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Abstract:

Since their discovery, carbon nanotubes have &dttabe attention of researchers world
wide in the field of nanoscience and nanotechnglogginly due to their remarkable properties
and potential applications. Though, we are engeimto the third decade of intense research on
carbon nanotubes, there is still so much to beode®ed about their nature, growth and
modification to realize the potential applicationSarbon nanotubes are largely inert and call for
surface modification to disperse in many solveatse further manipulated to decorate them with
metal or metal oxide nanoparticles for various @agpions. These surface modified carbon
nanotubes can also be incorporated into metal oaatri In the present research work, we have
made a fundamental study to optimize the condititmsdecorate the multi-walled carbon
nanotubes with metal and metal oxide nanocrystat @so to incorporate the multi-walled
carbon nanotubes into metal matrices.

In the first part of the work, we have decorateel thulti-walled carbon nanotubes with
metal and metal oxide nanocrystals. There arerakeweethods of decoration of multi-walled
carbon nanotubes and it is easier to decorate Widmoble metals such as platinum, gold, silver
etc., whereas, it is difficult to decorate themhatitansition metals and metal oxide nanocrystals.
In this present study, we have designed a simptk eficient method to decorate the multi-
walled carbon nanotubes with copper and nickel carstals and optimized the conditions to
achieve homogeneous decoration of those metalthairdnetal oxide nanocrystals.

In the second part of the work, we have incorparéite multi-walled carbon nanotubes
into metal matrices. In this work, we have expibeveral methods and a new solvent to
efficiently and uniformly incorporate the multi-viedl carbon nanotubes into metal matrices. This
was achieved by electrodeposition, mainly becatuseai cost effective method to obtain the high
purity of deposits. In our case, we have demotestréhat it is possible to incorporate multi-
walled carbon nanotubes on copper substrate ioteehmatrices. We have used different kinds
of multi-walled carbon nanotubes, such as pristiogidized and amino-functionalized, to
incorporate them into nickel matrices in aqueoustgms. Thereafter, we have used oxidized
and pristine multi-walled carbon nanotubes as thkegwed better incorporation into nickel
matrices compared to amino-functionalized multifeclcarbon nanotubes. This was done in
ionic liquid, mainly because multi-walled carbomntubes showed better dispersion stability in
ionic liquids.

The different methods, strategies opened us to ways of surface modification of
carbon nanotubes. We believe that these optinipeditions of decorating carbon nanotubes
with metal and metal oxide nanocrystals and inc@fing carbon nanotubes into metal matrices
will lead to a lot of potential applications in tHeelds such as catalysis, hanocomposite
reinforcement materials, sensors etc.
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|. General introduction

“There’s Plenty of Room at the Bottom”, these dne tevolutionary words
uttered at the annual meeting of the American Rlaystociety, California Institute of
Technology in December 1959 by Richard Feynman is viisionary talk, which
revolutionized the thinking of modern engineers. [Ile proposed a completely new
facet of miniaturization namely the “bottom up” apach. Although there was no
experimental backup for his ideas that day, he gweg several ideas of nanoscience and
nanotechnology obeying the basic physics and fuedéahlaws of chemistry. This was
the starting point of the great revolution of “Néschnology”, which is influencing and
going to influence human civilization in the decadie come.

Carbon, an element of prehistoric discovery, iseljidlistributed in nature. It is
found in abundance in the sun, stars, comets amdspheres of most planets. For
centuries, it was believed that the element cardsdasted in only two different forms,
soft, conductive graphite and hard, transparesylating diamond. However, this was
proven to be wrong with the discovery of Buckmindidlerene molecule [2] (hamed
after the engineer and architect Richard Buckmirfstier as the molecules resemble the
architecture of his geodesic domes) in 1985 byaumheaded by R.E. Smalley from
Rice University, which received Nobel Prize in Chstny in 1997. G is a soccer ball-
like molecule made of pure carbon atoms bonded é@xapon and pentagon

configurations. Besides diamond, graphite arg Guasi one dimensional nanotube is
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another form of carbon first reported by lijimalif91 when he discovered multi-walled
carbon nanotubes (MWCNTS) in carbon-soot made byam@nadischarge method [3].
About two years later, he made the observation iofle-walled carbon nanotubes
(SWCNTSs) [4]. Since then, carbon nanotubes (CNTajehcaptured the attention of
researchers worldwide. A significant amount of whds been done in the past decade to
reveal the unique structural, electrical, mechdn&ral chemical properties of carbon
nanotubes and to explore what might be the keyiamns of these novel materials.

In order to create functional systems at the nadesaovel materials with useful
properties (structural, electrical, mechanicalyried....) are highly desirable. CNTs fall
into those set of novel materials with extremelgfusand unique properties [5,6]. The
motivation behind the current research is a desirefficiently modify the surface of
MWCNTs by decorating them with low cost transitimetals such as copper and nickel
and incorporating the surface modified MWCNTs intmetal matrices by
electrogeneration to enhance their properties &oious applications. As is the case
with any other field, there is a lot to be explogabut the dispersion of MWCNTS in
solvents and metal solution for their efficient ongoration into the matrix. In
conclusion, science has always been mysteriousraiting and so it is in the case of
these novel materials.

The organization of this thesis is as follows: fiist chapter introduces carbon
nanotubes, its structure, production methods, ptigseand applications. It also gives the
state of the art bibliography for the present redeavork, explaining the significance of
decorating MWCNTSs with metal nanocrystals and ipooating MWCNTSs into metal

matrices from aqueous solutions and ionic liquide second chapter is dedicated to the
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decoration of MWCNTSs with copper and copper oxideacrystals and the third chapter
is devoted to the decoration of MWCNTs with niclkeld nickel oxide nanocrystals. In
both those chapters different methods of impregnaéind the results are discussed in
detail. The fourth chapter deals with the incorpioraof MWCNTSs into nickel matrices
from aqueous solutions and from ionic liquids. Toiepter elaborately deals with the
challenges of incorporating MWCNTs and then incoapiag different kinds of
MWCNTSs into nickel matrices to determine the homugmus dispersion of MWCNTS in

metal matrices giving rise to the most stable cositps.
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Chapter 1: State of the art bibliography

1.1. Carbon nanotubes

Carbon nanotubes may be classified as single-wallacdbon nanotubes
(SWCNTSs), double-walled carbon nanotubes (DWCNT8aY anulti-walled carbon

nanotubes (MWCNTS).

Figure 1 : Structure of a single and multi-walled carbon riahe [7].

SWCNTSs consist of a single graphene layer rolledhtgp a seamless cylinder [5]
and DWCNTs with two concentric cylindrical shell§ graphene sheets [8], whereas
MWCNTs consist of more than two concentric cylidfi shells of graphene sheets
(Figure 1) coaxially arranged around a centraldwlcore with van der Waals forces

between adjacent layers [9]. The cylindrical nabethas at least one end capped with a
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hemisphere of fullerene structure. The lengthshef tubes can be up to hundreds of

microns or even centimeters.

1.1.1. Structure of carbon nanotubes
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Figure 1.1 : Roll-up of a graphene sheet leading to the thiéerent types of CNTs [7].

The exact structure of a nanotube depends on ffexatit angles and curvatures

in which a graphene sheet can be rolled into a &uakis determined by a single vector,
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which is called a chiral vector and discriminateTS into ‘zigzag’, ‘armchair’, and
‘chiral’ [10] forms as shown in Figure 1.1. By @lahg a graphene sheet into a cylinder
the beginning and end of a (n, m) lattice vectothe graphene plane join together to
form an (n, m) nanotube. The (n, m) indices deteenthe diameter of the nanotube and
also the ‘chirality’ [11]. ‘Armchair’ tubes withn| n) indices form a tube are so named
since the atoms around the circumference are iar@achair pattern. (n, 0) nanotubes
are termed ‘zigzag’ in view of the atomic configtima along the circumference. All the
other types are ‘chiral’, having rows of hexagopsaing along the nanotube axes.

In terms of mechanical properties, CNTs are knowvbd the strongest and most
resilient materials to exist in nature. The eleetriproperties of a nanotube change in
correspondence to its structure; thus ‘armchairiobabes are metallic, while ‘zigzag’
and ‘chiral’ can be either metallic or semicondogti11]. In general, SWCNTs are a
mixture of metallic and semiconducting material,peleding sensitively on their
geometrical features, while MWCNTs are regarded nastallic conductors [12].
Different from other carbon materials, such as gitap diamond and fullerene £§; Cro,
etc.), CNTs are one dimensional carbon materiath whique tubular structures of
nanometer diameter, which can have an aspect (tatge length/diameter) greater than
1000 [13,14]. The MWCNTs may consist of one upetas and hundreds of concentric
shells of carbons with adjacent shells separatidh3# nm and diameter typically on the
order of 10-20 nm. The carbon network of the shslidosely related to the honeycomb
arrangement of the carbon atoms in the graphergtsshiEl]. However, CNTs possess

variety of diameters, length distribution and stoues within the same sample.
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1.1.2. Production methods

The MWCNTSs were first reported by lijima when heaivered them in the soot
of the arc-discharge method. It took two yearkjitoa and Ichihashi [4], and Bethune et
al [15] to synthesize SWCNTs by use of metal catalyn the arc-discharge method in
1993. A significant progress was achieved by Smadled co-workers [16] when they
synthesized bundles of aligned SWCNTs with smadinditer distribution by laser-
ablation method. Catalytic growth of nanotubes Img tcatalytic chemical vapor
decomposition (CCVD) method was first used by Yagaret al [17]. The industrial
application of the carbon nanotubes requires theeldpment of techniques for large-
scale production of defect-free nanotubes. In shis-section the three main production
techniques will be considered separately, althotiglte are few other miscellaneous
techniques these are considered as the most impantd reliable ways of synthesizing

carbon nanotubes, which are briefly described.

1.1.2.1. Arc-discharge method

Arc-discharge is an important method of nanotubehssis and will be discussed
in this sub-section. lijima reported the preparatiof a new type of finite carbon
structures consisting of needle-like tubes in 11 The tubes were produced using an
arc-discharge evaporation method similar to thadu®r the fullerene synthesis as
shown in Figure 1.2. This method involves the @nsétion of carbon atoms generated

from evaporation of solid carbon source such aphgta. In the arc-discharge method
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carbon atoms are evaporated by plasma of an iasrignited by high currents passed

through opposing carbon anode and cathode.

Cathode —|

Inert Gas

Deposition -

Anode

Figure 1.2 : Schematic representation of an arc-discharge $&8)p

Carbon nanotubes can be obtained by controllinggitmevth conditions such as the
pressure of inert gas in the chamber and the amumgent [19]. An example of high
resolution transmission electron microscope (HRTEMage of MWCNT produced by
arc-discharge method is shown in Figure 1.3. TEB Btudy of the growth morphology
of the carbon nanotubes synthesized by arc-disel{af] revealed that there were many

variations in shape, especially near the tube tips.
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Figure 1.3 :HRTEM image of a MWCNT produced by arc-discharg] [

A topological model was constructed in which peotegand heptagons played a
key role in the tube tip shapes. In the arc-dispha@rowth process the product contains
CNTs and also other carbon species mainly constituiy multi-layered graphitic
particles in polyhedron shapes. Ebbesen and Aj§32] reported large scale synthesis
of MWCNTs by a variant of the standard arc-disckatgchnique. In a typical
experiment, a potential of ~18 V dc was appliedveen two thin graphite rods in helium
atmosphere. The yield of nanotube was maximal @ % relative to the starting
graphitic material, at helium pressure of ~ 500 Tdolhre as obtained CNTs had diameters
between 2 to 20 nm, and lengths of several micreraetnd the tubes were capped with

pentagons.
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In a significant development, lijima and Ichihag] and Bethune et al. [15]
almost simultaneously reported the synthesis of SMWC by catalyst assisted arc-
discharge method. In the case of lijima, the asctthrge was generated by running a dc
current of 200 A at 20 V between the electrode4drTorr argon. It was found that the
use of the three components argon, iron and methane critical for the synthesis of
SWCNTs. The TEM analysis revealed the presen@MENTS, which were curved and
tangled together to form bundles. In the caseath@ne, the electrodes were vaporized
with a current of 95-105 A in 100-500 Torr of He tine presence of a mixture of
powdered metals (Fe, Ni or Co) and graphite. THEMIysis showed that only cobalt
catalyzed nanotubes had SWCNTs. Journet et al4B8fved that large quantities of
SWCNTs could be generated by the arc-dischargeadetifhe SEM and TEM images
revealed large amounts (~ 80 %) of entangled cantjoes.

There have been number of variations on the ‘aaast-discharge method since
the original work in 1991. Many groups have exmemted with alternative gases such
as H [24], N; [25], CK, [26] and organic vapours [27]. Some of these arpnts have
produced interesting results, for example, lijinrad ecolleagues [28] claimed to have
produced the ‘smallest possible carbon nanotubit aidiameter of 0.4 nm undep.HIt
was suggested that the tube had a (3, 3) armdnaatwe and was capped with half of a
Coo molecule. In general, there is little evidencatthsing alternative gases produces
major benefits in terms of nanotube yield. Anothewsdification to the arc-discharge
method is the use of magnetic fields. The Fujioxegroup [29] showed that situating
four cylindrical Nd-Fe-B magnets around the eled&® greatly increased the yield of

nanotubes.

10
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1.1.2.2. Laser ablation method

The laser ablation method was initially used fag groduction of g molecule
[2], which was considered as the parent moleculéhenfullerene family. Figure 1.4
illustrates the principle involved in the prepavatof carbon nanotubes by laser ablation.
A graphite target doped with a catalyst is placethe middle of a noble gas filled quartz
tube. The laser beam is focused on to the grapbitece and this focused laser vaporizes

and sublimes the graphite by uniformly bombardimggurface [30].

Furnace 1200 °C

Laser Beam

> I — |

\

\

Target Cold collector

Figure 1.4 : Schematic diagram of a laser-ablation setup [11].

The nanotubes are collected on the cold colledawepl in the quartz tube. When
a carbon source without catalyst material is usethser ablation multi-walled carbon
nanotubes are formed. Figure 1.5 depicts the TEbBtagraph of typical synthesized

MWCNT by laser ablation method. In 1995, Smalley'sup [31] at Rice University

11
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reported the synthesis of carbon nanotubes by lagaorization. A pulsed [32,33] or
continuous [34,35] laser was used to vaporize algta target in an oven at 1200 °C.
The main difference between continuous and pulseer] is that the pulsed laser
demands a much higher light intensity (100 kW?coompared with 12 kW cf).
Smalley and co-workers [16] after a year producegth kields (> 70 %) of SWCNTSs by
laser ablation of graphite rods with small amowftli and Co at 1206C. The TEM
images showed that nanotubes were remarkably wmifor diameters and that they
formed ropes or bundles. Several groups have esgblhre possibility of scaling up the
laser vaporization process. In 1999, F. Kokai emlittagues [36] produced SWCNTSs by
irradiating a graphite-Co/Ni target with a 1 kW g£laser and later in 2002, Peter Eklund
and colleagues [37] used a 1 kW free electron laseproduce SWCNTs with a

production rate as high as 1.54 h

Figure 1.5 : TEM images of carbon nanotubes produced by ldsatian method [38].

12
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Arc-discharge and laser vaporization are curretitly principal methods for
obtaining small quantities of high quality CNTs.otB arc-discharge and laser ablation
methods have two things in common. Firstly, a higmperature requirement and
secondly, the carbon originates from the erosiorsafd graphite. Among the two
methods, the arc-discharge has the advantage ofj beiuich cheaper than the laser
ablation method. However, both methods suffer frdrawbacks. As both methods
involve evaporating the carbon source, so it has henclear how to scale up production
to the industrial level using these approaches. Alsd the vaporization methods grow
CNTs in highly tangled forms, mixed with unwantedns of carbon and metal species,
creating difficulties in purification and in thepotential applications.

As far as growth mechanisms in the arc and lasé¢hads are concerned, it still
remains obscure. In the case of MWCNTS, threestyffenodel have been put forward,
which could be labeled as ‘gas’ [39], ‘liquid’ [4@hd ‘solid’ [41] growth but there is no
consensus on which one is correct. For the SWCHNm&luced by arc or laser
vaporization, two types of growth model have beeoppsed, namely, vapour-liquid-
solid mechanism [42] and solid state mechanism.[4G)f these, the former is more
widely accepted and has been the subject of faenhaoretical modeling, whereas, there
appears to be experimental support for a solidestaechanism. The lack of
understanding of the growth of both MWCNTs and SWGNy these methods is a
serious impediment to progress in producing tubiés avdefined structure. Clearly there
is a need for an alternative method for produchmg ltest quality MWCNTs. This will

lead us to another important method of synthesM\WICNTSs.

13
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1.1.2.3. Catalytic chemical vapor deposition method (CCVD)

One more effective method of generating carbon tudnas is based on the CCVD
of hydrocarbons over supported transition metatigdas, which constitute the active
species. This is a successful way to synthesize SCN€&cause of the lower growth
temperature (below 100€) compared to arc-discharge or laser ablation oustland of
the possibility to control inner diameter and léngt the tubes. This method is based on
the decomposition of the gaseous form of carbodr@foarbons like methane) on catalyst
particles inside the chemical vapor deposition damnpd4] as shown in Figure 1.6. The
catalytic species are typically transition-metahoparticles that are formed on a support

material such as porous aluminum oxide (aluminagmnads with large surface areas.

Furnace 500-1000 °C

CyHm, Inert Gas

> |
>

\ 4

Catalyst

Figure 1.6 : Schematic representation of a CCVD experimentalpsi.1].
The general nanotube growth mechanism in a CCVIxga® involves the
dissociation of hydrocarbon molecules catalyzedhaytransition metal, and dissolution

and saturation of carbon atoms in the metal naticfgar TEM images of raw CNTs

14
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produced by CCVD method are shown in Figure 1.7er&hwe can clearly see the
catalyst particles and agglomerated CNTs. Themgtaton of carbon from the saturated

metal particle leads to the formation of tubulabea solids in spstructure.

Figure 1.7 : TEM image of CNTs produced by CCVD method [45],|¢ay-

magnification and (b) high-magnification

Tubule formation is favored over other forms oflbmar such as graphitic sheets
with open edges. This is because a tube contaimangling bonds and therefore is in a
low energy form. For MWCNT growth, most of the CBVWhethods employ ethylene or
acetylene as the carbon feedstock and the growtheeature is typically in the range of
550-750°C [46-48]. The catalyst particles usually used iewa, cobalt and nickel. In
2006, Christian Deck and Kenneth Vecchio [49] désch a detailed study of the
catalytic growth of MWCNTSs using a wide variety ténsition metal catalysts. They
found that Fe, Co and Ni were the only active gatal with Cr, Mn, Zn, Cd, Ti, Zr, La,

Cu, V and Gd showing no activity. They suggesteat the rationale for choosing these

15
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metals as catalysts for CCVD growth of nanotubesini the phase diagrams for the
metals and carbon. At high temperatures, carbonah@ste solubility in these metals,
which leads to the formation of metal-carbon sasligte solutions and therefore to the
aforementioned growth mechanism.

