNFs. It was
therefore concluded that as the flow rate was lowered this had lowered the conversion of
C.H, and hence the quantity of CNFs that were synthesized. Wowthe flow rate could not
singly be attributed to the variation of the morphology of the CNFs that were synthesized.

5.4.5 Reaction duration

The durations in which the catalyst were exposed to thi/B, mixture in the synthesis of
CNFs were increased froB0 min to 1 h and then to 2 h. These different durations
represented an increased exposure of the gas feed AgHg) to the reaction surfaces of

the various La/RANR catalysts. Here it was observed that most catalysts did not react at 30
min, even ahigher wt. % loadings and moderate flow rates. However, when the flow rate
was increased to 75 mL mirand the temperatures were varied between 600 °C and 700 °C
then it was observed that the products which formed for the 10 wt% La/RANR catalysts, for

reaction durations of 1 and 2 h, once again appeared like spheres that had been joined
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together to form twisted chain&if. 5.9. These were strikingly similar to those that had

previously been observed (deig. 5.8in Section 5.4.3)

8wt % 30 min

Figure 5.9 The effet of reaction duration on the CVD products that were synthesized over
8 wt. % La/RANR at a temperature of 700 °C and a flow rate of 75 mL:.min

On the other hand, when the flow rate was increased to 100 nit.anihthe temperatures
were varied betwee 600 and 700 °C, then it was observed that CNFs were synthesized

across the whole range of wt. % loadings as shovigs 5.61 5.8

5.4.6 Laser Raman spectroscopy (LRS)

One of the best ways of determining the graphitic nature of the CVD products that were
synthesized over the varioug. % loadings of Laon RANR was laser Raman spectroscopy
(LRS). In general, LRS allows for the characterisation of various dimension$ cdrbpns
including: fullerenes (0D), graphene (2D) and graphite @Djhe Raman spectra of the
products where the be€INFs that had been synthesized (i.e. frdf@ wt. % La/RANR
catalysts in a gH,/H. mixture at a flowrate of 100 mL mift for 2 h at 300" 700 °C)were
comparedFig. 510). These Raman spectra revealed that these CNFs had a high degree of
graphicity, as indicated by their narrow aedsintense Gbands Fig. 5.10. Equally they
appeared to reveal that graphitisation of the CVD products increased uniformly with increase

in reaction temperatures. This was confirmed by gh Iratio analysis Table 5.1),
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seemingly as a consequence of the D anbla@ds having increased proportionally in
intensity with increase in reaction temperature. Even so, the considerably highyraétise

D-band in each case showed that a significant degree of disorderliness also existed in these
carbonaceous products.

10 wt % La/RANR
—— 700 OC G-band

L ) ) L L L| L | v
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift cm™

Figure 5.10Raman spectra of CNFs synthesized by CVD over 10 wt. % La/RANR from a
C,H./H, mixture at 100 mL miti flow-rate for2 h at 300" 700 °C.
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Table 5.1.LRS data of CNFs synthesized over 10 wt. % La/RANR at 100 mL from-
rate for 2 h.

Ip Ie

8668.23 16996.53
8578.71 15597.65

10210.18 17912.59

g
=
-
N
=
=

12186.07 19040.73

13133.12 18240.44

Fig. 5.10shows thedegree of crystallinityof the CNFs This is comparable tthe PXRD
analysispresentedn Fig. 5.2(c) Previous studies revealed that the structure of CNFs can be
explained in terms of Rénmc space group arrangemé&nthe packing of thearbonreadily

became disordered along theaxis in the CNFsbecause the -@tomswithin the fibrous

matrix bonded strongly through %spybridisation and arranged in a 2D honeycomb network.
The layers then stacked in a hexagonally curved crystalline structure and were bound together
by van der Waals forces. It was the weakness in thedea Waals forces that prompted
disorderliness in the graphilike films.>®* Table 5.1 showed that all the samples had
comparativelyhigh Ip/lg ratios. This is a good measure of orderliness in the planes of the

curved carbon layers in thibers

LRS studies were also carried out on the CNFs that were synthesized over the 5 and 8 wt. %
La/RANR catalysts, which showed thgtaphitic CNFs were synthesized here as wal.(

5.7) especially at high temperatures and flow rateg.(5.9. It was found that all the
samples gave similar Raman spectra in terms of the shapes and position of the Raman peaks.
The data presented kig. 5.7 also represent the Raman phenomenon of the CNFs that were
synthesized over La/RANR catalysts under different conditions (gas flow rate, time and
temperature) at the same loading. They exhibited strebgr@s around the 1591 ¢megion

which wereattributable to the first order scattering of thg thonon of spC-atoms® Weak

D-bands occurred around 1345 trmnd were due to the-foint photons of Ay symmetry.