Kong et al [50] showed that high quality SWCNTs Idobe grown on silicon
wafers by the CCVD technique. It was found thghhieaction temperatures in the range
of 850-1000°C were necessary to form small diameter of SWCNWethane was used
as carbon feedstock. An abundance of individual lamadled SWCNTs were seen on
TEM images. J.F. Colomer and co-workers [51] regmbihe large scale production of
SWCNTSs using a catalyst metal particle supportedig®. Perhaps the most important
method for the large scale catalytic synthesis WICBITs is the high pressure CO
disproportionation (HiPco) process introduced by 8malley group [52]. This process
is based on the decomposition of Fe(€t0)form Fe clusters for the catalytic production
of SWCNTSs from CO at about 100G.

The huge volume of research on the catalytic priolicof MWCNTs has
resulted in significant improvements in quality.eTase of metal complexes to produce
CNTs has become increasingly popular. Gary Tibbstigl [53] reported the gas-phase
synthesis of carbon fibres in flowing mixtures dff£or hexane with organometallics
including ferrocene and iron pentacarbonyl. C.NRRo and colleagues [54] have also
described the production of nanotubes by the pgmelpf pure metallocenes and of
metallocene-hydrocarbon mixtures. The advantagesing organometallic compounds
are that the carbon source and catalyst are isahe phase and that there is no catalyst

support to remove at the end of the reaction.

16
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A number of techniques for the catalytic synthesis DWCNTs are now
available. They can also be produced by arc-digehanethod. A somewhat higher
yield of DWCNTs was reported by Sishen Xie and eadjues [55]. Their method
involved pyrolyzing GH, on a floating iron catalyst at 900-118G. An interesting
aspect of this work was that the growth of DWCNTasvpromoted by the presence of
sulphur in the reaction mixture, although the reasior this are unclear. Cheol Lee and
co-workers [56] described in 2003 the productiorhgfh quality of DWCNTs in good
yield by the catalytic decomposition of alcohol pweFe-Mo/AbOs catalyst at 806C.
Using an ethylene feedstock under similar cond#ignoduced mainly SWCNTSs, for
reasons that are not well understood.

A significant growth area in CNT development sitice late 1990s has been the
catalytic synthesis of aligned nanotubes on sutestraThe first report of aligned growth
of CNTs was given in 1996 by a Chinese group [5If}ey used a technique in which Fe
nanoparticles were embedded in mesoporous silich then used to catalyze the
decomposition of acetylene at 70C. This resulted in the formation of straight
MWCNTs growing in a direction perpendicular to tharface of the silica. A slightly
different method to obtain aligned nanotubes wasldped by Mauricio Terrones and
colleagues [58]. They used laser etching to peepgratterned cobalt catalyst on a silica
substrate, which was then heat treated to breathe@igCo films into discrete particles.
The patterned catalyst was used to pyrolyse amargampound at 958C, resulting in
the formation of aligned nanotubes growing apprataty parallel to the substrate.

The way in which nanotubes are formed is not eyaktlown. Baker [59]

obtained detailed insights into the mechanism of TE€ENgrowth from the skilful

17
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application of controlled atmosphere electron nscapy. They proposed mechanisms
for both the tip and base growth (root growth) dfiTG. These are demonstrated in
Figure 1.8. In the Tip growth process the decomntiposof the carbon containing gas

occurs on the front surface of the metal partipteducing carbon, which then dissolves
in the metal as shown in Figure 1.8. The dissolvaon then diffuses through the
particle and deposits on the trailing face, formthg filament. They proposed that
temperature and concentration gradients were the dne&ing forces for this process. In

the case of base growth, there need to be a sintergiction between the metal particles

and the support material so that the particle rammanchored to the surface.
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Figure 1.8 : An illustration of growth mechanism of MWCNTSs [60]
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Thus base growth occurs as shown in Figure 1.8 diaameter of MWCNTSs produced
by catalysis appears to depend largely on the dizbe catalytic metal particles [61].
For SWCNTs, the vapour-liquid-solid mechanism [B2)videly accepted but this has not
been definitely established.

Amazing progress has been made in the catalytithegis of nanotubes since the
early 1990s. Bulk production of MWCNTs has advantedhe point where several
companies claim to make more than 100 tons per. Y @AfCNTs can also now be
produced in bulk using CCVD method. The advantag€®@VD process is that it is a
low temperature process compared to the other twthods and it also has great
potential for scaled-up nanotube materials synsh&sarbon nanotubes produced by this
method are much longer compared to the arc-disehargthods. For our research
studies we have employed MWCNTs produced by CCVhhote CCVD method to
produce CNTs has been actively pursued in receatsybecause of their significant
potential for materials scale-up. All the known huets of fabricating carbon nanotubes

give a wide variety of tubes with different propest

1.1.3. Properties

Carbon nanotubes possess unique electronic, meeahamd thermal properties,

which make them the most promising nanostructuraterals. The exact magnitude of

these properties depends on the diameter andithwékthe nanotubes and whether they

are single-walled, double-walled or multi-walledrfo[11]. Few properties, which place
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carbon nanotubes in the foremost place in the figlchanotechnology, are discussed

here.

1.1.3.1. Electronic properties

One of the most amazing characteristics of CNTthas they can be metallic like
copper, or semiconducting like silicon, dependimgtbeir structure. These properties
were first predicted theoretically and then con&dnexperimentally by scanning
tunneling microscopy. Carbon nanotubes exhibit Hietaroperties when n-m = 3q
where q is an integer. For all other values ofnm,the nanotubes behave as
semiconductors [10]. All armchair nanotubes (ibes for which n = m) behave as
metals. It is well known that the conduction bamd the valence band of the single
graphene sheet superimpose at six corners of @inll@one. When this sheet of
graphene is rolled to form a tube, the periodicratauy conditions overlap to form one-
dimensional sub-bands. This particular phenomematkes carbon nanotubes ideal
systems for the study of quantum confinement edfaod 1-D charge transport [63].

Nanoscale structures often have dimensions sméii@n electron scattering
lengths [64]. Carbon nanotubes are the best exangblsuch kind of materials and that
makes them exhibit ballistic transport propertidis implies that the electrons with a
large phase coherence length experience no sogttétlom phonons during ballistic
transport in CNTs. Therefore, electrons encounteresistance and dissipate no heat in
CNTs [65]. In other words, the material can coridutarge current without getting hot,

a highly desirable characteristic for the constarcbf nanoscale circuits. Depending on
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their chirality carbon nanotubes behave as metalsl anoderate band gap
semiconductors. In fact carbon nanotubes are nhemolecules known to science that
exhibit metallic behaviour at single molecule lev€larbon nanotubes can transport very
high current densities like 1@& cm? [66]. This current density is very high compated

even best conductors like copper.

1.1.3.2. Mechanical properties

The mechanical properties of CNTs have attractetigs much interest as their
electronic properties. The mechanical propertiessarongly dependent on the structure
of the nanotubes and this is due to the high amipgtof graphite. Although, tubular
morphology at nanoscale is observed for many 24RIsoCNTs are unique because of
the sp hybridization. This bonding structure is stronglean the spbonds found in
diamond and it provides CNTs with extremely highcimanical properties. Even though,
there is no consensus on the exact mechanical piegpef CNTs, theoretical and
experimental results have shown unusual mechapicglerties of CNTs. The tensile
strength of carbon nanotubes is very high andatnsost 20 times higher than steel and it
has been measured to be 45 Gpa [67]. Tensile youmgdulus of MWCNT is highest
recorded so far for any material, the value beinigpa [68,69], approximately five times
higher than steel.

The carbon nanotubes are expected to have highestsf and axial strength as a
result of the carbon—carbon?sponding [70]. Since this early work, the mechahica

properties of MWCNTSs have been widely studied ugwkav [71,72], TEM [73,74] and
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SEM [75,76]. All of these studies have confirmbdttCNTs have exceptional stiffness
and strength. The combination of these exceptioredhanical properties along with the
low density, high aspect ratio and high surfaceaanake CNTs an ideal candidate for
reinforcement in composite materials. The CNT mmioéd nanocomposites can be
considered as a kind of particulate composites wite filler dimensions on the

nanometer scale and a high aspect ratio. Unlikertiveoscopic particulate composites,
the mechanical properties of nanocomposites dependgly on the dispersion state of
nanofillers, apart from the properties of fillersdamatrix material. The aspect ratio must
be sufficiently large to maximize the load trandfetween the CNTs and matrix material
and thus to achieve enhanced mechanical propgriieg8]. It is well known that the

mechanical properties of CNTs exceed those of aisfieg materials.

1.1.3.3. Thermal properties

The thermal properties of carbon nanotubes arecttiireelated to their unique
structure and small size. Because of these piepgertanotubes are proved to be an ideal
material for the study of low-dimensional phonorygibs, and for thermal management,
at nanoscale. The thermal properties of carbootnées are not completely understood
as yet. There is some disagreement into the enatctre of thermal conductivity of
CNTs, although most of them agree that thermal egotndty seems to change depending
on temperature and possible also on current andnegcconcentration [79,80]. It was
suggested that the conductivity was linear in taempee from 7 K to 25 K [81]. From

25 K to 40 K, the line increases in slope and iges monotonically with temperature to
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above room temperature. The thermal conductivitg dT competes with diamond or a

single sheet of graphite, which are regarded abdseheat conductors.

1.1.3.4. Applications

Progress in nanotube growth has facilitated theddomental study and
applications of nanotubes. Gaining control overllehging nanotube growth issues is
critical to the future advancement of nanotube rsmeand technology, and is being
actively pursued by researchers. CNTs can findieggns in many different fields with
such highly desirable properties described abavdadt, apart from being the best and
most easily available one-dimensional model systeanbon nanotubes show strong
application potential in nanoelectronics, photomaltdevices, electrochemical actuators,
electrochemical capacitors, nanowires, field eroissiconducting plastics, thermal
conductors, energy storage, conductive adhesiiesnal interface materials, structural
materials, fibers, catalyst supports, scanning @naolicroscopy, chemical and biological
sensing, reinforced composite materials, and inynmaore areas [82-90].

Some time after the publication of lijima in Natutheoretical studies appeared
which demonstrated that the electronic propertiesamotubes were a function of both
tube structure and diameter. By the late 1990s,elrew studies were appearing which
confirmed these predictions, and the first nanotodsed electronic devices began to be
produced. Among the landmarks in this field are threct correlation of electronic
properties with  SWCNT structure by producing theboa nanotube field effect

transistor, demonstrated by Dekker and co-workerg998 [82]. The ‘Science, 2001’
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cover picture shown in Figure 1.9(a) accompaniedrgrortant article on nanotube logic

circuits by Dekker and co-workers [91].

Figure 1.9 : (a) Nanotube based electronic circuit [92] anfield emission display
[93]

Avouris and colleagues in 2001 described the fabion of arrays of nanoscale
field effect transistors (FETS), utilizing ropesmifre semiconducting SWCNTs [94]. To
fabricate the arrays, the SWCNT ropes were dembsitean oxidized Si wafer, which
also served as the back gate. An alternative agprto fabricating nanotube devices is
self-assembly. The Israeli researchers [95] etgaidihe interaction of proteins and DNA
to assemble nanotubes into a field effect transistoch operated at room temperature.
Work on the field emission properties of carbon atabes began in about 1995 [96],
which is now developed into a major field of resbar This work has primarily been
driven by the prospect of using arrays of field #img nanotubes in flat screen displays

as shown in Figure 1.9(b). Some of the first experits on field emission from
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nanotubes were carried out by Walt de Heer ancaglles [97]. They used MWCNTs
prepared by arc-discharge method, which were garifind then deposited onto a plastic
surface. It has been shown [98] that the optimumitted current density would be
achieved with an array of individual verticallyged tubes spaced apart by twice their
height.

In addition to the work on arrays of nanotubesldfiemission experiments have
also been carried out on individual CNTs. The iestrlwork arose in this area by
Smalley’s group [99] into the use of single nanewls probes in scanning tunneling or

atomic force microscopy. The potential advantadesdoon nanotube tips are illustrated
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Figure 1.10 : (a) carbon nanotube attached to a convention®™ A [100] and (b) an

illustration of a nanotube space elevator [101].

in Figure 1.10(a), from the work of A. Raman andleagues [100], which shows a

nanotube attached to a conventional microfabricgedbe. There is also interest in
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nanotube based light sources. In 2004, researdtmrs Lausanne [102] described a
luminescent tube of 40 cm length based on carbatobe field emission. It was
demonstrated that the device performed well in cmmspn to conventional fluorescent
tubes. Gas sensing is another area where the fiespef carbon nanotubes can be
exploited.  Alex Zettl's group [103] discoveredathelectronic properties of carbon
nanotubes are highly sensitive to the presence xgfjem. This extreme oxygen
sensitivity appeared to be not so good for the iegipbn of nanotubes in electronic
devices but, on the positive note, it suggested tithey might be very useful in gas
sensors.

The second major area of carbon nanotube reseashevolved around their
mechanical properties. Again, theory came slightigad of experiment, but ingenious
measurements using electron microscopy and scapnifig microscopy soon confirmed
the theoretical predictions: carbon nanotubes laestiffest and strongest fibres known.
These properties, coupled with their low densitgamthat carbon nanotubes are the only
fibres suitable for producing a ‘space elevator’ Eamth-to-space cable first proposed by
Arthur C. Clarke [104], as illustrated in Figurel@(b). On a more down-to-earth level,
the outstanding mechanical properties of carbonotudres are beginning to find
applications in a whole range of areas, from spegsipment to automobiles. In such
applications it is almost always necessary to esuape the tubes in a matrix, and the
production of carbon nanotube composites is becgpmimajor field in itself.

Some notable work has also been carried out enptbduction of nanotube
containing polymer fibers. Following pioneering nkdy Poulin and co-workers [105],

the Baughman group has produced SWCNT/PVA fibetth wkceptional mechanical
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properties [106]. Table 1 lists a few potentigblagations of chemically modified carbon
nanotubes, in which our research is focused onduonahtal aspects of utilizing CNTSs for

catalysts supports and mechanically reinforced asitgs.

(Potential) Application Function of the covalently bonded moiety

Nanostructured electronic devices

X ' Local modification of the electronic band structure
e.g., nanodiodes

(Bio-) chemical sensors Selective recognition cflge molecules
Catalyst supports Anchoring of molecules or megadaparticles

Mechanically reinforced composite€hemical coupling with a matrix

Chem!cally sensitive tips for Selective chemical interaction with surfaces
scanning probe microscopy

Reduction of the work function for electrons at the
tube ends

Control of the passage of molecules or ions through
covalent cross-linking

Biocompatibility; recognition of biological
fingerprints

Enzyme inhibition or blocking of ionic channels in
the cell membrane

Field emission
Nanofiltration
Controlled drug release
Pharmacology

Directed cell growth on surfaces Specific interaasi with cell surfaces

Table 1 : Potential applications of chemically modified camlmanotubes [7].

Incorporating carbon nanotubes in polymers can alsafer useful electrical
properties. There has been much interest in US@s to improve the conductivity of
low cost bulk polymers, for possible applicationsthe aircraft or automobile industry.
Compared with the huge amount of research on CNyfaper composites, there has been

less work on incorporating nanotubes into otherriced, such as metals and ceramics.
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Part of our research is concentrated in incorpaga@NTs into metal matrices. As far as
commercial applications of carbon nanotube compssire concerned, these have been
relatively limited to date. One area where CNTss@dem to have had a significant
commercial impact is in Li-ion batteries. Endo aodlleagues have demonstrated
considerable improvements to the performance oh shatteries by the addition of
catalytically-produced MWCNTSs [107,108].

Spinning of MWCNT yarns can be achieved throught ggsathesis method and
perhaps the most successful technique involvesngujlarns of nanotubes from arrays
grown on flat substrates. This was first descrili®d researchers from Tsinghua
University [109]. They drew out a continuous yawh nanotubes, a process they

compared to drawing thread from a silk cocoon. uAhfer advance on this process was

described by Ray Baughman and colleagues [110].

Figure 1.11 : SEM images of MWCNT yarns (a) single, (b) two-plgd (c) four-ply

[110]
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In this work a twist was introduced as the yarngsemdrawn, thus applying a
technique that has been used in textile produdinoe ancient times. The yarns could
be further twisted into two and four-ply MWCNT tls, or formed into more
complicated, knitted structures, as shown in Fidufd. They suggest that the MWCNT
yarns could have a host of applications in areab 818 structural composites, protective
clothing, artificial muscles and electronic texileIn another work the same group has
also shown that MWCNT sheets can be drawn fromytatally grown nanotube forests
[111]. The sheets were transparent, with highlg@ropic electronic properties and may
have applications as electrodes or light-emittirogles.

The unique properties of carbon nanotubes are lusefusupporting metal
nanoparticles in many potential applications, raggrom very sensitive electrochemical
sensors to highly efficient fuel cells [112]. Ftinoalization of carbon nanotubes with
metal nanoparticles has received increasing int@megcent years, and a few interesting
routes have now been devised for either covalemtlyon-covalently attaching certain
metal nanoparticles onto carbon nanotubes [113.slke and shape of nanopatrticles are
responsible for interesting electronic propertie$4]]. A great deal of interest focuses on
the modification of carbon nanotubes via the attemmt of such nanoparticles. For
example, the attachment of gold nanoparticles tdara nanotube sidewalls shows
particularly great promise towards novel, highlyicént photo electrochemical cells,
fuel cells, or even sensor devices [113-115].

The use of CNT as a catalyst support induces pcattivity and selectivity in
several catalytic reactions involving hydrogen,isas the hydrogenation of nitrobenzene

into aniline [116] or selective hydrogenation oé t6=C bond in an unsaturated aldehyde
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[117]. Planeix and colleagues [118] reported tttevly of RU/CNT catalyst for liquid-
phase cinnamaldehyde hydrogenation. Their studgate that carbon nanotubes could
induce a metal-support interaction of a differeimdkto that existing for Ru supported on
alumina or active carbon. For isopropanol dehyenagion, Niesz et al [119]
demonstrated that MWCNTSs are a much better sugpoglatinum than either graphite
flakes or active carbon.

Carbon nanotubes have been used as biosensoraiety of ways. Among the
biomolecules that have been analyzed using nanatab&ining electrodes are DNA
[120], enzymes [121], proteins [122] and glucos@3]l The use of functionalized
nanotubes in electrodes is also of interest. Mauglies have now been carried out using
CNT containing electrodes [120-127], and in few esasthey have displayed
characteristics that are equal or superior todhabnventional electrodes [128]. Various
methods have been used to make the electrodesdinglsimply mixing the tubes with a
binder [124,121,123] or drop coating onto a glasagoon electrode [125,126]. Aligned
nanotubes have also been used in electrodes, so@setising self assembly [127,122]
and some other times by direct growth [120].

Real-world applications of nanotubes require eitlege quantities of bulk
materials or device integration in a scale-up fashBSignificant work has been carried
out to tackle these issues. Nevertheless, manyedgas remain in the nanotube growth
area. The full potential of nanotubes for appiaat will not be realized until the growth
of nanotubes can be further optimized and conttollaVhile some of the proposed
applications remain still a far-off dream, others alose to technical realization. Recent

advances in the development of reliable method#thfchemical functionalization of the
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nanotubes provide an additional impetus towardsrehhg the scope of their application
spectrum. In particular, covalent modification sties allow persistent alteration of the
electronic properties of the tubes, as well ashendcally tailor their surface properties,
whereby new functions can be implemented that daoth@rwise be acquired by pristine

nanotubes.

1.2. Modification of carbon nanotube surfaces

Carbon nanotubes hold the promise of deliveringeptional mechanical
properties and multifunctional characteristics. Sehgroperties could be enhanced by
further modifying their surface by decorating themth metal/metal oxide nanocrystals.
It is known that the methods of production of CNgenerate impurities such as
byproduct carbonaceous species and residues frertrahsition metal catalysts used in
preparing CNTs [12]. CNTs are also insoluble instnaf the solvents due to strong van
der Waals interactions that tightly hold them tbget forming bundles. All of the above
decrease the overall yield of usable material aerfiere with the desired properties of
the CNTs [11]. Consequently, an effective puritiima and functionalization of the

nanotubes is required before their further prooessi

1.2.1. Surface functionalization of carbon nanotubes

CNTs have high similarity in their chemical reattivto graphite and other

molecules of fullerene family like & However, it is important to know that the
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chemistry of the nanotubes is slightly differemnfr the other polyaromatic carbonaceous
materials because of their small size, unique slaagestructure. Functionalized CNTs
have been intensively studied in the last few y¢h29-135]. In general, based on the
chemical reactivity of carbon nanotubes and intevas between the active molecules
and carbon atoms on the CNTs the functionalizateactions can be classified into two
main categories: (a) the covalent attachment ofmited groups, through reactions on the
conjugated skeleton of CNTs, and (b) the non caonadeipramolecular adsorption or
wrapping of various functional molecules onto thées [136]. In this frame, CNTs
enhance solubility in various solvents and prodoogel hybrid materials potentially

suitable for applications.

1.2.1.1. Covalent functionalization of carbon nanatbes

Among various surface functionalization techniquesjalent functionalization of
CNTs is probably the most widely studied. It alfofunctional groups to be attached to
tube ends and sidewalls. The sites of highest at@meactivity in the CNT structure are
the caps, which have a semifullerene-like structu@demical functionalization of CNT
tips has been performed mainly on the basis ofaiiid treatments. As a general rule,
CNT oxidation yields opened tubes with oxygen-comitg functional groups at both the
sidewall and the tube endings. These groups canlibeused as chemical anchors for
further derivatization.

By comparison, functionalization of the sidewalhgarising the regular graphene

framework is more difficult to accomplish. In geale addition reactions to the partial
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carbon—carbon double bonds cause the transformafisgf into sp hybridized carbon
atoms, which is associated with a change fromgan@al-planar local bonding geometry
to a tetrahedral geometry. This process is enealtimore favorable at the caps due to
their pronounced curvature in two dimensions, imk®ed contrast to the sidewall with its
comparatively low curvature in only one dimensi@n the other hand, the non-zero
curvature makes the sidewall more reactive than lanap graphene sheet.
Correspondingly, the binding energy of atoms orcfiomal groups on the sidewall
should increase with decreasing tube diameter. fBmdency is supported by theoretical
studies [137].

Another parameter that profoundly alters the chamieactivity of CNT
sidewalls is the presence of defects. Typicalljuathb1-3% of the carbon atoms of a

nanotube are located at a defect site [138].

Figure 1.12 :Stone-Wales (or 7-5-5-7) defect on the sidewali aanotube [7].
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A frequently encountered type of defect is the altled Stone—Wales defect,
which is composed of two pairs of five-membered aptien-membered rings, and is
hence referred to as a 7-5-5-7 defect (Figure 1.A2%tone—Wales defect leads to a local
deformation of the graphitic sidewall and therebyraduces an increased curvature in
this region. The strongest curvature exists at ititerface between the two five-
membered rings; as a result of this curvature,temidreactions are most favored at the
carbon—carbon double bonds in these positions [139]

Covalent functionalization can be accomplishedibyee modification of surface-
bound carboxylic acid groups on the nanotubes alif®ct reagents to the side walls of
nanotubes. Generally, functional groups such &86G¥& or —OH or C=0 are created on
the CNTs during the oxidation by oxygen, air, coricated sulfuric acid, nitric acid,
agueous hydrogen peroxide, and acid mixture [148]-14The extent of the induced —
COOH and —OH functionality also depends on the atxh procedures and oxidizing
agents [144]. The presence of carboxylic acid gsoon the nanotube surface is more
convenient than others because a variety of chémgaations can be conducted with this
group.

The presence of carboxylic groups leads to a remlucdf van der Waals
interactions between the CNTs, which strongly fatis the separation of nanotube
bundles into individual tubes. Additionally, thessthment of suitable groups renders the
tubes soluble in aqueous or organic solvents, ogernhe possibility of further
modifications through subsequent solution-basedmattey [145-147]. The CNTs
functionalized in this way are soluble in many arigasolvents because the hydrophobic

nature of CNTs is changed to hydrophilic one duth&attachment of polar groups. The
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chemically functionalized CNTs can produce stromgenfacial bonds with many
polymers, ceramics and metals, allowing CNT basa&dooomposites to possess high
mechanical and functional properties [148,149].

Carboxylated CNTs were extensively used as precurgmr further covalent
modification of CNTs, through esterification or antida reactions. In most cases,
carboxylic groups that bear on the sidewalls apd of CNTs are converted to acyl
chloride groups via reaction with thionyl or oxatftloride, followed by the addition of
the appropriate alcohol or amineln the seminal work of Liu et al [150], it was
demonstrated that the groups generated by thetr@eited nanotubes were carboxylates,
which could be derivatized chemically by thiolalkglines through amidation reaction.
Carbon nanotube sidewalls have also been functmathvith amino groups. The amino-
functionalized carbon nanotubes were further usedte covalent coupling of amino
acids [151] and biologically active peptides [152their sidewalls. Bifunctional reagents
have been used to modify the carbon nanotube sldewith different compounds. The
carboxylic groups generated on CNTs have been tsedvalently bind biomaterials
such as sugar moieties [153], oligonucleotides J1péptide nucleic acids [155] and
proteins [156] via carbodiimide coupling of the pestive amino-functionalized
biomolecules or using hetero bifunctional couplreggents. This approach provides an
efficient method for attaching biomolecules to @arbnanotubes under ambient
conditions.

In another significant work Lieber and co-workerks57] demonstrated that
nanotube tips can be created by coupling basigarndiecular probes to the carboxylic

groups that are present at the open ends. Thesdiedadanotubes were used as AFM
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tips to titrate acids and bases, to image pattesadples. By analogous coupling
reactions, various fluorescent probes were attactethe acid treated nanotubes for
photophysical studies [158], whereas, solid cataliigve been fabricated by grafting of
organic complexes of metal ions [159]. The groap€astano [160] and Shaffer [161]
independently described a method of silylating @ad MWCNTs by reacting the

carboxylic acids with the appropriate silanes.alrecent study, covalently linked CNTs
by using methylenedianiline as diazonium salt premu were spun in the form of

microfibers and used as scaffolds for hydrogeraeg®{162].

The issue of controlled deposition and alignmenCdIT on different types of
surfaces has been studied by researchers. Ingentiy attaching acidic moieties to the
graphitic surface, one can guide the assembly omyrsabstrates. Important progress
concerning the controlled deposition of CNT on gsldfaces was achieved by the
thiolization reaction of carboxyl terminated CNT6R,164]. Oxidized CNTs were
treated with the appropriate thiol derivative am@ tresulting material was attached
chemically to a gold substrate.

The electrochemical approach is a valuable metbothe chemical alteration of
nanotubes, as the extent of reaction can be diradjusted by an applied potential. Kooi
and co-workers [165] demonstrated that using SWCa&Tsither the anode or cathode in
an electrochemical cell enabled oxidation or reidmcof small molecules to occur at the
nanotube surface, forming radical species thatdcthén attack the carbon lattice to form
covalent bonds. Similarly, Collins and colleagud$q] performed electrochemistry

studies to control and monitor covalent functioratiion of SWCNTSs.
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There has been interest in covalently attachingrpets to nanotubes with the
specific aim of improving bonding in nanotube-pogmtomposites. Ajayan and group
[167] reported a method for preparing polystyreradtgd SWCNTSs by firstly treating the
tubes with sec-butyl lithium and using them asaiatrs for the anionic polymerization of
styrene. In another similar study, Coleman and g@68] described a similar technique,
this time with halogenated polymers. In anothé&rahtive method, oxidized SWCNTs
and MWCNTs were functionalized with polystyrene alymers under amidation or

esterification reactions of the carboxylated CNI&9].

1.2.1.2. Non-covalent functionalization of carbon anotubes

On the other hand, a different approach to dispéneeCNT bundles is the
noncovalent functionalization. This type of func@ization mainly involves surfactants
or biomacromolecules wrapping with polymers. In thearch for non-destructive
purification methods, nanotubes can be transfeilwdatie aqueous phase in the presence
of surfactants [170-172]. The non-covalent inteoacis based on van der Waals forces
or n-nt stacking, and it is controlled by thermodynamid&hen the hydrophilic part of
the amphiphilic molecule contains an aromatic groapstrong interaction results,
forming effectiven-nn stacking with the graphitic sidewalls of the CNII7 8].

The ionic surfactant sodium dodecyl sulphate (SC£pployed in household
products, was found to be of great value in solzibd both MWCNTs and SWCNTs.
Arjun and co-workers [174] showed that sodium dgtiéenzene sulphonate (SDBS)

can be more effective than SDS in dispersing SWCNTwsater, because it contains a
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benzyl ring. Non-ionic surfactants like triton X00 have also been used to solubilize
nanotubes [175]. Apart from the surfactants, thare essentially two different
approaches to the non-covalent functionalizatiomariotubes. One employs relatively
small molecules containing planar groups that ersily adsorb to the nanotube
surfaces by n-stacking forces, while the other involves wrappilagger polymeric
molecules around the tubes.

CNTs can interact with many biomolecules withoutrilng a covalent bond. An
important class of biomolecules having high affinitith the CNTs sidewalls is proteins.
A number of studies were reported concerning timecation assisted dispersion of CNT
—protein hybrids in aqueous or polar media. Thaskide proteins such as lysozome
[176], bovine serum albumin [177], cyclic peptid@g8], porphyrinic peptides [179] and
so on. Many groups have reported that DNA stramiggact strongly with CNT to form
stable hybrids that can be effectively dispersealgueous solutions [180,181].

Another example of biomolecules assembled orddNT sidewalls involves the
polysaccharides. There are a few groups repottatl ¢chitosan derivatives interact
strongly with CNTs, forming stable hybrids that dam effectively dispersed in aqueous
solutions [182,183]. The integration of CNT-polgsharide composites in biological
applications was demonstrated by their succesdiiilyuas electrochemical sensors of
glucose [184]. Using a different approach, Strand co-workers [185] have fabricated
an affinity sensor for glucose molecule based orC8W photoluminescence.

Although, non-covalent functionalization of CNT seeattractive as it offers the
possibility of attaching chemical handles withotfeeting the electronic network of the

tubes, it is not preferred in forming strong bomdsh metals or metal oxide nanocrystals
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and at times surfactants interfere with end resplising difficulty in eliminating them

from the surface.

1.2.2. Decoration of CNTs with metal and metal oge nanocrystals

The external surface modification of CNTs and amicigpof metal or metal oxide
nanoparticles on them can dramatically influen@artphysical, mechanical, thermal and
electrical properties, which may lead to novel gemthat are relevant to potential
applications in diverse fields, such as catalysmsnposites, chemical/biological sensing
and optoelectronics [186-194]. It has been fodrad the binding energy between metals
and pristine CNTs is rather small [195], resultingpoor metal-CNT adhesion. If the
adhesion between the metal and the CNTs is natgttbe benefits of the high tensile
strength of CNTSs are lost.

One principle way to increase the surface reagtoitCNTSs is by the inclusion of
defects and functional groups on CNTs. The bindergergies between CNT and
transition metals are found to be significantly @mted when vacancy defects are
introduced into the CNTs [196]. CNTs are chemicatlert owing to their properties
such as insolubility in most of the solvents andl kchemical reactivity, which hinders
their manipulation and application in many potdrfiglds. Attempts have been made in
recent times to overcome these problems by sufiaoetionalization of CNTs, which
found broad applications, including composite matgy sensors and catalysis [197-200].

CNTs are considered as interesting support magef@l catalytic properties

because of their good water tolerance, unique walldbular structure, large surface area,
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large adsorption capacity, high chemical, thernmal enechanical stability which favour
the diffusion of reacting species [201,202]. Instihegard, many studies have been
focused on depositing metal or metal oxide nanapest on their outer surface. CNTs
have been extensively used as supports for vaman®particles such as TiOSiO;,
Fe;0,4, CdS, Au, Pd, Pt, and Ag etc. [203-208]. Dueh® turbostratic character of the
hollow tubule nanostructures, it is possible fort@No function as supports for preparing
nano-sized catalyst particles [209].

The aromatic ring system of the CNTs [210] can iseugted by the application
of oxidation reagents, such as HNOr HNO; / H,SO, mixture, and therefore the
nanotubes can be functionalized with groups sudydsoxyl (-OH), carboxyl (-COOH)
and carbonyl (C=0) that are necessary to anchoalnuets to the tube [211-213]. This
changes the reactivity of nanotubes and modifiessétting characteristics, which would
enrich their properties. It leads us to the issue@rfacial bonding between the metal
atoms and defective and oxidized CNTSs to ensurellext mechanical performances for
the CNT-reinforced metal-matrix composites. Ituggested that these stable CNT-metal
systems could become promising engineering masemalmany fields such as CNT

devices for various spintronics applications andlGhetal-matrix composites [214-216].

1.3. Incorporation of carbon nanotubes into metamatrices

Carbon nanotubes possess extraordinarily highleessength, which outreaches

that of a steel wire of corresponding thicknessabyund one order of magnitude. This

attribute combined with their high length-to-diaeretatio and low density (one-sixth
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that of steel) makes CNTs valuable components fechanically reinforced composite
materials [217-219]. The incorporation of CNTsoinhetal matrices is an important
research area as the new reinforced materials gedgpossess unique properties and are
potentially useful for nanotechnological applicaso The surface modified CNTs
performed in different techniques can be utilizedrtcorporate into metal matrices by
electrogeneration to enhance their properties. Gamsbe performed in both agueous and
ionic liquid. lonic liquids are new kind of solvisnwhich can be of great importance in

the present study due to their good dispersionlgyator CNTSs.

1.3.1. Incorporation of carbon nanotubes from aqueous soltions

To date, most chemical reactions have been caotéth molecular solvents. For
two millennia, most of our understanding of chemyi$ias been based upon the behavior
of molecules in the solution phase in moleculaveois. The electroplating industry,
which dates back well over 100 years, is basedysole aqueous solutions due to the
high solubility of electrolytes and metal saltsuléag in highly conducting solutions.
Electrodeposition of metals is essential for aetsrof industries including electronics,
optics, sensors, automotive and aerospace to nateefew. The main metals of interest
include Cr, Ni, Cu, Au, Ag, Zn and Cd together watmumber of copper and zinc-based
alloys.

The potential for CNT-reinforced metal compositasing extraordinary specific
stiffness and strength represent tremendous opptytéor the development of new

material systems [220,221]. The remarkable mechanand physical properties
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demonstrated by CNTs combined with their low densiffer scope for the development
of high strength CNT-reinforced composite materialdany of these outstanding
properties of CNTs can be best exploited by incafag them into host matrices. The
preparation of CNT-reinforced composite materiglsnow a rapidly growing area of
research interest. The focus of much of the rebear CNT-based composites has been
on polymer-matrix materials [222-224], however, réhes a growing interest in
incorporating nanotubes into ceramics, metals aheroforms of carbon due to their
potential properties [225,226].

A few groups have succeeded in preparing CNT coitgsowith metals such as
aluminium, titanium, copper, nickel etc [227-232imilarly, Ni/fCNT composites have
been studied by various researchers [233-243] dluts fpotential applications, but they
could not give a promising result due to the diffies associated with the processing of
composites. CNTs are largely inert and do not dspeavell in agqueous solutions, so
uniform deposition of CNTs in the metal compositesa difficult task without the
addition of surfactants or dispersants. The chg#ems thus: how to incorporate
individual CNTSs, or at least relatively thin CNTralles or disentangled CNTSs, inside a
matrix. In other words, dispersion of CNTs is natyoa geometrical problem, dealing
with the length and size of the CNTs, but alsotesldo a method on how to separate
individual CNTs from CNT agglomerates and stabitizem in matrix to avoid secondary
agglomeration. Therefore, it is important to explpossibilities of finding a compatible
solvent which could, at the same time, show goagetsion stability for MWCNTs and
conductivity. In this regard, ionic liquids arestaemerging as promising alternative

solvents for electrochemistry purposes.
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1.3.2. Incorporation of carbon nanotubes from ioit liquids

Recently, however, a new class of solvent calleitibquids has emerged. These
solvents are often fluid at room temperature, amukist entirely of ionic species [244].
In general, ionic liquids consist of a salt where @r both the ions are large, and the
cation has a low degree of symmetry. These fadtord to reduce the lattice energy of
the crystalline form of the salt, and hence lovirer melting point [245].

As ionic liquids have developed, the key advantagjabe liquids have become:
the wide potential windows, high solubility of mketsalts, avoidance of water and
metal/water chemistry and high conductivity comgate non-aqueous solvents [246-
249]. Due to their low vapour pressures ionic laguiare well suited to perform
electrodeposition at a range of temperatures. |&vaged temperatures there is less
concern about viscosity and conductivity and phesrmensuch as nucleation, surface
diffusion and crystallization associated with metaposition can be accelerated. The use
of ionic liquids heralds not only the ability toeetrodeposit metals that have hitherto
been impossible to reduce in aqueous solutionsalsat the capability to engineer the
redox chemistry and control metal nucleation charatics. It is the latter area that is
only now being addressed and will no doubt be tbeu$ of research over the
forthcoming decade [250].

DES is a new class of ionic liquid typically formbg mixing choline chloride (as
guaternary ammonium salt) with hydrogen bond dorswsh as amides, acids and
alcohols [251,252]. Abbott et al have shown thatSh¢an be successfully employed in
electropolishing, electroplating and electrolegsadétion [253-255]. Recently, they have

also shown that choline chloride and either ure@tbylene glycol based DES can be
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employed in the electrodeposition of zinc-tin afpycopper composites and nickel
[254,256,257].

One of the first DES systems that were investigatsehtained choline (2-
hydroxyethyltrimethylammonium) chloride (ChCI) mdkewith urea (NH.CO.NH,)
[258]. Choline chloride is vitamin B4 and is preéd on the Mtonne p.a. scale as an
additive for chicken feed; urea is a common femiti This is not only cheap and easy to
make but it is non-toxic and even biodegradabley tleemselves they have freezing
points of 303’C and 135C, respectively. By combining these two compoumda ratio
of 1:2 (ChCI: urea), the product formed has a firsgpoint of 12°C [250]. The main
reason behind ChCI being such a useful quatermarganium salt is to do with the fact
it is an asymmetric quaternary ammonium salt wighokar functional group, but is also
small. The asymmetric nature of this molecule ceduthe freezing point of the ionic
molecular liquid, as does the polar functional grou

Perhaps in terms of public perception of this baisgd as a part of a potential
replacement for conventional solvents, the factt ttlaoline chloride is essentially
nontoxic is a large plus point for its use. Thegges of DES have been used very
successfully for many purposes such as electrocdatmapplications. Liquids such as
Maline 100 (ChCI : malonic acid) and Ethaline 2@hCl : 2 x 1,2-ethanediol) have
generated a lot of industrial interest in their é@eboth polishing and plating of metals

[259].
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ll. Proposed research strategies

The first major part deals with surface functiomation of multi-walled carbon
nanotubes and their decoration with metal and neetale nanocrystals. Metals chosen
for our study are nickel and copper due to theiw loost, easy accessibility and
numerous potential applications with CNT reinfonemts, such as enhanced hardness,

excellent solid lubrication, corrosion resistantagalytic performance etc,.