The D and G peak intensities hagllg ratios with relative values of about 0.52. This
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indicated that there had been an increase in the size offi@nia sp domains and hence the
CNFs had become more ordered. The highly disordered CNFs exhibit very broad Raman

bands.

5.4.7 Thermogravimetric analysis (TGA)

TGA is widely used for determining the thermal stabilities of organic and inorganic materials.
The technique functions by carrying out measurements of weight losses or gains with
increasing temperature undem inert or reactive atmospherd&cach weight change
corresponds to physical or chemical processes that takegilacereasing the temperature.
Thermogravimetric analysis was used to study the thermal stabilitedesfted CNMghat

were synthesized over differant. % loadings of Laon RANR under various flow rate§he
thermal decomposition temperatures amid % losses of the selected CVD produetse

shown inFig. 5.11

110
100
2
80

La/RANR

—8 wt % La/TiO5 75.2.700
—— 5wt % La/TiO, 100.1.700
8 wt % La/TiO5 50.2.700
10 ——10wt % La/TiO; 100.1.700
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Figure 5.12. TGA analyses of the CVD products that were synthesized over variods wt
loadings of La on RANRtaa flow rate of 100 mL minfor 1 h at 700 °C.
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Fig. 5.12showed the decomposition patterns of the CVD products that were synthesized over
the various La/RANR catalysts at uniform flow rate, time and temperature. Here it was
observed that the demposiion temperature increased with increased % loading of La.

This implied thathigherwt. % loading of Laincreased particle distribution over which more
grapditic CNFs were synthesis€dNFs which were formed over the 10. Wbt La/RANR
catalysts at 700C showed a decomposition temperature of 860 The CNFs that were
formed over the 8 and 5 wbo La/RANR catalysts, Appendix D) showed that they
decomposed at 600 and 500°C respectively. The armorphous carbon material that were
formed over the 1 weo La/RANR catalysts showed decomposition temperatures at 200 and
500°C, probably due to the presence of both amorphous carbon (i.e. at 200 °C) and graphitic
carbon (i.e. at 500 °CFig. 5.12showed that the CNFs synthesized over 10 wt. % La/RANR
were moe stable compared to those synthesized over a lower loading of 5 wt. % La/RANR
This implied that a highewt. % loading resulted inthe synthesis of more graphiti€NFs

with more highly catalytic surface® be more crystallised and hence exhibited tgrea
thermal stability The pattern in curves presentedFig. 5.12supports the idea of welinit,

more crystalline and graphitic CNFs synthesised ovet®wt % La/RANR.

Decompositiorof 8 and 10 wt% La/RANRIs shownto have takeiplace at around3® °C

and have residual wt. % of 40 and 25 respectively. This is attributable to discontinuities in the
knitting of the carbon matrix and dangling bonds by which each curved layer of the fibre
walls can be unzipped and peeled away and hence charactéiggter combustion
temperature than in lateral carbon materials such as graphite Filgss .61 5.8). The high
temperature also improves crystallinity and hence reducing defect density and producing

more graphitic CNFs.

Decomposition for 1 and 5 w¥ La/RANR in Fig. 5.12showed that there was presence of
numerous defects along the walls and at the ends dibtrs as shown irFig. 5.5 (b) and

(d). The defects resulted in instability at the edges and also consist of dangling bonds by
which thefibers readily undergo thermal decomposition. Decomposition noticed on these
curves ranging from 250 to 55C entail the presence of carbonaceous materials that desorp
at the surface of the catalyst and readily combust at low temperatures. However, all curves
showed that there exist residual materials that decompose beyond the SUGAC
temperaturelimit This material may be attributed to both catalyst material and possibly

temperature enhanced highly stable graphitised materials.
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5.5 Conclusions

In this study it vas shown that La was successfully deposited on a iRABIR support

PXRD analyses showed sharp peake cur ri ng at 2d value 12A,
transformation of La into a high purity phase with a hexagonal structure. It was also shown
that at lowemt. % loadings of La on RANR catalysts did not catalyse the synthesis of CNFs.