BN Acid treatment
@ U Filter + lyophilize

‘ Metal salt

Sonicate+ reflux/IR
irradiation
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In this context, our objective has been to conttbé nature, diameter,
concentration and homogeneous dispersion of metélnaetal oxide nanocrystals on
multi-walled carbon nanotubes. This first paracsordingly studied in Chapter 2 and 3,
namely, decoration of copper and copper oxide ngstals on multi-walled carbon
nanotubes and nickel and nickel oxide nanocrystatoration on multi-walled carbon
nanotubes, respectively. Proposed research straiatgcorate the MWCNTSs with metal
and metal oxide nanocrystals is explained usindltive chart.

The second major part of the work deals with theoiporation of surface
modified multi-walled carbon nanotubes into metatmnces from aqueous solution and
ionic liquid. That is, incorporation of surface nioedd multi-walled carbon nanotubes
(obtained from the first part of the study) intotadlematrices such as nickel. MWCNTs
reinforced metal composites attract a lot of irgewving to their extraordinary specific
stiffness and strength. Among the diverse synshesbcesses, the electrodeposition
method is preferred considering the advantagesighf purity of deposits and simple
procedure of deposition, apart from its conveniesnod economy.

In this context, the main objective of our studyswi@ incorporate surface
modified multi-walled carbon nanotubes into nickaeld copper matrices and study their
physicochemical, morphological and electrochemyicaperties. Our study is focused in
two different media, namely, aqueous solution amdci liquid. In agueous solution we
have explored the possibility of processing différéypes of surface functionalized
MWCNTSs reinforcing a nickel matrix by electrogertera.

In this regard, pristine MWCNTSs, amino-functionaliz MWCNTs and oxygen-

functionalized MWCNTs have been employed for thedgt Since, MWCNTs are not
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well dispersed in aqueous solutions, so uniformodegjen of MWCNTSs in the metal
composites is a difficult task without the additimf surfactants or dispersants.
Therefore, it is important to explore possibilitiesfinding a compatible solvent which
could, at the same time, show good dispersion lgtafor MWCNTs and conductivity.
This search for the compatible solvent has leausrtic liquids. So in this part we focus
our study on ionic liquids, where a new class afigoliquid, namely, deep eutectic
solvent has been employed for the study. Thiscibquid is prepared by mixing choline
chloride (as quaternary ammonium salt) with hydroggend donors such as amides,
acids and alcohols. Proposed research strategyncarporate MWCNTs into metal

matrices is explained using the flow chart.

Mechanical polishing

Copper 18— Copper
8 Nickel chloride bath/
Electrogeneration Nickel chlorlde in DES
I\/IWCNTS

(P/O/A-MWCNTS)

N|ckel + MWCNTSs
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Chapter 2: Decoration of multi-walled carbon nanotibes with
copper and copper oxide nanocrystals

2.1. Introduction

The properties of CNTs can be altered by modifyttmgyr surface so as to obtain
the desired properties suitable for various appbos. Many studies have been
undertaken to decorate metal or metal oxide natiofgg on their outer surface as we
have mentioned in the introductory chapter. The afnthe present study has been to
control the nature, diameter, concentration and dganeous dispersion of the copper
and copper oxide nanoparticles on the CNTs. k& ¢hintext, Cu/Cuwere chosen due
to their relevance for photovoltaic nanodeviceslarsenergy applications, redox
chemistry, extraordinary electrical, thermal, cgtial and sensing properties combined
with its low cost and easy accessibility [260-268].

Thus far, many attempts have been made to decoogiger and copper oxide
nanoparticles on CNTs with an outer diameter of €X&hging above 20 nm [269,270].
The use of Cu (I) phenylacetylide (CPA) as the prear to deposit GO and Cu
nanoparticles on thick MWCNTSs having diameters nagdpetween 70 and 110 nm was
recently reported [271]. In the present study,regort the use of CPA as a source of
copper, to achieve uniform dispersion of Cu/Gu@nocrystals on thin MWCNTSs having
an average diameter of 10 nm. Even though, deposdf copper and copper oxide
nanoparticles on CNTs in the literature is repofet2-277], the processes are either
lengthy or tedious and in other cases surfactamisreducing agents have been used to

control the size of the patrticles.
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Due to the efficient photo-absorption and photatrerconversion properties of
CNTs in near infrared (IR) region, they have besaduas near IR functional materials
[278]. CNTs can absorb near IR radiation rapidginsferring electronic excitations into
molecular vibration energies which induce heat [27Ehis remarkable photo-absorption
and photothermal property of CNTs has been madefarseemote thermal reactions
[280], phase transitions of polymer gel hybrids R8cancer therapies [282], and so
forth. In the present study, this photothermal propis used to impregnate CPA on
MWCNTs and then to decorate Cu/Gu@nocrystals on MWCNTS.

Our study focuses on two different methods of igpeging CNTs with metal
containing nanoparticles. The later part to obtherequired nanocrystals by calcination
remains the same for both those methods. In therfiethod of impregnation we reflux
the mixture of metal salt and CNTs suspension artde second method we irradiate the
mixture of metal salt and CNTs suspension in tles@nce of infrared radiation. In both
cases, CPA was used as a source of copper. Imwtrs we briefly explain the first
method of impregnation and then move on to the reeoethod along with the results
and discussion as it is a simple and effective ptend gives rise to desired results in a

shorter time.

2.2. Preparation of Cu/CuQ nanocrystals decorated MWCNTs

It is essential to generate the oxygen functitiealon the surface of MWCNTs

in order to anchor metal or metal oxide nanopasicbon them. As a first step of

preparation of Cu/CuQnanocrystals on MWCNTSs, we functionalize the stefaf

49



Chapter 2

MWCNTs. The oxygen functionalities were generated surface of MWCNTs by
treating them with the mixture of concentrategsB, and HNQwith a molar ratio of 3:1
following the method reported in the literature 11¥42]. In a typical experiment, 75 ml
of conc. HSO, (97 %) and 25 ml of conc. HN@65 %)were carefully mixed together
and added to 1 g of MWCNTSs in a round bottomedfldfie above suspension was then
heated under constant agitation a’60or 8 hours. Afterwards the mixture was allowed
to cool down to room temperature, added to equahtity of deionized water, filtered
and the residue was washed several times with rdeeal water until neutral pH was
attained. The residue was then filtered and fregmel. The oxidized MWCNTs thus

obtained are designated as O-MWCNTs. This is sekieally represented in Figure 2.

HOOC
COOH
OH
H,SO;HNO3(3:1 V/V)
>
COOH
50°C (8 h) o
OH
HOOC
——COOH

Purified MWCNTSs Oxidized MWCNTs

Figure 2 : Surface functionalization of purified MWCNTs
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2.2.1. Impregnation of CPA on MWCNTSs by reflux mettod

The O-MWCNTs were then used to impregnate CPA Byxenethod. A 100 mg
of oxygen-functionalized MWCNTs was sonicated inndl0of xylene for an hour to form
a good suspension. Similarly, 45.7 ofgCPA (15 wt % of Cu) in 30ml of xylene was
also sonicated for the same amount of time. Withike suspensions were still under

ultrasonication, CPA in xylene was added to the MWE in xylene suspension.

Figure 2.1 : Experimental setup for reflux method.
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When both the suspensions were mixed together grelenr was imparted to the
black suspension due to the change of the col@RA suspension from yellow to green.
The mixture was further sonicated for a few minuted then refluxed for 12 hours under
magnetic stirring until the green color of CPA serisgion totally disappeared indicating
the completion of the impregnation process. Thesgrpental setup for reflux method is
depicted in Figure 2.1. The mixture was cooleddom temperature, filtered and the
residue was washed three times with acetone. Tippetdreated MWCNTs thus

obtained were finally dried under vacuum at roomgerature.

HOO APC-00 COO-CPA

Cu (I) phenylacetylide

>
reflux CcP
COOH APC-00C O-CPA
APC- PA

HOOC OH

CPA attached

Oxidized MWCNTSs
MWCNTSs

Figure 2.2 : CPA attached MWCNTSs by reflux method.

The CPA impregnated MWCNTSs thus obtained were refeto as CPA-MWCNTSs. This

is schematically represented in Figure 2.2.
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2.2.2. Impregnation of CPA on MWCNTSs by infrared (IR) irradiation

We have also designed a simpler impregnation metbodttach CPA on O-
MWCNTSs that is by IR irradiation. In a typical eeqment, 100 mg of O-MWCNTSs was
sonicated in 50 ml of xylene until (~ 5 min) a wedikpersed black suspension was
obtained. Similarly yellow suspension of CPA inety¢ was obtained by sonicating 45.7
mg of CPA (15 wt % of Cu) in 30 ml of xylene foretlsame amount of time. While the
suspensions were still under ultrasonication, CRAxylene was added to the O-
MWCNTSs in xylene suspension. The mixture was furthenicated for a few minutes.
When both the suspensions were mixed togetherendnege was imparted to the black
suspension due to the change of the color of CRAiension from yellow to green. The
mixture was then IR irradiated under magnetic isgyruntil the green color of CPA
suspension totally disappeared (two and a half $)ondicating the completion of the
impregnation process. This time duration is conmsidehe optimum under the current
experimental conditions for the uniform distributiaof CPA on MWCNTs. The
experimental setup for IR irradiation method is destrated in Figure 2.3. The mixture
was cooled to room temperature, filtered and tsedue was washed three times with
acetone. The CPA impregnated MWCNTSs thus obtairefdired to as CPA-MWCNTs
hereafter, were finally dried at room temperatuiiée schematic presentation is shown

in Figure 2.4.
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Figure 2.3 : Experimental setup for IR irradiation method.

Compared to the first method of refluxing the mietwf CPA and CNTs suspension,
second method has advantage of time duration,rd@aielling and simpler manipulation
considering the requirement of high temperaturaefiux method. Both these dried
samples in room temperature were calcined in al@imianner to obtain the respective

copper and copper oxide nanocrystals on MWCNTS.
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HOO APC-0O0C COO-CPA

Cu (I) phenylacetylide

>
IR irradiation cpP
COOH APC-00C O-CPA
HOOC OH APC- PA
Oxidized MWCNTSs CPA attached

MWCNTSs

Figure 2.4 : CPA attached MWCNTSs by IR irradiation.

2.2.3. Calcination of CPA-MWCNTSs

The CPA-MWCNTs were then calcined in a tubular &om equipped with a
quartz tube pre-heated to a desired temperatureruhe continuous flow of either
air/nitrogen/ hydrogen at a flow rate of 300 pL p&n. In a typical experiment, 20 mg
of CPA-MWCNTs were calcined at desired temperat(jt&9-300 °C) for 1 hour under
continuous flow of air/nitrogen/hydrogen. Copperdacopper oxide nanocrystals

decorated on MWCNTSs are schematically illustrate8igure 2.5.
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APC-00C COO-CPA — Cu
Calcination
CP >
N/H o/ Air — CuOx
APC-0O0C O-CPA
APC- PA
CPA attached Copper and copper oxide
MWCNTs nanocrystals decorated
MWCNTSs

Figure 2.5 : Copper and copper oxide nanocrystals decorate dCMWé

2.3. Results and discussion

As a first approach to understand the extent oflabon of MWCNTs we have
characterized the P-MWCNTs and O-MWCNTs by fourigansform infrared
spectroscopy (FTIR) and X-ray photoelectron spscwpy (XPS). The FTIR spectrum
of MWCNTs is compared with that of O-MWCNTs in Frgu2.6. The broad peak
observed around 3433 ¢hin the spectrum of MWCNTSs (Figure 2.6a) is atttdglito O-

H stretching frequency, originating from the adsarbvater molecules on the amorphous
carbon present in the MWCNTS [283]. The two peaki622 and 1381 crhare assigned
to C=C stretching frequency, which are due to titeerent structure of CNTs. In the

FTIR spectrum of O-MWCNTs (Figure 2.6b), there is additional peak observed at
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1719 cni due to the C=0 stretching frequency, indicating fiiesence of carboxylic

groups created during the oxidation of MWCNTSs. Pphesence of acidic groups such as

3433

Transmittance (%)

U U
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.6 : FTIR spectra of (a) MWCNTs and (b) O-MWCNTSs.

carboxylic and hydroxylic groups on CNTs is furtlenfirmed by the slight increase in

the intensity of the peak around 3433 t(figure 2.6b) due to O-H stretching frequency.
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To further understand the extent of oxidation of IWNTs and the composition of
the final products, XPS analysis was performedufag2.7 shows the XPS general
survey spectra of MWCNTs, O-MWCNTs and CPA-MWCNT&e oxidation of CNTs
and the impregnation of CPA on the walls of thegenated CNTs are confirmed by the

presence of O 1s and Cu 2p peaks, respectivebadtcalculated from the XPS

O 1s C 1s
C
Cu 2p
> O 1s
‘0 C1s
c
9
E1b
0]
=
<
[@)
x
C 1s
a
1 T 1 T 1 T 1 T 1 T
1000 800 600 400 200 0

Binding energy (eV)

Figure 2.7 : XPS spectra of (a) MWCNTSs, (b) O-MWCNTSs, (c) CRAWCNTS.
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spectrum, for O-MWCNTSs (Figure 2.7b), and found th&re was about 18 % of oxygen
content in comparison to 82 % carbon on the surf#fc®-MWCNTs. These results
corroborate the FTIR investigations done on O-MWGNdreviously.

Figure 2.7c shows the XPS general survey spectifucaloined CPA-MWCNTSs
for both reflux method and IR irradiation of CPApnegnated MWCNTSs and it clearly
shows the characteristic peak Cu 2p for coppeigdbs®© 1s and C 1s peaks. In both the
cases we succeed in obtaining the copper and capjée nanocrystals from calcined
CPA-MWCNTSs at different temperatures and in differatmospheres. At this part of the
study to be precise we have shown the results lyfthe CPA impregnated MWCNTSs
from IR irradiation. CuO nanocrystals decorated @MI's (CuO-MWCNTS) were
obtained when CPA-MWCNTSs were calcined in air a 30, while CyO nanocrystals
decorated MWCNTs (GO-MWCNTS) were observed in nitrogen at 2%D. In the
presence of hydrogen gas Cu nanocrystals decoMWECNTs (Cu-MWCNTSs) were
obtained at 156C.

The high resolution XPS spectra for Cu 2p corelléaeall the calcined products
recorded in the range of 925 to 970 eV are showkigare 2.8. For CuO-MWCNTSs, the
presence of most intense peak at 934.8 eV, comesapy to the binding energy of Cu
232 along with few satellite peaks in Figure 2.8a i€ da the presence of CuO in the
composite which agrees well with the literatureorep284]. In case of GIO-MWCNTSs
(Figure 2.8b) the peak at 932.3 eV, correspondmghe binding energy of Cu 2p
confirms that the peak is due to the presence gDQnase [276,284] in the composite.
Similarly, in case of Cu-MWCNTSs (Figure 2.8c) theag at 932.8 eV corresponding to

the binding energy of Cu 2pis due to Cu phase from the composite [263,285¢ Th

59



Chapter 2

presence of CuO related peaks in both Figure 2n8k2e8c¢ is due to the presence of thin
CuO layer on the surface of &U/Cu in the composites, which is usually observee

surface passivation [276,284,285].

Relative Intensity

! | ! | ! | ! |
970 960 950 940 930
Binding energy (eV)

Figure 2.8 : High resolution XPS spectra of core Cu 2p of ¢héined products (a)

CuO-MWCNTSs, (b) CeO-MWCNTs and (c) Cu-MWCNTS.

60



Chapter 2

Since the formation of CuO layer is very thin,striot detected in the powder X-
ray diffraction (PXRD) pattern of both g0-MWCNT (Figure 2.9d) and Cu-MWCNT
(Figure 2.9e) composites. The appearance of thiesphee to CpO (Figure 2.8b) and Cu
(Figure 2.8c) in their corresponding compositeshwstich close proximity makes it
difficult to distinguish between these two phasdswever based on both XPS and
PXRD analysis we conclude that the peaks in Figuse and 2.8c are due to fLQuand
Cu phases, respectively.

The PXRD patterns of O-MWCNTs and CPA-MWCNTs alomigh Cu/CuQ
decorated MWCNTSs are shown in Figure 2.9. In &l ¢hses, the diffraction peaks ét 2
= 25.3 and 43.1 are due to (002) and (108K reflections of the graphitic structure of
CNTs. The PXRD pattern of CPA-MWCNTs (Figure 2.98)similar to that of O-
MWCNTSs, even though CPA is impregnated on the MWG&NTIhis may be because the
impregnated particles of the composites are usaaligrphous before calcination [286].
In case of CuO-MWCNTs (Figure 2.9c), @4MWCNTs (Figure 2.9d) and Cu-
MWCNTs (Figure 2.9e) the PXRD patterns are similarthe literature reports of
corresponding phases [287,260,277], indicating ttrtphases obtained are pure and no
impurities or mixed phases are formed. The CuO-MWENFigure 2.9c) display two
diffraction peaks at @ = 35.f and 38.2 with hkl reflections (-111) and (111),
respectively, corresponding to the monoclinic Cu@ge. The three diffraction peaks at
36.1° 42.2 and 61.% with hkl reflections (111), (200) and (220), respectivaly,shown

in Figure 2.9d correspond to the cubic phase eDwanocrystals in GO-MWCNTS.
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Figure 2.9 : PXRD patterns of (a) O-MWCNTSs, (b) CPA-MWCNTSs, @)O-

MWCNTSs, (d) CyO —MWCNTSs and (e) Cu-MWCNTSs.

The Cu-MWCNTSs (Figure 2.9¢e) show two diffractioresafgs at 43%and 50.2 with hkl
reflections (111) and (200), respectively, correspiog to the cubic phase of Cu. In all
the calcined products the reflections due to theT€Mre unchanged indicating that

graphitic structure of the CNTs are intact in spdg treating them at different
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temperatures in presence of nanocrystals. Thécleasizes of CuUO-MWCNTSs, GQ-
MWCNTs and Cu- MWCNTSs calculated using Scherremiala from the most intense
peaks of their corresponding PXRD patterns areddonbe around 7-8 nm, 11 nm and
14-15 nm, respectively.