On the other handt was shown that at highwt. % loadings of La on the RANR supports, a
tip-growth mechanism was followed in the synthesis of graphitic CNFs. Based upon
observations made by TEM and SEM it appeared that the size of the catalyst nanoparticles
played a crital role in the control of the size and morphology of the CNFs that were
synthesized. Raman analyses have also shown that these CNFs were graphitic as evidenced
by their high intensity &ands. Parametric variations of reaction conditions revealed all the
possible products that could be synthesized over these catalysts. In particular it was found
that thewt. % of loadings of La on RANR was paramount in the shaping of the carbon
nanomaterials that were synthesized. Similarly the variation in the durati@aaifon and

the flowrate of the feeder gas both appeared to influence the degree of graphitisation of the
CNFs that were formed. TGA analysssowed that thd.a/RANR catalysts synthesized
carboneceous materials that were graphitic. It was also foundthbaCNFs that were
synthesized over long reaction durations (i.e. 2 h) and higher flow rates (i.e. 100 L min
were more thermally stable and decomposed at temperdiategen 60700 °C. The

remainingunburntmaterial at 900C was the support withatalyst.
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6.1 Introduction

Advances in nanotechnology have raised the need to synthesise nanomaterials for a wide
range of applications. Oneich nanostructure e CNF. CNFs exhibit high performance
andtheir fibre architecturean be variedo meet targeted performance requirements. Detailed
studies report of CNFstructural integrity and efficient load transfer from fibre to matrix in
CNFs composites. However, linear CNFs have limitations in their resin dominated
properties such as interlaminar shear strength or longitudinal fibre compre&ieating
nonlinear CNFs is one method of ageeming this.Ni is a well known catalyst for making
CNFs with and without a suppoitli is alsocommonly known to support the synthesis of
coiled CNTS® Manipulating this quality may enable targeted coiled or twisted CNFs that
have improved shear strength and fibre compressioblse of a novel structural support
(RANR) loaded with Ni was hypothesized to be a method of conadlirch feature$This
research seek to modify the catalytic properties of Ni by supporting it on a unique and novel
RANR support in an attempt to improve the quality of the CNFs it can synth€kisemay

be extended to modifications targeting Amear CNFs with reducedniterlaminar shear

strengthand longitudinal fibre compressions.

The catalytic performance of Ni catalystgth various wt. % loadings predominantly
synthesisectoiled and a few straight CNBsThe coiled CNFs were synthesised by the Ni
metalactivated transformation at elevated temperatures,idf @d H gasesThe effect of

wt. % loading and flow rate variation was observed to particularly play a pivotal role in
determining how they influence the growth of CNFs in terms of their notogles and
dimensions. Previous studies also revealed that the larger the particle size of the Ni metal, the
thicker and longer the fibers produced. These characteristics will have significant influence
on the performance of the CNFs in the nano commoghey form as a result of the

enhanced propertiés.

6.1 Literature review

Fibrous and tubular carbon materials can be classified by their geometric and morphological
appearance. They aweweda seamless cylired of a rolled graphene film resulting ihe
formation of asinglewalled carbon nanotubes or multiple nested cylinders im fmulti-

walled carbon nanotubeCoiling in fibrous and tubular carbon materials is described by coil
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diameter and colil pitch, given by the distance between adjaceresponding points along

the axis of the heli.Synthesis of carbon materials can be tailored in a wide range of
macroscopic structures for various applications in the form of powders, spheres, extrudates,
fibers, tubes, or honeycomBsApplications for these materials include use as a catalyst
support, novel electromagnetic wave absorber, subtle energy absorber, tuneable micro
device, bioactivator, Li battery electrode, and hydrogen and other gas adsorption and gas
separation processé€ompared to straight CNFs, conduction of electricity through twisted
CNFs generate an inductive magnetic field rendethe fibers more suitable for use as
electromagnetic nantmansformers and narswitches, or alternatively as high performance
electromagnetic absorbers andpiane nano interconnectot$revious studies reported on

the growth of regularly micrgoiled carbon fibers with high reproducibjl by the Ni
catalysed pyrolysis of acetylene containing a small amount of sulphur or phosphorous
impurity. The preparation conditions, morphologies, growth mechanism and characteristic

properties of the micrtwisted carbon fibers were studied in defail.

Chen, Yet al.discovere that reaction temperatures influence the preparation of carbon coils
during Nicatalysed pyrolysis of acetylene by significantly affecting their coil diameters. The
diameters of the CNFs are affected by using sulphur as a prohorious studies reported

on how twisted carbon materials were obtained from Ni catalyst powdeiffeoéutt particle

sizes. Particle sizes below 50 nm formed fibers with coil diametersbgfim. At the same
particle size range, fibse coiling at adiameterof 0.50.6 um were produced with the Ni
catalyst dispersed over a graphite substrate. Simillilyatalyst powders of particle size

500 nm produced CNFs with coil diameter of 5 um while Ni particles of size 5 um produced
CNFs of coil diameter-8 pm? Preparatia of micracoiled carbon fibersakes precedence

over linear fibers because miecoiled carbon fibers have better toughness and elasticity than
linear carbon fiberandthey can also be used as reinforcements to improve the strength and
toughness of structural material and can also be used as minisprings and minisensors. Micro
coiled arbon fibers are a kind of chiral material that are characterised by electromagnetic
crosspolarising and can possibly serve as microwave absorbing mafeHalsever, the
performance of carbon fibre composites can be limited by resin dominated properties such as
interlaminar shear strength or by longitudinal fibre compresSion.

The characteristic curvature in catalytically grown twisted carbon materials is likely to occur
without a very large elastic straihThis may be attributed to the proposed polygonisation in

the tubular or fibrous carbon material and consist of short straight segments. The coiling
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resulted from the introduction of pentagbeptagon pairs at regular distances in the
hexagonal network forminthe wall of a straight carbon fibtéDifferent mechanisms have

been used to explain the growth of twisted carbon materials. One growth mechanism was
suggested to take place on a catalyst particle at a moleculdruewg the heptagen
pentagon construction by which the formation of curved nanotubes, tori or coils of tubes has
the same diameter as thattabessynthesized over 20 min. Longer time exposure did not
result in tubes with higher diameters. However, thmier of graphitic layers might depend

on the flow rate of acetylene at the catalyst particle. Thus the catalytic particle influences

only the internal diameter of the coffs.

In this study, Ni catalst particles with average diameter of 4 nm were dispersed on RANR
support bya deposition precipitation method (DPUJhe wt. % loading on the RANR was
varied and the catalystgere used to synthesise twisted CNFs in a parametric study. Time,
temperaturerad gas flow rate were varied during the catalytic decomposition of acetylene in
a chemical vapour deposition (CVD) reaction. The influence and effect of varying the
reaction conditions on the morphology of the twisted microstructures and their dimensions
and their growth mechanism was investigated. A comparative study was conducted on the
catalytic performance of Ni on different types of support. An intrinsic understanding of how
nanocoils were formed and a proposal for the growth mechanism for thesetimatuoss in

relation to the parameters of the reaction conditions was attempted.

The mechanism of the catalystipport interaction is described in terms of how ;TiO
undergoes excitation at elevated temperatures forming életegron pair* This induces the
reductive decomposition of 8, as the electrons generated on the surface ob @@
transferred to the metallic Ni particles. The electrons are then used to regticard
decompose it into carbon and hydrogen gas. Rutile mékesits electrons available to Ni
metallic particles at the catalystipport interface. The Ni attract the electron charge and hold
it at the surface of the metallic particles, avoiding the recombination of the tspecies,

promoting the formation of th@ atomic specieased in the making of CNE3
6.2 Experimental procedures

6.2.1 Preparation of the catalyst
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Preparation procedure for the Ni catalysts supported on RANR was via a hydrothermal
method carried out at 200 °®i(NOs),-6H,O and TiQ, was obtained from Sigma Aldrich.

The ceposition precipitation method using urea (DPU) was used to load the Ni imetial
RANR with different loadingsThe catalysts were prepared using the method explained in
Section 4.3.24n Chapter 4.