To understand the surface morphology of all theioatl products field emission
scanning electroscopy (FE-SEM) has been performbed. FE-SEM images of CuO-
MWCNTs (Figure 2.10a), GO-MWCNTs (Figure 2.10b) and Cu-MWCNTs (Figure
2.10c) show the presence of uniformly sized nartages well dispersed on the walls of
CNTs, indicating the efficiency of the rather simpbute employed for their preparation.
The observed size of Cu particles (Figure 2.10¢pusd to be bigger than that of other
calcined products. The energy dispersive X-ray (EDspectral analysis of CPA-
MWCNTs and all the calcined samples are shown guféi 2.11, which indicate that the
mass percentage of copper on MWCNTSs is around lidiéating almost all of the

copper loaded initially is decorated on the surfaicIWCNTSs.
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Figure 2.10 : FE-SEM images of (a) CuO-MWCNTSs (b) @&+MWCNTs and (c) Cu-

MWCNTSs. The scale bar corresponds to 100 nm.
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Figure 2.11 : EDX spectrum of CPA-MWCNTS.

The particle sizes of the Cu/CuOn the MWCNTSs have been investigated using
transmission electron microscopy (TEM) as showhigure 2.12. Uniformly distributed
copper containing nanoparticles on the surface §/@NTs in CPA-MWCNTs are
clearly seen in Figure 2.12a and the estimated iz¢he nanoparticles are in the range
of 8-12 nm. The TEM image of CuO-MWCNTs (Figure Z2b) shows the formation of
CuO nanoparticles on the surface of MWCNTs whiceé edicated by arrows. The
particle size is found to be less than 10 nm, wiicim agreement with the PXRD data

(Figure 2.9c).
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Figure 2.12 : TEM images of (a) CPA-MWCNTSs, (b) CuO-MWCNTSs, E)O-

MWCNTs and (d) Cu-MWCNTSs. The scale bar correspdads) nm.

This means that the CPA-MWCNTSs are not coalesceitevdalcining them at
300 °C in air to obtain CuO-MWCNTSs and this is considiethe optimal calcination
temperature to obtain the homogeneous CuO nanafsydecorated on MWCNTS.
Indeed, when CPA-MWCNTs were heated at higher teatpees than the mentioned
above, they tend to coalesce and grow to becongerlgparticles. Spherical @D
nanoparticles with uniform size and distributiom the range of 10 to 15 nm) are
observed on the surface of MWCNTSs as shown in EiqQuit2c for the GGO-MWCNTSs.

These particles are seen to be well resolved asdghn good accordance with PXRD
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data. In case of Cu-MWCNTSs (Figure 2.12d) isolaBednanoparticles are seen with the

particle sizes of 10 to 15 nm. These results foltyroborate the investigations made

using FE-SEM.

Figure 2.13 : TEM images of CPA-MWCNTSs by reflux method.

Figure 2.13 depicts the TEM images of CPA impregdd’IWCNTs by refulx
method for 12 hours. It can be clearly seen thRAGIWCNTs having small size
particles are well decorated on the outer surfddbetubes as shown in Figures 2.13a
and 2.13b. However, some particles are quite largkisolated. There is a high degree
of spheroid particles observed, despite the diffeean their sizes.

The thermal decomposition patterns of MWCNTs, O-MWIG, CPA and CPA-
MWCNTs recorded in nitrogen by thermogravimetricalgeis (TGA) are shown in
Figure 2.14In case of MWCNTSs (Figure 2.14a) it is clearly s¢leat the CNTs slowly
start degrading at a temperature around ®@nd the decomposition is incomplete in

the temperature range studied. In the case of O-OMWs (Figure 2.14b), the weight
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loss was observed in several steps till 760and further, with the total weight loss of
about 30 %. First stage of weight loss observed agemperature of 15C corresponds

to the removal of the adsorbed water.

Residual Mass (%)

S——7F—7F——7T T T T
100 200 300 400 500 600 700

Temperature (°C)

Figure 2.14 : TGA of (a) MWCNTSs, (b) O-MWCNTSs, (c) CPA and (@PA-MWCNTs

in nitrogen.
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The second stage weight loss observed in the rahdé0 to 350°C can be
ascribed to the decarboxylation due to the carboxytoups present on the walls of
MWCNTSs. The weight loss in the range between 35@nd 500°C can be attributed to
the elimination of hydroxyl functionalities preseah the surface of MWCNTs. At
temperatures higher than 50Q the thermal degradation correspond to the thermal
oxidation of the remaining amorphous carbon [2Ttje thermogram of CPA (Figure
2.14c)shows two stages of weight loss, one at around°@3@aving 15 % weight loss,
may correspond to the loss of the acetylene mogtgl, the second slow decomposition
stage above 40% with 10 % weight loss. The TGA of CPA-MWCNTs (Eig 2.14d)
shows the combined properties of those of both @R& O-MWCNTSs. In general CPA-
MWCNTs shows a multi stage weight loss similar taM@/CNTs, however the total
weight loss % is less due to the presence of ocgawoiety. The fact that major weight
loss was observed at around 280in case of CPA (Figure 2.14c) and the correspundi
weight loss in CPA-MWCNTs composite (Figure 2.1d4taround 256C, shows that the
CPA moiety in the composite is decomposed to forsOManocrystals on the surface of
MWCNTSs (Figure 2.9d), which is in line with the PRRanalysis discussed earlier.

Figure 2.15 shows the thermal decomposition pateohi MWCNTs, O-
MWCNTs, CPA and CPA-MWCNTSs recorded in air. In gexteit is evident that the
thermogravimetric patterns of the samples recoroedir (Figure 2.15) are much
different compared to the ones recorded in nitrogegure 2.14). In case of MWCNTSs
(Figure 2.15a) the degradation of CNTs starts atirzat 450°C which is followed by a
rapid decomposition stage. At around 6&0most of the decomposition is complete

with about 81 % weight loss. The decomposition eéf@/CNTs (Figure 2.14b) follows
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a multistage pattern similar to the one seen pusijoin nitrogen atmosphere. The initial

weight loss till 150°C is due to the adsorbed water.

100 =
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Figure 2.15 : TGA of (a) MWCNTSs, (b) O-MWCNTSs, (c) CPA and (@PA-MWCNTs
in air.
The decarboxylation of the carboxylic groups frdme surface of the MWCNTs

proceeds till 350C, followed by the dehydroxylation step till 530D. The decomposition
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almost completes at around 63D with the oxidation of remaining amorphous carbon
[211] with a total weight loss of 92 %. The decomifion pattern of CPA (Figure 2.15c)

in air is similar to the one recorded in nitrogeRiglre 2.14c) except that the

decomposition completes around 5@ with total weight loss around 50 %. In case of
CPA-MWCNTs (Figure 2.15d), unlike in nitrogen atrpbsre, the decomposition in air

is almost completed at around 680 with the total weight loss of 79 %. The TGA

further corroborates with PXRD data for the forroatiof CuO nanocrystals on the

surface of MWCNTSs (Figure 2.9c).

The simple procedure employed without the addibbrany external agents to
prepare such materials indicates the effectiveaefss method. Though it is difficult to
clearly understand the mechanism for the contralecbration of Cu/CuOx nanocrystals
on MWCNTs, we can largely illustrate the reasons tbe same. The surface
modification of MWCNTs by chemical functionalizatiovia acid treatment created
sufficient anchoring sites for the impregnatiorG#A on MWCNTSs. The change in color
of CPA from yellow to green observed during theddiéion to O-MWCNTSs, could
possibly due to the redox reaction taking placthatinterface of CPA and O-MWCNTSs.
In general, IR irradiation raises the temperatdrthe® MWCNTS in solution facilitated by
the photothermal conversion of the radiation by GNDInly when the suspension was IR
irradiated the impregnation of CPA on MWCNTSs reacbempletion, leaving behind the
colorless supernatant liquid while the black residuas settled down. The complete
disappearance of the green color in the supernatasttaken as the indication for the
completion of the impregnation process. It can dd that the elevation of temperature

generated by IR irradiation on MWCNTs gave impeiusross the activation energy
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barrier leading to the effective formation of CPAARCNTs. Our attempts to carry out
the experiment in the absence of IR irradiation it result in complete removal of the
green color from the supernatant even after pradngtirring indicating that the
impregnation process was not complete. The imptegnan the presence of IR
irradiation seems to be the key step for the homeges decoration of CPA on

MWCNTSs.

2.4. Conclusion

Copper, cuprous oxide and cupric oxide nanocrystalie uniformly decorated
on oxygen-functionalized multi-walled carbon naroes and their structure and
morphology were investigated by different technmjudwo different impregnation
methods, namely, reflux method and IR irradiatiogtimod were employed to impregnate
CPA on MWCNTSs. IR irradiation method was found ® rnore simple and efficient to
impregnate copper containing nanoparticles on th&QWTs. Photo-absorption and
photothermal properties of CNTs in IR region playad important role on the
homogeneous impregnation of CPA on MWCNTSs. Theigaton of the products at
different atmospheres and suitable temperaturagtedsin homogeneous decoration of
Cu/CuQ nanocrystals on the surface of MWCNTs. The asoged Cu/Cu@
nanoparticles could be used in various potentiglliegtions such as catalysis and

nanodevices.
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Chapter 3: Decoration of multi-walled carbon nanotibes with
nickel and nickel oxide nanocrystals

3.1. Introduction

Owing to their large chemically active surface astdbility at high temperatures
carbon nanotubes have been used as a supportah&dethe dispersion and stabilization of
metal and metal oxide nanocrystals [288]. Nanora$eand especially metal nanopatrticles
[289] have emerged as a new class of compoundsat@atarticularly interesting for materials
science due to their unique electronic, opticalgnedic and catalytic properties. Importantly,
these features differ from those of the bulk materj290] and depend on the size and shape
of the nanoparticles. Fabrication of CNT-nano@alysteterostructures with desired size,
shape, morphology, crystallinity and chemical cosipan remains an active area of study.
In this regard, our interest has been on decoratiagsition metals such as nickel on
MWCNTSs, as they have been considered for use inynagplications such as fuel cells,

catalysis, rechargeable batteries, super capacaondshydrogen production [291-294].

Many researchers have attempted to produce CNNii nanparticle
heterostructures. However, the difficulty of obtagma uniform coating on CNTs imposes
limitations. Sometimes prior to the decoratiortlegse nanoparticles, the CNTs are modified
with polymer to facilitate the process [295,296for example, Tang et al [295] reports the
distribution of Ni nanoparticles on poly (acrylicid) modified MWCNTSs for hydrogenation
of a, B-unsaturated aldehyde. Similarly, homogeneous reléeposition of Ni nanoparticles
on 4-nitroaniline radical monolayer grafted on MWCMas reported by Jin et al [296]

There have been reports of employing stringent itimmg such as microwave irradiation
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[297], hydrothermal [298], solvothermal [299], cheal vapor deposition [300],

electrophoretic deposition [301] etc for the unifiodistribution of Ni/NiO on CNTSs.

Keeping in mind the potential applications of th&lTC based composites with
metal/metal oxides such as Ni/NiO and the compfeixivolved in achieving their uniform
distribution we report a simple and convenient radtfor the preparation of nickel and nickel
oxide nanoparticles well dispersed on MWCNTs. Ourppse is to establish a novel and a
low cost alternative route for coating the extemsaiface of MWCNTSs with nano-size metal
and metal oxide nanoparticles of nickel for potnapplications. In this context, nickel
acetylacetonate (NAA) was used, for the first tim&the precursor to decorate on MWCNTS.
The weight percentage ratio of NAA to CNTSs, impragon time, reaction temperature and
atmosphere are selectively controlled to obtainah®unt, particle size and homogeneous

distribution of nickel/nickel oxide particles on Chl

3.2. Preparation of NAA on MWCNTSs

As we have seen in the previous chapters, befopesigmating the MWCNTS, one has
to oxidize their surface to create active sites. aAirst step, we have used the same method as
used in Chapter 2 to oxidize the MWCNTs and thepleyed them for the impregnation of

NAA on MWCNTSs.

3.2.1. Impregnation of NAA on MWCNTSs

The O-MWCNTs were then impregnated by a modifietuxemethod than it was
done in the earlier case with copper in Chapted@0 mg of O-MWCNTs was sonicated in
50 ml of xylene until (~ 5 min) a good suspensismbtained. Similarly suspension of NAA
in xylene was obtained by sonicating 77.2 mg of NAA wt % of Ni) in 30 ml of xylene for
the same amount of time. While the suspensiong wglt under ultrasonication, NAA in

xylene was added to the O-MWCNTs in xylene suspensifhe mixture was further
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sonicated for a few minutes. The mixture was theffuxed under magnetic stirring for 4
hours and cooled to room temperature, filtered thedresidue was washed three times with
acetone. The NAA impregnated MWCNTs thus obtairgekignated as NAA-MWCNTs
hereafter, were finally dried at room temperatunelar vacuum. The experimental setup is
similar to the one shown in Figure 2.1 in Chapter Phe schematic presentation of the

impregnation of NAA on O-MWCNTSs is shown in Figuge

L . |B—COO-NAA
HOOC 11 coon AaN-ooc _J|
Ho ]| Reflux - i|onaa
1| ISV .
HOOC 1 | L_COO-NAA
L AAN-O L
O-MWCNTs NAA-MWCNTS

Figure 3 : Schematic diagram of NAA-MWCNTs

3.2.2. Calcination of NAA-MWCNTSs

The NAA-MWCNTSs was then calcined in a tubular furea@quipped with quartz tube
pre- heated to a desired temperature under thénconts flow of either nitrogen/ hydrogen at
a flow rate of 300 pL per min. In a typical expeem, 20 mg of NAA-MWCNTs was
calcined at 400C temperature for 1 hr under continuous flow of fog@n and 3 hrs in
nitrogen, respectively. The schematic diagramatdination of NAA-MWCNTS to obtain Ni

and NiO nanocrystals on MWCNTSs is shown in Figude 3
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Figure 3.1 : Schematic representation of production of Ni-MWCNifsl NiO-MWCNTSs

3.3. Results and discussion

The thin MWCNTs were oxidized to create active site anchor nanoparticles on
their walls and were investigated by FTIR. The FTHaracterization was discussed in the
previous chapter in detail and hence will not becdssed here. The sample was then further
characterized by PXRD to understand the crystafiimese purity of the material. The PXRD
patterns of the O-MWCNTs, NAA-MWCNTs along with tlalcined products of NAA-

MWCNTSs in hydrogen and nitrogen atmosphere are showrigure 3.2.
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Figure 3.2 :PXRD patterns of (a) O-MWCNTSs, (b) NAA-MWCNTs, (WjO-MWCNTs and

(d) Ni-MWCNTs.

The O-MWCNTs (Figure 3.2a) display two distinctfdittion peaks for graphitic
structure at @ = 26 and 48 corresponding to thénkl reflections (002) and (100),
respectively. They are the characteristic peaksh®ICNTs, which indicate that even after the
vigorous treatment of CNTs in concentrated acids dhaphitic structure remained mainly
intact. PXRD pattern of the NAA impregnated MWCN({Fgure 3.2b) is similar to that of
the O-MWCNTSs. This may be due to the amorphousraatfithe impregnated NAA before
calcinations [286]. Figure 3.2c reveals the formatof the phase pure NiO nanocrystals,

having three distinct diffraction peaks @ 2 36.9, 42.8 and 62.3 corresponding to thiekl
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reflections (111), (200) and (220), on the surfadeMWCNTs in the NiO-MWCNT
composites [296]. It was obtained in the preserfceittogen atmosphere at 40Q. In the
presence of hydrogen atmosphere at 4D0the two distinct diffraction peaks were obtained
at D = 44.2 and 51.7 (Figure 3.2d) corresponding to th&l reflections (111) and (200),
respectively, indicate the formation of phase ptilie nanocrystals in the Ni-MWCNT
composites [296]. Both the composites show MWCNakgean spite of them being treated at
high temperatures in the presence of metal/metaleomanocrystals, which show that CNT
structure is kept intact. In all the cases, no offeaks than nickel and nickel oxide are seen,

indicating that there are no impurities formed dgrihe composite formation.

To further understand the extent of oxidation of KANTs and the composition of the
final products, XPS was performed. Figure 3.3 shtlwes XPS general survey spectra of
purified MWCNTs, O-MWCNTs and NAA-MWCNTs. The oxilen of CNTs and the
impregnation of NAA on the walls of the oxygena@NTs are confirmed by the presence of
the O 1s (Figure 3.3b) and Ni 2p peaks (Figure)3.Bcwas calculated from the XPS
spectrum, for O-MWCNTSs (Figure 3.3b), and foundt tteere was about 18 % of oxygen in
comparison to 82 % carbon on the surface of O-MWE&NIhese results corroborate the
FTIR investigations done on O-MWCNTS, previousiyeThigh resolution XPS spectra for
Ni 2p core level for the calcined products recoritethe range of 840 to 890 eV are shown in
Figure 3.4. For NiO-MWCNTs (Figure 3.4a), the preseof most intense peak at 856 eV,
corresponding to the binding energy of NizZ@long with a intense satellite peaks at the
higher binding energy side of the main peaks istdute presence of NiO in the composite

which agrees well with the literature report [3@3B
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Figure 3.3 : XPS spectra of (a) Pristine MWCNTSs, (b) O-MWCNiArsl (c) NAA-

MWCNTSs.

The presence of NiO related peaks in Figure 3.4huesto the presence of thin NiO
layer on the surface of Ni in the composites, whishusually observed due to surface
passivation [304]. Since the formation of NiO laysrvery thin, it is not detected in the

PXRD pattern of Ni-MWCNT (Figure 3.2d) composite.
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Figure 3.4 : High resolution XPS spectra of core Ni 2p of tlaécined products (a) NiO-

MWCNTSs and (b) Ni-MWCNTSs.

The morphology of the composites was investigaieBlB-SEM and TEM analysis as
shown in Figure 3.5. Figures 3.5a, 3.5b and 3.8dlse FE-SEM images of NAA-MWCNTS,
Ni-MWCNTs and NiO-MWCNTSs, respectively, which revehe undamaged structure of
MWCNTSs in the composites. In both FE-SEM and TEMgas of NAA-MWCNTSs (Figures
3.5a and al) the impregnated NAA species are niifovened. The distinct and uniformly
spread nickel nanocrystals on the external surfdddWCNTSs in Figure 3.5b demonstrate

the effectiveness of the new approach of calcitiregNAA-MWCNTSs at 400C in the
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Figure 3.5 : FE-SEM images of (a) NAA-MWCNTs (b) Ni-MWCNTs an@) NiO-

MWCNTs. TEM images of (al) NAA-MWCNTSs, (b) Ni-MWCNTand (c) NiO-MWCNTSs.

presence of hydrogen to form Ni-MWCNTs. In case NNO-MWCNTs (Figure 3.5c),
although the size of the particles is similar, plagticle distribution is more dense compared to

Ni-MWCNTs (Figure 3.5b). TEM images of NAA-MWCNTS\i-MWCNTs and NiO-
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MWCNTSs are shown in Figure 3.5al, bl and c1, raspdyg. The particle sizes of nickel in
Ni-MWCNTSs as seen in Figure 3.5b1 are in the ramigE3-15 nm, while in the case of NiO-
MWCNTs the nickel oxide particles are in the ram@gfe8-10 nm. The presence of the
nanoparticles only on the surface of the nanotu#isates that the nanoparticles are strongly
anchored onto their surface. The compositionaltpwf the impregnated and the calcined
composites were investigated by EDX ( Figure 3r®) ®und that only nickel is present apart
from carbon and oxygen, which shows that therenar@mpurities in the product. In all the
cases average nickel mass percentage was in the odri0-12 % indicating that most of the

NAA utilized for the impregnation process is incorgted in the final products.
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Figure 3.6 : EDX spectrum of NAA-MWCNTSs.

The thermal decomposition behavior of all the s@mpVas investigated by TGA in a
flowing nitrogen atmosphere is shown in Figure JFigures 3.7a and b present the TGA
patterns of pristine and O-MWCNTS, respectively.tthe case of pristine MWCNTSs it is

clearly seen that the CNTSs slowly start degrading temperature around 680. Whereas, in
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the case of O-MWCNTSs, the weight loss was obseinesbveral steps starting from 180

up to 750°C and further. The total weight loss observed wasut30% for O-MWCNTSs.
First stage of weight loss was observed up to aéeature of 150C, corresponding to the
evaporation of the adsorbed water. The second $tage 150 to 350F°C is ascribed to the
decarboxylation due to the carboxylic groups presearthe walls of CNT. The weight loss in
the range between 35 and 500°C can be explained by the elimination of hydroxyl

functionalities present on the surface of MWCNTSs.
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Figure 3.7 : TGA curves of (a) Pristine MWCNTSs, (b) O-MWCNTsdaft) NAA (d) NAA-

MWCNTSs in nitrogen.
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For the temperatures higher than 5@0the thermal degradation corresponds to the
thermal oxidation of the remaining disordered carjpll]. Figure 3.7c represents the
thermograms of pure NAA, which exhibits mainly twtages of degradation on weight loss
with a minimum at 289C having 40% weight loss and the other at 420having 28%
weight loss [305]. Small degradation on weight losserved at 17%C.

Since, major weight loss was observed around 220 possibly the NAA is
decomposed to form NiO at this stage. Hence NAA-MVE were calcined around 406G
in nitrogen atmosphere which gave rise to NiO-MWCdbmposites as evidenced by PXRD
pattern shown above (Figure 3.2c). However, as showFigure 3.7d, a slight difference in
weight loss pattern was observed for the TGA of NWMXWCNTs compared to the O-
MWCNTs. Here too we see that the decompositiotepaof NAA-MWCNTS is similar to
that of NAA except that the weight loss percentagiifferent due to the presence of CNTs in
the composites.

Possible formation mechanism of nickel and nickelde decorated CNTs can be
explained as represented in Figure 3.8. This werkahstrates the feasibility of decorating
CNTs with nickel and nickel oxide nanocrystals e calcination of impregnated NAA
precursors in xylene solvent in hydrogen and nérogtmospheres, respectively. The CNT-
coating mechanism, as schematically illustrated; beaclosely associated with the wetting of
oxygen-functionalized CNT surfaces with the preoutldAA. We believe that refluxing of
NAA in xylene played a pivotal role in decoratingNTs with NAA as elevated temperature
may have given impetus for the NAA to anchor on dleéect sites created during the acid

treatment of MWCNTSs.
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Figure 3.8 : Schematic illustration of the various steps ineolto obtain the final products.
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It is well known that chemical oxidation using sul€ and nitric acid mixture can
create various functional groups, such as —COOH, a@d —C=0 at the defective sites on the
nanotubes wall. They act as active sites for medtibns to attach during the impregnation
process. When, the as obtained NAA-MWCNTs wereigatt at certain temperatures in
suitable atmospheres such as hydrogen and nitriegeto the decomposition of the NAA
trapped on the surfaces of CNTs and the formationespective metal and metal oxide
nanocrystals. As a consequence, CNTs were reagldgrdted with uniform nickel and nickel
oxide nanocrystals under suitable conditions. Thal foroducts were confirmed by different

techniques used for the characterization.

3.4. Conclusion

A facile and alternative method for the synthesfs nickel and nickel oxide
nanoparticles decorated on MWCNTs was describetyusAA for the first time. The metal-
carbon nanotube composites were synthesized byegnation of carbon nanotubes with
NAA metal precursor followed by calcination at sibite temperatures and atmospheres. A
chemical impregnation led to the homogeneously afsgd nickel and nickel oxide
nanocrystals onto to the surface of MWCNTSs, andphasicles were found to possess an
average size of 8-15 nm, which can be controllecdijysting preparation parameters. This
process implied a simple route to prepare Ni and Nanocrystals support on CNTs through
tuning the experimental conditions. Both the detmmrananocrystals on CNTs have potential

applications in heterogeneous catalysis and semiszar industries.
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Chapter 4: Incorporation of multi-walled carbon nanotubes
into nickel matrices

4.1. Introduction

The development of advanced technologies in thenaettics, space and energy
sectors requires high performance materials wittekent mechanical properties, high
thermal conductivity and good wear resistance. Thenbination of high strength,
stiffness, aspect ratio and flexibility make CNdsal reinforcement materials for metals
and alloys. Moreover, the excellent thermal andctatmal conductivities of CNTs
facilitate development of novel functional compesit for advanced engineering
applications. It is also expected that carbon thdves with superior flexibility can
overcome the difficulties encountered by ceramiterB8 and carbon fibers. Thus,
multifunctional composites with improved mechanjegectrical and thermal properties
can be prepared by adding low level content of @auranotubes.

The preparation of CNT-metal reinforced compositgenals is now a rapidly
growing area of research interest. Electrodepdsi® coatings with nanograins
generally exhibit much higher tensile strength atitfness but poorer tensile ductility
compared with their micrograin counterparts [308]is considered that CNTs with
superior tensile strength, stiffness and fractir&rs can further enhance the mechanical
performances of Ni coatings. Moreover, nickel éxisi good wettability for graphite
powders [307]. Even though, Ni/CNT composites hdween studied by many

researchers for various applications [233-243]y ttwuld not give promising results due
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to the difficulties associated with the processaigcomposites. Uniform dispersion of
CNTs in the bath, which affects their uniform distition in the metal matrix, is a major
challenge demanding the addition of some dispersigents. This results in poor
interfacial adhesion between nanotubes and metals.

In the present research work, we have sought twewétackling this problem.
In the first part of the study, we have taken thdiéerent kinds of MWCNTSs to
understand their incorporation into nickel matnigrh aqueous solution and then study
their physicochemical, morphological and electrocival properties. The impact of
surface functionalization of MWCNTSs on their disgien stability and their interfacial
adhesion reinforcing the composite coatings isistudnd discussed in detail. Pristine
MWCNTs (P-MWCNTSs), amino-functionalized MWCNTs (AMMCNTSs) and oxygen-
functionalized MWCNTs (O-MWCNTS) are employed fbetstudy.

In the second part of the study, we have explohedpossibility of alternative
solvent, which could show good dispersion stabfitty MWCNTs and at the same time
be conductive. lonic liquids seem to be propemra#tive solvents, which can fulfill the
aforementioned properties. Moreover, they are émserging as promising alternative
solvents for electrochemistry purposes [247,24BJES is a new class of ionic liquid
typically formed by mixing choline chloride (as demnary ammonium salt) with
hydrogen bond donors such as amides, acids andadécoln the current study, for the
first time, we make an attempt to study the fe#igtbiof DES to electrodeposit
Ni/MWCNT composites. Firstly, dispersion stabiligf both pristine MWCNTs (P-
MWCNTSs) and oxidized MWCNTs (O-MWCNTSs) was studiadDES in comparison to

aqueous media. We have mainly employed P-MWCNTs @AdWCNTs as they
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showed better incorporation into nickel matricesnpared to A-MWCNTSs. Then
electrodeposited Ni/MWCNT composites were inveséidan relation to their stability,

morphology and electrochemistry.

4.2. Preparation of Ni/ MWCNT composite coatings

Thus far, NUMWCNT composites have been producedidnyous methods such
as pyrolysis, electroless deposition, laser-dejposiind electrodeposition [308-311].
Among these diverse synthesis processes, electsitiep is a simple and cost effective
method to prepare high purity of deposits. In gub-section we explain the preparation
of Ni/MWCNT composites in both aqueous solution amdonic liquid. As we have
mentioned earlier, we have taken three kinds of M\WWE The P-MWCNTs were
treated with a conc. 4$0,: conc. HNQ (3:1 v/v) solution at 50C for 8 h to generate
oxygen functionalities on the surface to get O-MWIGN The detailed procedure is
given in Chapter 2. The percentage of oxygen cémtes found to be 18 % in relation to
the 82 % carbon content. A-MWCNTs (NC3152) werecpred from Nanocyl S.A. A-
MWCNTSs have an average outer diameter of aboutmi%mnd a length of several micro-
meters. Amino-functionalization was achieved byl-balling purified MWCNTS in
ammonia. The percentage of nitrogen content is taho% in relation to the carbon

content as specified by the manufacturer.
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4.2.1. Preparation of NIFMWCNT composite coatingsrbm agueous solution

The nickel chloride plating bath consisting of 3pQ™* NiCl,.6H,0 and 30 g [*

H3BOswas prepared from reagent grade chemicals (pug8ys,

Figure 4 : Experimental setup for electrodeposition from amse solution (SCE as

reference electrode).
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The amount of P-MWCNTs, A-MWCNTs or O-MWCNTSs in thmath was
maintained to 0.3 g'Lin each case. After these different types of serflunctionalized
MWCNTs were added to the bath each separatelysubpension was ultrasonicated for
10 min for a good dispersion. The pH value of bla¢h was maintained at 3 + 1. The
suspensions were kept mechanically dispersed bgtaotfy agitating them during the
electrodeposition process. The experimental sebupthfe electrodeposition process is
shown in Figure 4 with saturated calomel electredereference electrode. All the
operating conditions performed during the electpod&ion process are given in Table 1.
The plated specimens were washed copiously in-piira water (18 ¥ cm) and then

subjected to various tests.

Current mode Direct current

Current density -5 A df

Bath temperature 30+06

Deposition Time 20 min

Working electrode Copper plate polished
Counter electrode Nickel wire

Bath Nickel chloride bath
pH 3+1

Table 1 : Electrodeposition operating conditions.
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4.2.2. Preparation of NIFMWCNT composite coatingsrbm ionic liquid

The plating bath was prepared from reagent gradenals (purity >98 %) and
were used as suclihe choline chloride/urea based DES was prepawed & previous

report [144]. Nickel solution (0.3 M) in DES warepared from anhydrous NiLl

Figure 4.1 : Experimental setup for electrodeposition from cohguid (quasi-silver as

reference electrode).
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The amount of MWCNTS in the nickel solution was 6.L™*. The suspension of
MWCNTSs in the NiC} solution was ultrasonicated for 10 min to getabk dispersion.
Before electrodeposition, the copper electrodeaserivas activated by immersing into a
10 % sulfuric acid solution for 30 sec. All eleasposition experiments were performed
galvanostatically in a conventional three electretectrochemical cell (nickel-counter
electrode, silver - quasi-reference electrode apper-working electrode) with constant
agitation using a magnetic stirrer (900 rpm). Thpegimental setup is demonstrated in
Figure 4.1 with quasi silver electrode as referezleetrode. All the operating conditions
performed during the electrodeposition processgaren in Table 2. The temperature
was kept at 66C during electrodeposition. The plated specimengwashed copiously

with ultra pure water and dried with nitrogen ga$obe subjected to various tests.

Current mode Direct current

Current density -2 mA cfm

Bath temperature 60 + @6

Deposition Time 30 min

Working electrode Copper plate polished
Counter electrode Nickel wire

Bath Nickel chloride bath

Table 2 : Electrodeposition operating conditions.
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4.3. Results and discussion of composites from aques solution

The key determining factor for the MWCNTSs insertiorio the nickel matrix
during the electrodeposition process is their d&pa in the nickel chloride aqueous
solution. The employment of three kinds of MWCNigfering in outer functionalities,
is aimed at improving their dispersion in the nickieloride bath and consequently their
insertion into the nickel matrix. As a first steape characterization of the MWCNTSs is
performed using the XPS. As displayed general suisggectra of the P-MWCNTSs

(Figure 4.2a), O- MWCNTSs (Figure 4.2b) and A-MWCNFsgure 4.2c¢) show a main
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Figure 4.2 : XPS survey spectra of (a) P- MWCNTSs (b) O-MWCNihsl (c) A-
MWCNTSs
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peak at 284.6 eV, which is attributed to*$yybridized” carbon in the graphitic layers of
the CNTs. For O-MWCNTSs (Figure 4.2b), in additimnC 1s there is an intense O 1s
peak observed due to the formation of various omygmntaining functional groups such
as carboxylic and phenolic, because of the suffiacetionalization of MWCNTSs [212].

The relative concentration of oxygen from the syrgpectra is found to be 18 % in

comparison to 82 % for carbon. Consistent withdat provided by the manufacturer

Transmittance intensity (a.u.)

T I T I T I T I T I T I T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.3 : FTIR spectrum of A- MWCNTS.

For A-MWCNTSs, Figure 4.2c shows the presence abgén (N 1s core-level is
shown inset) with a relative concentration of abbgb in addition to 97 % of carbon and

2 % of oxygen. The various surface functionalipadti-walled carbon nanotubes were
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further investigated by FTIR. The FTIR charactatian of P-MWCNTs and O-

MWCNTSs are discussed in details in Chapter 2.

Figure 4.4 : TEM images of (a) P- MWCNTSs (b) O-MWCNTs and cMWCNTSs
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In Figure 4.3, the peak at 1630 ¢man be attributed to the NHcissoring in
plane bending mode and also the vibration of cadkaheton of CNTs [312]. The peaks
at 1328 crit and 1030 cnt* are ascribed to C-N bond stretching vibrations! te peak
at 762 crt is due to the out of plane NHending mode [313, 314]. The characteristic
peak within 3300-3600 cthis due to the Nbistretch of the amine group overlapped with
O-H stretching vibration [313]. These results oborate the observations made using
XPS earlier.

Figure 4.4 shows the TEM images of P-MWCNTs, O-MWGNand A-
MWCNTSs, evidencing that O-MWCNTs (Figure 4.4b) aAeMWCNTs (Figure 4.4c)
remain quite stable even after the vigorous treatmeeing performed on the P-
MWCNTs (Figure 4.4a) to introduce oxygen-function@s (carboxylic and phenolic)
and amino-functionalities.  Thus, it is clearnfrdghe TEM images that up to a certain
degree of surface functionalization does not affieetmorphology of the MWCNTS.

The influence of functionalization of MWCNTS in theckel chloride bath on the
electrodeposition process to form Ni/MWCNT compesibn a copper substrate was
studied from the chronopotentiometric curves (Fegdr5). These curves show different
behaviour for nickel (Figure 4.5a), Ni/P-MWCNTs d@bre 4.5b), Ni/A-MWCNTs
(Figure 4.5¢) and Ni/O-MWCNTSs (Figure 4.5d) in thlating bath. The curve displayed
for the bare nickel electrodeposition from the amgenickel chloride bath indicates that
it immediately attains a constant potential vale@77 V). The curves displayed for
Ni/P-MWCNTs and Ni/O-MWCNTs composite electrodepiosi from the aqueous

nickel chloride bath containing their respective I@WTs show clear deposition peak
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during the initial 100 s. Furthermore, the steatigctrodeposition potential is more

anodic (-0.75 V) for both Ni/P-MWCNTs and Ni/O-MW{N compared to bare nickel.
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Figure 4.5 : Chronopotentiometric curves recorded for thetedeleposition of (a) bare

nickel (b) Ni/P-MWCNTSs (c) Ni/A-MWCNTs (d) Ni/O-MMWNTs for 1200 s.
However, Ni/P-MWCNTs show a slight increase in aoahift in the potential

(-0.73 V) after 600 s of electrodeposition proceglile Ni/O-MWCNTs exhibit stable

potential after the initial nucleation process. tha other hand, the curve displayed for
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Ni/A-MWCNTs composite electrodeposition from theM\WCNTSs containing aqueous
nickel chloride bath illustrates different behawvioun terms of its initial peak potential
and nucleation, showing a gradual anodic increnreriectrodeposition potential from
-0.81to-0.71 V.

In order to understand the initial stages of nudea the electrodeposition
process was carried out for a shorter time of 100amsl the corresponding
chronopotentiograms are shown in Figure 4.6. Thasserved curves show similar

behaviour as before (Figure 4.5).
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Figure 4.6 : Chronopotentiometric curves recorded for thetedeleposition of (a) bare

nickel (b) Ni/P-MWCNTSs (c) Ni/A-MWCNTs (d) Ni/O-MMWNTSs for 100 s.
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This throws some light on the effect of the dismersstability of different kinds
of MWCNTs in the nickel chloride bath, in turn inéincing their electrodeposition
process leading to the formation of their respectemposite coatings. It was observed
that P-MWCNTs and A-MWCNTs show comparatively lovggspersion in the plating
bath than O-MWCNTs. The good dispersion of O-MWGNIRd their incorporation into
nickel matrix during electrodeposition process rbaythe reason for the observed stable
potential during Ni/O-MWCNT electroplating.

The morphology of the NI/MWCNT composite coatingaswstudied by FE-SEM
for both 100 s and 1200 s (Figure 4.7 and 4.8yuté 4.7 (a-d) displays the images of
the bare nickel, Ni/P-MWCNTSs, Ni/A-MWCNTs and Ni/@WCNTs electrogenerated
for 100 s. Figure 4.7 {(al;) presents the high magnification FE-SEM imagestifiar
same. As is evident from the images, bare nickgdtals are well formed on a copper
substrate in as early as 100 s. Whereas, in tee o& Ni/P-MWCNTs and Ni/A-
MWCNTSs, we can see a mass of protruding structprelably due to the incorporation
of MWCNTSs into the nickel matrix. Although, Ni/fOYWCNTs show similar behaviour
in terms of protruding structures, the as-formezkeli crystals are seen with sharp edges
similar to the ones observed on the bare nickelhes& morphological differences
corroborate the previous observations made for tiispersion in the bath leading to
their composite formation. Figure 4.8 (a-d) presdhe FE-SEM images of bare nickel,
Ni/P-MWCNTSs, Ni/A-MWCNTs and Ni/O-MWCNTs for 1200 the electrodeposition
process. Figure 4.8a displays the FE-SEM imageshaip edged nickel crystals on the
copper substrate, which is similar to the ones shaw Figure 4.7a for a shorter

deposition time.
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Figure 4.7 : FE-SEM low magnification images of (a) bare nigk@ Ni/P-MWCNTs
(c) Ni/A-MWCNTs (d) Ni/fO-MWCNTs. FE-SEM high magitation images of (g
bare nickel ((p) Ni/P-MWCNTSs ((g) Ni/A-MWCNTSs ((dy) Ni/O-MWCNTs (Time
duration of plating — 100 s).
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The bare nickel FE-SEM results corroborate the mbypotentiograms recorded in
Figures 4.5 and 4.6 for the same, showing no chaimgekinetics during the
electrodeposition process. Whereas, FE-SEM imagesigure 4.8b, 4.8c and 4.8d
display different morphologies that may be due lie incorporation of differently
functionalized MWCNTSs into the nickel matrix. Sendifferent kinds of surface
functionalized MWCNTs (oxygen and amino) are empthy probably different
morphologies have been seen upon their incorporatio the matrix.