6.2.2 Synthesis of twisted CNFs

Twisted CNFs were prepared in a horizontal quartz tube reactor in which 0.5 g of the
Ni/RANR catalyst was placed in a quartz boat positioned at the centre of the furnace as
presented in the set up ig. 1. The reactor was heatedartubular furnace to temperatures
ranging from 300 700 °Cfor each set of reaction parameters. ThEAH, gas mixture at a

ratio of 1:1 (v/v) was introduced into the tube reactor at a flowa®®i 100 mL min™for

each set of reaction conditionrpeneters. The reaction was maintained at the set reaction
conditions for time periods from 30 min2 h. After the reaction, the furnace was allowed to
cool to room temperature unddg. Scheme Jloutlines the parameters and the variables used

in the paramegic study.

Ni/RANR

’c_,

75mUmin
3

100mi/min :
SOMmi/imin

100mi/min }

75mUmin
SOmil/min
75mUmin
SOmi/min
100mi/min
[ SOmi/min
75mlVmin

SOmI/min

I
I

Scheme 1.Flow-diagram of the parametric study for the preparation of SCNMs from
Ni/RANR at differentwt. % loading.

6.2.3 Characterisation of catalysts and CNFs

The fine yellow powder catalyst samples collected after centrifugation and drgrey w
analysed using powder -bay diffraction (PXRD). This was used to determine
crystallographic phases of the catalyst particles on a Bruker D2 Phaser diffractometdr in a 2

range from7to120usi ng Co KU radi ati on.
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The morphology and material dimensions such as particle sizes of catalyst particles,
diameters of the CNFs and the-smthesised CVD products were determined by
transmission electron microscopy (TEM) andrsaing electron microscopy (SEM). For TEM
analysis, the samples were prepared by dispersing a small amount of the materials in
methanol with slight sonication. The drops of the dispersed material were placed on a Cu
micro-grid. A FEI Spirit operated at aoltage of 120 kV wasised For SEM analysis, the
samples were directly mounted on a carbon tape on a sample holder stub. A FEI SEISS FIB
was used for SEM observation. The average particle size was determined using ImageJ and
statistical analysis foTEM and SEM micrographs. A minimum of 200 particles were

measured on the TEM micrographs using ImageJ software.

Energydispersive spectroscopy (EDS) analysistte# chemical composition of the carbon
nanomaterials and catalystaterialswas performed using theEM FEI Spirit 120 kV.
Thermogravimetric analysis (TGA) of the supported catalysts and the carbon materials was
performed to determine the thermal stability of these materials. This was supplemented by
temperature programmed reduction (TPR) analysis opteeursor catalyst material and the
assynthesised CVD carbon materials. Raman spectroswglyeenused to characterise the

spf carbons from 0 to 3D such as 3D graphite, 2D graphene, 1D carbon nanotubes, and 0D
fullerenes. The 1D and 2Daser Raman speoscopy data was used to explain the

crystallographic nature of the carbon nanomaterials synthesized in this work.

6.3 Results and discussion

6.3.1 Effect of RANR support on Niin the Ni/RANR catalyst

Preparation of the supported catalyst was done by Igadimanoparticles onta RANR

support using the DPU method as explainedSection 3.1.3 The effectiveness of the

117



Ni/RANR as a catalyst is due to the success of Didthod of catalyst loading that gité
particleswith a homogeneous particle size dibtrtion on the RANR nanorods and hence a
close interaction with the RANR supportrig. 6.1 shows a PXRD pattern of 1@t. %
Ni/RANR with Ni and rutile phases distinctively represented. TheRANR support
interaction was observed to be a simple surfacpa@tipvith no NiTi-O phases formed as

shown in the PXRD patterns presented and explaine®eiction 4.4.3and Fig. 3 in

Appendix A.
2500
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Figure 6.1 PXRD pattern of supported 1@t. % Ni/RANR support catalyst calcined at
700 °C for 4 hr.

Fig. 6.2showsSEM and TEM micrographs of the plain RANR and the Ni/RANR catalyst.
The nsert inFig 6.2(b) shows the diameter distribution of the RANR nanorods on which Ni
nanoparticles are supported. Detailed analysis showed thaRAMR nanorods have a
diameter rang®f 2-12 nm with an average diameter of 7 nm. The assembling of the TiO
nanorods into a 3D RANR nanostructuFeg( 6.2(b), presents steric hindrance such that Ni
particles of large sizes do not fit between the rutile nanorods. As the Ni metal remain in
solution, decrease in the metal concentration renders the particles more soluble. The gradual
increase in pH as urea continues to decompose precipitates and deposit Ni on the RANR