In the case of NiI/P-MWCNTSs, though nickel crystate seen, they are formed in
a cauliflower shape having small protruding stroesu However, NiI/A-MWCNT
coatings exhibit different morphology, having largeotruding structures with nickel
crystals, while Ni/O-MWCNTs coatings having protimgl structures consist of sharp
edged nickel crystals, which resemble nickel cigstéserved on the bare nickel surface.
This result again confirms the kinetics of elecapdsition process observed previously,
influenced by their better dispersion stability guared to P-MWCNTs and A-MWCNTSs.
In addition, EDX analyses indicate that Ni/O-MWCNg&smposite coatings have the
nickel average mass of 94.5 % which is almost stondare nickel coatings (96 %).
Whereas, nickel average mass is low for Ni/P-MWCN88 %) and Ni/A-MWCNTs
(86 %), compared to Ni/O-MWCNTs. These resultsipout that O-MWCNTSs do not
hinder the deposition of nickel in the compositenfation, which is attributed to their

good dispersion in the nickel bath.
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Figure 4.8 : FE-SEM images of (a) bare nickel (b) Ni/P-MWCNZEENi/A-MWCNTSs
(d) Ni/O-MWCNTs. FE-SEM images of etched surfatéag) bare nickel (B Ni/P-
MWCNTSs ((c) Ni/A-MWCNTSs ((di) Ni/fO-MWCNTSs (Time duration of plating — 1200

S).
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A soft electrochemical etching of the coatings\warformed to study the internal
morphology of the NI/MWCNT composites. For theesaif comparison, the bare nickel
etched surface is shown in Figure 4.8&igure 4.8(p-d;) shows the electrochemically
etched surface of Ni/P-MWCNTSs, Ni/A-MWCNTs and NiNDNCNTS, respectively. In
all the etched composites CNTs are observed irtbielgorotruding structures, as it was
previously assumed. From these results, we caivedehat the CNTs are well
incorporated into the nickel matrix.

Thickness and roughness values for the bare nidkéR-MWCNTSs, Ni/A-
MWCNTs and Ni/O-MWCNT coatings for 100 s and 1200ofs electrodeposition
duration are given in Table 3. Thickness as weltaighness values show same trend
for both the electrodeposition durations (100 s 4R60 s). Although, the bare nickel
and Ni/O-MWCNT composite coatings show almost tame average thickness, their
average roughness values differ, that is 177 nm7&ddnm, respectively. However,
roughness of Ni/O-MWCNTSs (764 nm) is appreciablydo than that of Ni/P-MWCNTs
(8663 nm) and Ni/A-MWCNTs (6688 nm). Similarly,idkness of Ni/P-MWCNTSs (4.6
pm) and Ni/A-MWCNTs (6.4 um) is also lower thanttlod bare nickel (21 um) and
Ni/O-MWCNTSs (19 um).

From these results, we may deduce that the negsitiface charges on the O-
MWCNTs probably facilitate the deposition of nickel their composite formation.
Whereas, the presence of P-MWCNTs and A-MWCNTshe riickel bath hinders the
uniform growth of their composites, may be dueh® presence of electrically neutral P-

MWCNTs and positively charged A-MWCNTs. These t&ssucorroborate the
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morphological differences observed on the FE-SEMIiss (Figure 4.7 and Figure 4.8)

before the soft electrochemical etching was peréatm

Deposition (100 sec) Deposition (1200 sec)

Average

Electrodes Average Average Average
roughness
thickness jim)  roughness (nm) thickness m)
(nm)

Nickel 1.3 32.2 21 177

Ni/P-MWCNTs 0.6 2780 4.6 8663

Ni/A-MWCNTs 0.5 1828 6.4 6688

Ni/O-MWCNTs 15 407 19.5 764

Table 3 : Thickness and roughness values for compositesrdigted at different time

intervals.

The electrochemical behaviour of these coatingssuadied in 2 mM [Fe(CN)*
/[Fe(CNY]* (Fed¢/Fec) dissolved in 0.05 M NaOH solution. The potentidhdow
(-0.05 to +0.65 V) has been chosen to investiga¢eelectrochemical activity of Féc
/Fec¢ redox couple and, at the same time, the passivdtéhaviour of the composite
surface. Figure 4.9 represents cyclic voltammogréaVs) recorded for all the coatings
at a scan rate of 0.01 Vs Anodic and cathodic peak potentials for Heec™ redox
system were observed at 0.228 and 0.106 V, respgtand found to be identical for all

the coatings.
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Figure 4.9 : Cyclic voltammograms recorded for (a) bare nick¢INi/P-MWCNTSs (c)
Ni/A-MWCNTSs (d) Ni/O-MWCNTs in 2 mM [Fe(CNJ*/ [Fe(CN)]* dissolved 0.05 M

NaOH solution.

The identical CVs show that the electrochemicaivacsurface area is the same
for all the electrodes irrespective of their in@e@ roughness. The observed second
anodic peaks are due to the oxidation of nickel asdgassivation in NaOH solution
[315]. The anodic peak potentials and the cornedp anodic peak charges are given

in Table 4. The positive shift in anodic peak paied (536 mV) and low anodic charge
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(0.295 mC crif) for Ni/lO-MWCNTSs indicate that they are more s&@blThis enhanced
stability may be due to the strong affinity of ntkto oxygen and hence oxygen-

functionalized MWCNTSs binding strongly to the nitkeatrix.

Anodic charge Anodic peak
Electrodes Ecor (MV) icorr (LA €M)
(mC cm?  potential (mV)

Nickel 0.579 494 -291 4.2
Ni/P-MWCNTs 0.387 525 -275 2.3
Ni/A-MWCNTs 0.760 526 -280 6.8
Ni/O-MWCNTs 0.295 536 -264 1.5

Table 4: The anodic charge and anodic peak potential olddhoen the second
oxidation peak in Figure 4.7 andokEand o values obtained from the polarization

studies in Figure 4.8 .

The corrosion resistance of the coatings was irgegsd by polarization studies
in 0.5 M NaCl solution (Figure 4.10). The corrosicurrent density {) and corrosion
potential (Eor) values for all the coatings are given in TableThe bare nickel coating
shows a clear passive region during the anodicrigation, however, this passivation
behaviour became less significant for the compostatings. Among the composite
coatings the anodic polarization was the lowestN#gO-MWCNT composite coatings

and the highest for Ni/A-MWCNT coatings. This obsgion indicates the higher
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corrosion resistance of Ni/O-MWCNT and the leastra@sion resistance of Ni/A-

MWCNTSs. The §o values given in Table 4 also confirm this obseorat

log (/A cm™)
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Figure 4.10 : Polarization curves recorded for (a) bare ni¢kgNi/P-MWCNTSs (c)

Ni/A-MWCNTs (d) Ni/fO-MWCNTs in 0.5 M NaCl solution.

The least dor (1.5 HA cn¥) and the high positive & (-264 mV) values were
observed for Ni/O-MWCNTSs, whereas the highest (6.8 pA cnf) and the least
positive Eqr (-280 mV) values were observed for Ni/A-MWCNTSs. Thus Ni/O-
MWCNT composites coatings exhibited higher corrosiesistance and were strongly

adhered within the matrix compared to that of NIRYCNTs and Ni/A-MWCNTSs.
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4.4. Results and discussion of composites from iariquid

From the results obtained in agueous solution waergstood that for a better
dispersion of MWCNTSs in a metal solution we needaoik for an alternative solvent.
We succeeded to find an ionic liquid which showesttdy dispersion stability for
MWCNTSs in nickel bath. The preparation procedwethe Ni/MWCNT composite in
DES is given in the beginning of this chapter. édee discuss the results obtained from
the composite formation.

The homogeneous dispersion of MWCNTsinelectrolyte is a key factor to
achieve their incorporation in the metal matrixidgrelectrodeposition process leading
to the formation of composites. As a first stde tispersion of both P-MWCNTs and
O-MWCNTSs, in water has been studied. As it is adye known, P-MWCNTSs settle
down immediately after sonication, however O-MWCNW&re found to be well
dispersed and stable for a long time (more thany@ag). This is due to the oxidized
groups, grafted on the surface of the CNTs durirglation process [Figure 4.11B],
making them compatible with water. On adding P-MMIG to the aqueous nickel
chloride bath, the stability of P-MWCNTSs is lost@goected (Figure 4.11C). However,
when O-MWCNTs were added to the aqueous nickelriciddoath, the stability of O-
MWCNTSs is also lost after a whileesulting in sedimentation (Figure 4.11D). This is
due to the major sorption mechanism, mainly atteble to chemical interaction between

the metal ions and the surface functional groupM@iICNTSs.
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Figure 4.11 : Dispersion of P-MWCNTSs (A) and O-MWCNTSs (B) in tea, and
dispersion of P-MWCNTs (C) and O-MWCNTSs (D) in agqus 0.3 M NiC} solution.

This happens when the protons indasoxylic and phenolic groups of O-
MWCNTs exchange with the metal ions in the aqueahase [316,317]. The mechanism
by which the metal ions are sorbed onto O-MWCNTes\ary complicated and appear
attributable to electrostatic attraction, sorptpecipitation and chemical interaction
between the metal ions and the surface functiormipgs of O-MWCNTSs. To elaborate
the Ni/MWCNTs composites, one has to look for aerahtive solvent which has to be,
at the same time, appropriate for electrochemiabg for MWCNTSs dispersion in the
presence of nickel cations. As mentioned in theothiction, DES is a suitable medium

for several electrochemical purposes including eliekectrodeposition [254].
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q
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Figure 4.12 : Dispersion in aqueous + 0.3 M NjGind DES + 0.3 M NiGlsolutions of
O-MWCNTs (A and B) and P-MWCNTs (C and D).

As discussed before for water, @ispn experiments were carried out for P-
MWCNTSs as well as O-MWCNTSs in DES and in NiG@issolved DES (DNiG). In all
cases the dispersion was found to be excellene stébility in DES is unaltered for a
long time (at least 6 months), however, the additd NiCl, decreases the time stability
but remains unaffected for 30 days (Figure 4.12B Bigure 4.12D). This duration is
largely sufficient for an electrodeposition proces$his positive effect of DES for
dispersion of MWCNTSs in DNiGImay be due to a combination of its higher visgosit

(ca.1100 cP at 2%C) [251] than that of water which effects in itaiédic stability and the
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columbic screening of surface charge of the MWCNs the DNICh.  Similar
observation was made by Abbott et al [256] in tlesec of dispersion of various
particulate materials like AD;andSiC in DES.

These stable dispersions of MWCNTSs in DNi@ere used for electrodeposition
of NI/MWCNT composites. Figure 4.13 shows the ayclioltammograms recorded
between 0.00 and -1.60 V (vs. Ag quasi-reference)cbpper working electrode in
DNiCl,, DNIiCl+P-MWCNTs and DNiGHO-MWCNTSs solutions. In all cases, plating
process starts at -0.65 V and reaches the maxineak potential at -1.0 V. A typical
crossing of curve (loop) is observed in the revessan which is characteristic of the
electrodeposition process.

The maximum current density {pis obtained for the electrodeposition in
DNiCly+P-MWCNTs (-5.85 mA crf) followed by DNiCh+O-MWCNTs (-4.93 mA
cm?. The ip values in both DNiGHP-MWCNTs and DNiGHO-MWCNTSs solutions
were found more negative than that in DNi@4.28 mA cnf) probably because
MWCNTSs act as effective preferential nucleatioresifacilitating the electrodeposition
process. Compared to O-MWCNTSs, the more negagiyésiobtained for P-MWCNTs
because they are less defective and consequently ecoaductive. There is a synergetic
effect of an increase of nucleation sites due ¢optitesence of MWCNTSs and, at the same
time, their surface composition which influencesititonductivity and their interactions

with the medium.
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Figure 4.13 : Cyclic voltamograms for a copper electrode (asDEOQ.3M NiC}, (b) O-
MWCNT+ 0.3 M NiCk and (c) P-MWCNT in DES + 0.3 M Nigl SR=0.02 VI/s.

Figure 4.14 displays the curves (E=f(t)) recordenirdy the electrodeposition
process at a constant current density of -2 mA.cithe more positive potential (-0.61
V) indicating a more facile electrodeposition, &8 when P-MWCNTSs are dispersed in
the solution. The electrodeposition from solutioontaining O-MWCNTs gives an
intermediate potential value (-0.65 V) which is letween P- MWCNTs and the

MWCNTs-free solutions (-0.70 V).
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Figure 4.14 : Chronopotentiograms recorded for (a) DES + 0.3&I} (b) O-
MWCNT+ 0.3 M NiCbh and (c) P-MWCNT in DES + 0.3 M Nigl j = -2 mA cnt’.

The thickness of Ni, Ni/P-MWCNTs and Ni/O-MWCNTsatmgs is 1.8, 1.8 and
1.9 um, respectively. The morphology of nickel adnposite films was evaluated by
means of FE-SEM. Figure 4.15a presents the moogladf bare nickel which exhibits
highly crystalline sharp edged grains having de&finboundaries. Ni/O-MWCNTs
coating shows protruding structures probably dueaéoincorporation of O-MWCNTS in
the nickel matrix. These structures are covereth wharp nickel crystalline grains
(Figure 4.15b). The incorporation of P-MWCNTs (g 4.15c) gives a different
morphology compared to the previous Ni/O-MWCNT casife. There are also
protruding structures but with smaller sizes asigaeFigure 4.15c. In addition, nickel

particles covering these structures are non-citystal
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Besides morphological differences, EDX analysesicatd that bare nickel
coating composition has higher nickel average nf@8%6) compared to the composites
(75 %). A significant distinction, which is in cetation with the observed morphology,
is also evident in surface roughness (38.1 nm fprl&2.6 nm for Ni/O-MWCNTs and
290 nm for Ni/P-MWCNTS).

A soft electrochemical etching at a current density mA cm? was performed in
0.1 M HCI for 3 min in order to study the intermabrphology of composite coatings and
to evidence the presence of CNTs inside the nickatrix. This process favors the
selective dissolution of nickel and makes the MWGNisSible when the etched coatings
are characterized by FE-SEM. For the sake of cosg@a bare nickel coating was also
etched in a similar way. Figures 4.153,ac;) display the FE-SEM images of Ni, Ni/O-
MWCNTs and Ni/P-MWCNTs coatings after etching. Thgures clearly reveal the
presence of homogeneously distributed O-MWCNTs BARIWCNTSs in the nickel
matrix forming a compact coating. This homogeneiogsrporation of the MWCNTs
inside the matrix is certainly in close relationtbeeir high dispersion stability in DES.
The morphological and roughness differences obdebetween Ni/O-MWCNTs and
Ni/P-MWCNTs composites highlight the importance sfrface composition of the
MWCNTSs during the electroreduction of Niand the incorporation of MWCNTSs. At an
appropriate negative current density cathodicaljlapzed electrode induces the
reduction of nickel cations allowing the formatiohnucleus and fine grained thin metal

films.
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Figure 4.15 : FE-SEM images of bare nickel, Ni/O-MWCNTs andmNMWCNTSs,
respectively, before (a, b and c.) and after edetemical etching ¢ab, and g) in 0.1 M
HCI, t = 3 min.

The well dispersed MWCNTs in DNiglin close vicinity to the cathode are
deposited on it alongside and are entrapped awidi@dl nanotubes or aggregates.
Further nickel electrodeposition occurs on nickééss and also on the incorporated
MWCNTs as they are conductive. As the time duratiacreases, more amounts of
MWCNTs deposit along with nickel and progressiveigk together to form the
Ni/MWCNT composites.

The electrochemical behavior of these coatings stadied in 2 mM [Fe(CN)*
I[Fe(CN)6F (Fed/Fec) dissolved in 0.05 M NaOH solution. The potentighdow
(-0.05 to +0.65 V) has been chosen to investigaeetectroactivity of Fé#Fec redox

couple and, at the same time, the nickel surface.
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Figure 4.16 : Cyclic voltammograms for (a) bare nickel, (b)) BHMWCNTs and (c)
Ni/ P-MWCNTSs. 2 mM [Fe(CNJ*/[Fe(CN)]* dissolved in 0.05 M NaOH solution.

Figure 4.16 presents the CVs recorded for all ogatat a scan rate of 0.01 V/s.
Anodic and cathodic peak potentials were observé€d24 and 0.11 V, respectively, and
the Fe&/Fec” redox peaks were identical for all coatings. Tdentical CVs show that
the electrochemical active surface area is samalfaglectrodes in spite of increased
roughness of the composite coatings. The obserweoind anodic peaks are due to the
oxidation of nickel and its passivation in NaOH wan [315]. The peak potential
appears at 0.51 V for both Ni and Ni/P-MWCNTs cogs$i, whereas, it emerges at

slightly higher positive value (0.54 V) for Ni/O-M@NTs. The anodic charge for Ni/O-
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MWCNT (0.83 mC) is also low compared to the otheatorgs (Ni - 1.35 mC and Ni/P-

MWCNTSs - 1.67 mC). This difference, which is highieproducible, indicates a higher

stability of Ni/fO-MWCNTs composite that may be digethe interface between nickel

atoms and O-MWCNTSs. The strong affinity of nickeldxygen makes a strong bonding

of nickel to the oxygen-functionalized MWCNTSs.
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Figure 4.17 : Polarization curves recorded for (a) bare ni¢keNi/O-MWCNTSs (c)
Ni/P-MWCNTSs in 0.5 M NaCl solution.

The corrosion studies performed in 0.5 M NaCl sotut(Figure 4.17) also

confirm these differences. Corrosion current dgn(&lor) values for Ni, Ni/O-MWCNTs

and Ni/P-MWCNTs coatings are 4.6, 2.8 and 1.8 uA?cnespectively. Even if the

differences are not huge, they are reproducible gmdalong with the distinctions
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highlighted above. Similarly, corrosion poten{i&l.) values, respectively, -0.48, -0.30
and -0.26 V also point out an influence on the anddssolution of nickel. Even though,
Ni/P-MWCNTSs coating shows the leag.ivalue, it undergoes sudden pitting corrosion.
Whereas, Ni/lO-MWCNTs does not show enhancementtifgp corrosion compared to
bare nickel. Therefore, Ni/fO-MWCNTs composite seegméave more stable adhesive
coating than Ni/P-MWCNTSs.

Based on the above results DES appears to be aflemtcsolvent for dispersion
of MWCNTSs, pristine or oxidized ones. In both cas&scorporation inside the
electrochemically generated nickel matrix was sssftgly achieved. However, the
morphology, roughness and electrochemical stabillifferences between the two
composites (Ni/P-MWCNTs and Ni/O-MWCNTS) indicatet surface functionalization
of MWCNTs has a significant effect on the film pespes. This may be due to two
parameters. The first can be the influence of tiendcal composition of the MWCNTs
surface in the beginning stages of nickel nucleatn MWCNTs. The second may be
the interaction of the MWCNTSs between each othercwis highly dependent on the

nature of the chemical groups on their surfaces.

4.5. Conclusions

We have demonstrated successful incorporation ofQWWs into nickel matrices

from aqueous solution and ionic liquids. In thestfipart, the different kinds of surface

functionalized MWCNTs were incorporated into thekal matrix to form MWCNT-

reinforced nickel composite coatings from aqueanlst®n. The investigation on the
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electrogenerated Ni/MWCNT composite coatings in@idathat Ni/P-MWCNTSs, Ni/A-
MWCNTs and Ni/O-MWCNTSs exhibited different physid¢mmnical, morphological and
electrochemical properties. The NiI/O-MWCNT compescoatings displayed more
electrochemical stability and high corrosion resise compared to Ni/P-MWCNTs and
Ni/A-MWCNTSs.