support as particles of very small sikeg( 6.2(c).
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The insert inFig 6.2(c) shows the particle size distribution of the Ni in the Ni/RANR catalyst.
The Ni particles have a size rang® Ihm and average particle size of 4 nm. The RANR
support helped prevent sintering of thehyi providing more nucleation sites the RANR

support and hence less agglomeration tendencies while the particles are kept sparsely
distributed on the nanorods of the RANR support. The RANR morphology also intitease
ion-exchangeable ability between the metallic species and consequently increases the
catalytic activity and performance of the supported Ni nanopatrticles.
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Figure 6.2. (a) SEM micrograph of plain RANR, (b) TEM micrograph of a plain RANR and
(c) TEM micrograph of a @t. % Ni/RANR.
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The distribution of the Ni metal particles also aféetthe density and coverage of the CNFs
formed around the catalyst as showrFig. 6.3(a)i (d). This influence and affectd the
diameter of the CNFs synthesized over the catalyst. It is apparent that the RANR are an
actively interactive support that enhascéhe catalytic performance of the Ni metal
nanoparticles on its surface in the synthesis of CNFs. The growth of the CNFs on the
supported catalysts is however subject to reaction parameters. Variatidn %floading,
reaction temperature, gas fleate and reaction timean have a significant effect on the
morphology, mechanical properties and density of the CNFs grown via the CVD method of
synthesis.

Figure 6.3 SEM micrographs of twisted CNFs grown on W@ % Ni/RANR at 100 mL
min for 2 h.
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The micrographs irFig. 6.3(a and b)shows uncovered catalyst and a dense network of
twisted CNFs synthesized over aif % Ni/RANR at 100 mL min* for 2 h.Figs. 6.3 (c)
and4(d) shows twisted CNFs prepared under same conditiongthifferent tempeaitures.
The density of the twisted CNFs is higher around thei4®00 °Cthan at temperatures less
than 700 °C The CNFs exhibit similar properties and characteristics (iodgngth mean

diameter ranging from 26250 nm, average coil pitch and coil aiater).

6.3.2 Effect of time

CVD allows growth of carbon nanomaterials at low temperatures. Even with the lowest gas
flow rates attainable, growth time the CVD method of synthesis is critical in determining
mobility of carbon atoms. At short time periodisere isa formation of nhorhexagonal €

rings and consequential bending, branching,-aleging, planéouckling or coiling due to the
introduction of pentageheptagon pairs in the hexagonal framework of a nanoscale fibrous
matrix (Fig 6.3 and Fig. 6.6). This phenomenon gives rise to coiling in both CNTs and
mostly in CNFs. Twisted CNFs are synthesized by regular oriental nucleation of heptagons
and pentagons along the nanofibre boég 6.3(a)shows fibers clustered around individual

Ni/RANR. The fibers wee synthesized at differengtof reactionconditiors.

The micrographs ifrig 6.4 showed some uncovered catalyst particles. This was attributed to

a very short time period of catalyst exposure to the carbon sources. CNFs growth time is thus
a crucial parameter that can be used twewustand the growth process and tailorittreerent
simulatedproperties of the resulting carbon material asserffilycan thus be inferred that

there is a thresholdet of reaction anditionsover which growth of fibers is consistent and

also time required to achieve uniform coverage.

Figs. 6.4i 6.6 present the effect of reaction time on the CNFs synthesised over different time
periods at a temperature range of 30000 °C, over wt. % Ni/RANR at a flow rate of 100

mL min™. Detailed studies on CNFs synthesised over 1, 8 anait.1% Ni/RANR showed
similar trends with time at various temperaturgs,% metal loading and flow rates. The 0.5

wt. % Ni/RANR did not catalyse the synthesof twisted CNFs excepto form some
amorphous carbon deposited on the catalysts. The figures @e3é& and SEM data
complemented with Raman profiles showing a systematic increase in-tdandswith
increase in temperature. Howevéiigs. 6.5and 6.6 show that at longer synthesis time
periods, graphitisation increases with time. Temperature is thus not the only factor affecting

the degree of graphitisation in the CNFs produced.
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Figure 6.4 Twisted CNFs synthesized ovemb. % Ni/RANR at 30 min pdod and a flow
rate of 100 mL mift comparing time as a factor affecting CNFs growth at different

temperatures.
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