In the second part, for the first time, we havevamdhat the incorporation of
MWCNTSs into the nickel matrix from ionic liquid téorm Ni/MWCNT composite
coating is achievable. A highly stable dispersibpristine as well as oxidized MWCNTs
in DNICI; resulted in a stable homogeneous incorporatidd\WICNTSs in nickel matrix.
Morphology, crystallinity, roughness as well asceélechemical stability of the coatings
are strongly dependent on the presence of MWCNTsthay act as composite
reinforcement in the nickel matrix. These properti@re a direct consequence of

MWCNTSs dispersion in the solution which influendke electrodeposition process.
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Conclusions

Fundamentally, the importance of generating a traroscale heterostructures
with properties that transcend the isolated progeif its constituent components is one
major motivation for continuing this line of sciéi pursuit. That is, the properties of
carbon nanotube-nanocrystal heterostructures aremeoely the simple sum of their
parts; rather creating synergistic effects like fh@ential enhancement in favorable
properties in these discrete systems could impaegtide range of areas including
catalysis, sensing, optoelectronic devices, nanposites and nanobiotechnology. We
also believe that this will be a key architecturetihe ongoing struggle to develop
improved energy storage devices as well as aligem@gbwer sources such as efficient
solar cells.

In this research work, we have described a fewasgmbres and strategies for the
homogeneous decoration of multi-walled carbon named with copper and copper oxide
nanocrystals and nickel and nickel oxide nanoclystd/e have largely succeeded in
controlling the size, dispersion and concentratibthese nanocrystals on MWCNTs. At
the same time, we have attempted to homogeneonstyporate multi-walled carbon
nanotubes into nickel matrices from both aqueoulsitisa and ionic liquid. We

discovered, for the first time, that the ionic lidiinas better dispersion stability for CNTs
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than aqueous solution and therefore succeeded mewaieg the homogeneous
incorporation of MWCNTSs into nickel matrices frometDES based ionic liquid.

In the introductory chapter, apart from descigbthe structure, synthesis and
properties of CNTs, we have highlighted the impartaof covalent functionalization of
MWCNTSs for the efficient decoration of metal andtatexide nanocrystals on them as
they create anchoring sites for the metals. In shisly, we have designed a simple and
efficient method to decorate MWCNTs with metal amétal oxide nanocrystals and
optimized the conditions to achieve their homogesedecoration on MWCNTs. We
have also highlighted the importance of the didparstability of MWCNTS in aqueous
solution and in ionic liquid in the formation ofable composites and found that DES
based ionic liquid has a better dispersion stabilit

In the first part of the research, we devoted ametand energy on efficiently
decorating copper and nickel nanocrystals and thedes on MWCNTSs. In both cases,
we succeeded in uniformly decorating the metal ametal oxide nanocrystals on
MWCNTs by designing simple and efficient impregoatimethods and optimized
condition to achieve the controlled size, dispersaad concentration of nanocrystals on
MWCNTs. The as prepared products were charactebyalifferent techniques such as
XRD, FTIR, XPS, TGA, TEM, FE-SEM, EDX to investigattheir structure and
morphology. In both cases, we have used organtalmpeescursors to impregnate on the
surface of MWCNTSs, as they proved to be better thanganic metal salts. It could be
noted that organic metal precursors play an imporale in linking the metals to the O-

MWCNTs during the impregnation step through syrstigieffects of both covalent
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bonds and weak intermolecular interactions suchznas stacking or electrostatic
attractions.

Two different impregnation methods, namely, reflmethod and IR irradiation
method were employed to impregnate cuprous pheetylitde (CPA) on MWCNTSs. IR
irradiation method was found to be more simple affctient to impregnate CPA on
MWCNTs. Photo-absorption and photothermal propsrtf CNTs in IR region played
an important role on the homogeneous impregnatid®RA on MWCNTSs. Further, the
calcination of the products at appropriate atmosgghand suitable temperatures resulted
in homogeneous decoration of Cu/Gud@anocrystals on the surface of MWCNTSs. In
case of nickel and nickel oxide decorated MWCNT® kave, for the first time,
demonstrated that nickel acetylacetonate (NAA),natal precursor is efficient in
impregnating on oxidized MWCNTSs. Further, the carlmanotube-nickel nanocrystals
were synthesized by impregnation of NAA by a madifreflux method on MWCNTS,
followed by calcination at suitable temperatured appropriate atmospheres.

In the second part of the research, we concentm@ateefficiently incorporating
MWCNTSs into nickel matrices from aqueous solutiord drom ionic liquid. We have
used several techniques such as cyclic voltammetiyonopotentiometry, FE-SEM,
EDX, DEKTAK profilometer, soft electrochemical etoj and polarization curves to
demonstrate the incorporation of MWCNTSs into nick&trices from aqueous solution
and ionic liquid. As a first approach, differemhdts of surface functionalized MWCNTSs
were attempted to incorporate into nickel matricegorm MWCNT-reinforced nickel
composite coatings from aqueous solution. Thestigation on the electrogenerated

Ni/MWCNT composite coatings indicated that Ni/P-MWTs, Ni/A-MWCNTs and
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Ni/O-MWCNTSs exhibited different physicochemical, mbological and electrochemical
properties. In this study, we learnt the impacswiface functionalization of MWCNTSs
on their dispersion stability in agueous solutioruhiformly incorporate them into nickel
matrices.

As a second approach, for the first time, we hdneve that the incorporation of
MWCNTSs into nickel matrices from ionic liquid tordfm Ni/MWCNT composite coating
is achievable. A highly stable dispersion of pnstias well as oxidized MWCNTSs in
nickel chloride dissolved DES based ionic liquiésulted in a stable homogeneous
incorporation of MWCNTSs in the matrix. We foundatithe morphology, crystallinity,
roughness as well as electrochemical stabilityhefdoatings were strongly dependent on
the presence of MWCNTSs as they act as compositdoreement in the nickel matrix.
These properties are a direct consequence of MWGQNspersion in the solution, which
influences the electrodeposition process. In baqmeous and ionic liquid oxygen
functionalized MWCNTs exhibited improved electrooheal stability and higher

corrosion resistance compared to pristine andhaafunctionalized MWCNTSs.

Perspectives

The area of carbon nanotube-metal nanocrystals canbdon nanotube-metal
composites has evolved from merely being a sulogeesoteric scientific curiosity to one
that has gained broad applicability, acceptancd, smmious interest in recent years. In
our research work, we have succeeded in designgngple and efficient method for the
decoration of metal and metal oxide nanocrystalartisg from an organic metal

precursor for both copper and nickel. This metbodld be employed to extend the work
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in case of other transition metals to achieve #wmilts. Similarly, one can exploit the
potential benefits of IR irradiation method in dextong other metal nanocrystals on
MWCNTs and on SWCNTSs.

In our studies, we explored DES based ionic lignidchieving good dispersion
for MWCNTs and to homogeneously incorporate MWCNt® nickel matrices. This
work opens new possibilities for investigation @peopriate ionic liquids as a medium
for dispersion of pristine or specifically modifi€€NTs and electrodeposition of their
composites based on other matrices like tantalwamjgm etc.

Apart from aforementioned aspects, there are mapgas which are closely
related to the main area of this work and could betdevoted enough time. This work
can be very well extended to find suitable appioret in the area of heterogeneous
catalysis, electrocatalysis, sensors, photovohaicodevices, solar cells, reinforcement
composites and so forth.

Since their discovery in 1991, carbon nanotubes l@me a long way. There
have been great improvements in synthesis techsiqudich can now produce
reasonably pure nanotubes in gram quantities. Hekyegkere is still a need to develop
and optimize processing methods to make well-ddfii@ terms of structure and
dimensions) and well-organized nanotubes, since thill have real impact on
applications. It is conceivable that nanotubes Vadé important players in future
technology, especially as part of the ongoing nettoh based on nanotechnology and
nanostructures. To conclude, even if this work usteg fundamental and preliminary,
there is no doubt that our thesis will pave the wayther studies which will aim at

further expanding the field of nanoscience and terfmology.
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V. Annexes

V.1. Materials and methods

All the chemicals used for all the experiments wefr@nalytical grade and used
without further purification. List of all the chenals used are given below. Copper (1)
phenylacetylide (97 %, Strem Chemicals, USA), Nickeetylacetonate (96 %, Acros
Organics), NaCl (99.5 %, Acros Organics), Xylen88 fo, Acros Organics), Choline
Chloride (99 %, Acros Organics), Urea (99 %, Sighhddch), Nickel (II) Chloride
Hexahydrate (98 %, Sigma-Aldrich), Nickel (II) Chide (98 %, Sigma-Aldrich), NaOH
(98.5 %, Acros Organics), Boric acid (99 %, Sighidrich), Acetone (99.9 %, Fisher
Scientific), Absolute Ethanol (99.9 %, Analar Nopog), Potassium ferrocyanide (II)
trihydrate (99 %, Acros Organics), Potassium fgarade (111) (99 %, Acros Organics),
Nitric acid (65 %, Chem Lab), Sulfuric acid (95-9%, Chem Lab), Petra IR 11 Infrared
lamp (capacity: 150 W, voltage: 230 V, 50/60 Hz)swesed for the irradiation of the
samples during impregnation step.

The thin MWCNTs (NC-3100) obtained from Nanocyl S.Aelgium, were
synthesized by decomposition of ethylene usingd8&D method. The MWCNTSs have
an average diameter of 10 nm and length of sey@ral10) micrometers. The purity of
the MWCNTs was more than 95 %. The P-MWCNTs wezatéd with a conc. 450;:
conc. HNQ (3:1 v/v) solution at 58C for 8 h to generate oxygen functionalities on the

surface to get O-MWCNTSs. The percentage of oxygement was found to be 18 % in
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relation to the 82 % carbon content. A-MWCNTs (N62) were also procured from
Nanocyl S. A. These A-MWCNTSs have an average adianeter of about 15 nm and a
length of several micro-meters. Amino-functionatisn was achieved by ball-milling
purified MWCNTs in ammonia. The percentage of o content is about 1 % in
relation to the carbon content as specified byntheufacturer.

Copper plate (99.99 %, GOODFELLOW) was used as tmthsfor all the
electrodeposition experiments. The copper plat& wenf working surface area was
first polished (Buehler-Phoenix 4000) with silicoarbide papers (P 1200-Struers), then
with 9, 3 and 1um diamond powders, respectivelyggba mirror finish. Copper plate
was then subjected to ultrasonication in acetond%omin. After this process, rinsing it
in ultra-pure (18 M2 cm) water and drying it immediately with high gyrnitrogen
stream completes the preparation. Just beforeldetrodeposition, the copper working
electrode was immersed in a 10 % sulfuric acid tewiufor 30 s and then rinsed with
ultra-pure water. Nickel wire (99.98 %, Adventdearch Materials Ltd.) was used as
working electrode for all the electrodeposition exments.

Deep eutectic solvent based ionic liquid was pregphaby mixing the two
components, namely, choline chloride (2-hydroxykthgnethylammonium chloride)
and urea in a 1:2 molar ratio, respectively, at°@5with constant stirring until a
homogeneous, colourless liquid was formed.

The structures of Cu (I) phenylacetylide, nickektgtacetonate and choline

chloride are depicted below.
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Cu C=cC \ /

Structure of Cu (I) phenylacetylide

Structure of nickel acetylacetonate

+

Ao

Structure of choline chloride (2-hydroxyethyl-trithglammonium chloride)

140



Annexes

V.2. Characterization techniques

Various techniques were used to characterize thgplea before and after the
experiments were performed. The detailed procedfireach of the characterization
techniques used is illustrated below. All the glmhemical analyses were carried out
using a potentiostat/galvanostat (model 273 pueghdsom EG&G Princeton Applied
Research) connected to a computer with ECHEM sofiwaA conventional three-
electrode cell with a platinum plate or a nicketevas the counter electrode, a saturated
calomel electrode or quasi silver electrode asrdierence electrode and the copper
substrate as the working electrode was used fothallelectrochemical analyses. All
electrochemical characterizations on compositeirngsatwere carried out in a spot cell
using a potentiostat/galvanostat (EG&G Princetorplisp Research, model 273) with
ECHEM software. Platinum plate was used as thenteouelectrode and saturated

calomel electrode was used as the reference allectro

1. X-ray Powder Diffraction (XRD)

X-ray powder diffraction is a non-destructive aniglgl technique primarily used
for phase identification of a crystalline mateaald can provide information on unit cell
dimensions. The technique is based on observiagstiattered intensity of an X-ray
beam hitting a sample as a function of incident acaktered angle. X-ray diffraction
yields the atomic structure of materials and isedasn the elastic scattering of X-rays
from the electron clouds of the individual atomghe system. The most comprehensive
description of scattering from crystals is giventbg dynamical theory of diffraction [1].

In our case, the phase purity of the materials wietermined by powder X-ray powder
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diffraction (PXRD) analysis using PHILIPS-7602EAffcactometer operating with 40
kV of voltage and 30 mA of tube current with Cua Kadiation & = 1.5418 A) in the @
range of 10 to 80°.

Max von Laue, in 1912, discovered that crystallsubstances act as three-
dimensional diffraction gratings for X-ray waveleng similar to the spacing of planes in
a crystal lattice. X-ray diffraction is nhow a commtechnique for the study of crystal
structures and atomic spacing. X-ray diffractisrbased on constructive interference of
monochromatic X-rays and a crystalline sample. €hsays are generated by a cathode
ray tube, filtered to produce monochromatic radmticollimated to concentrate, and
directed toward the sample.

The interaction of the incident rays with the saenmroduces constructive
interference (and a diffracted ray) when conditisasisfy Bragg's Law ni=2d sin 0,
wherel is the wavelengthd is the distance between crystal plartes the angle of the
diffracted wave andh is an integer known as the order of the diffradsedm [1]. This
law relates the wavelength of electromagnetic tahato the diffraction angle and the
lattice spacing in a crystalline sample. Theseralited X-rays are then detected,
processed and counted. By scanning the samplegih@uange of 2angles, all possible
diffraction directions of the lattice should beaated due to the random orientation of the
powdered material. Figure Al shows the reflecbbiX-rays from two planes of atoms

in a solid.
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Figure Al: Reflection of X-rays from two planes of atomsaisolid.

Conversion of the diffraction peaks to d-spacinfews identification of the
mineral because each mineral has a set of unigmacings. Typically, this is achieved
by comparison of d-spacings with standard refergaterns. All diffraction methods are
based on generation of X-rays in an X-ray tube.séh¢-rays are directed at the sample,
and the diffracted rays are collected. A key congmbrof all diffraction is the angle
between the incident and diffracted rays. An eftégdhe finite crystallite sizes is seen as
a broadening of the peaks in an X-ray diffractia ia explained by the Scherrer
Equation.

A shape factor is used in X-ray diffraction andstajlography to correlate the
size of sub-micrometer particles, or crystalliiesa solid to the broadening of a peak in a
diffraction pattern. In the Scherrer equation= KA / pcod, where K is the shape factor,
A is the X-ray wavelengthp} is the line broadening at half the maximum intgnsi

(FWHM) in radians, and is the Bragg anglet is the mean size of the ordered
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(crystalline) domains, which may be smaller or équathe grain size [1,2]. The
dimensionless shape factor has a typical valuebotita0.9, but varies with the actual
shape of the crystallite. The Scherrer equatidim#ed to nano-scale particles. It is not

applicable to grains larger than about o

2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy also known as trelecspectroscopy for
chemical analysis (ESCA) is a quantitative techaighat measures the elemental
composition, empirical formula, chemical state atectronic state of the elements that
exist within a material. XPS spectra are obtaimgdradiating a material with a beam of
X-rays while simultaneously measuring the kinetiergy and number of electrons that
escape from the top 1 to 10 nm of the materialdaimalyzed.

XPS was developed in the mid 1960s by K. Siegbatthhes research group. K.
Siegbahn was awarded the Nobel Prize for Physick81 for his work in XPS. The
phenomenon is based on the photoelectric effedinedtby Einstein in 1905 where the
concept of the photon was used to describe théi@jeof electrons from a surface when
photons impinge upon it [3]. For XPS analysis KAl (1486.6eV) or Mg k& (1253.6eV)
is often the photon energies of choice. The enatiggram of the phenomenon is

represented in Figure A2.
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Figure A2 : Energy diagram of the photo emission process [5].

XPS is among the most frequently used surface awsmiharacterization
techniques. XPS is based on the photoelectric tef@catom absorbs a photon of energy
hv from an X-ray source; next, a core or valencetedacwith binding energy Eis
ejected. The photoelectron has a kinetic enekgy= hy - E, — ¢, where, Ex is the kinetic
energy of the photoelectroh, is Planck’s constant; is the frequency of the exciting
radiation,Ey, is the binding energy of the photoelectron witkpect to the Fermi level of
the sampleg is the work function of the spectrometer [4].

Because the energy of a particular X-ray wavelengttknown, the electron

binding energy of each of the emitted electrons lmametermined by using an equation
that is based on the work of Ernest Rutherford 4)9Hinding = Ephoton— (Exinetic + @),

whereEpinding IS the binding energy (BE) of the electré@nowonis the energy of the X-ray
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photons being usedineic IS the kinetic energy of the electron as measurgdhe

instrument ana is the work function of the spectrometer [4,5]PXdetects all elements
with an atomic number (Z) of 3 (lithium) and aboltecannot detect hydrogen (Z = 1) or
helium (Z = 2) because the diameter of these dsbitaso small, reducing the catch
probability to almost zero. All the XPS measuretaemere carried out, in our case, in
SSX-100 spectrometer using monochromatized Alrdiation (1486.6 eV) and at 85

take-off angle (relative to the surface normal).eTanalyzed core-level lines were
calibrated with respect to the component C 1s aofling energy set at 284.6 eV and
relative percentage of different elements were utated from the general survey

spectrum in relation to carbon by CasaXPS softwarsion 2.0.

3. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy deals with the infrared regaf the electromagnetic
spectrum, that is light with a longer wavelengtll émwer frequency than visible light. It
covers a range of techniques, mostly based on pitmorspectroscopy. As with all
spectroscopic techniques, it can be used to ideatid study chemicals. A common
laboratory instrument that uses this techniquef@ider transform infrared spectrometer.
FTIR is a powerful tool for identifying types of emical bonds in a molecule by
producing an infrared absorption spectrum thatkis & molecular “fingerprint” [6]. In
our case, FTIR spectra were recorded on a PerkmefElSpectrum 65 FT-IR
Spectrometer. Trace amount of the sample was adprepare the KBr pellets, which

was then employed for the characterization.
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Infrared spectroscopy exploits the fact that mdiesabsorb specific frequencies
that are characteristic of their structure. Thdssogptions are resonant frequencies, i.e.
the frequency of the absorbed radiation matchedréggiency of the bond or group that
vibrates. The energies are determined by the sbéplee molecular potential energy
surfaces, the masses of the atoms, and the agsbeiatonic coupling. Chemical bonds
vibrate at characteristic frequencies, and wheroseg to infrared radiation, they absorb
the radiation at frequencies that match their vibramodes. Measuring the radiation
absorption as a function of frequency produceseztspm that can be used to identify
functional groups and compounds [7]. An infraredctpum represents a fingerprint of a
sample with absorption peaks which correspond edrbquencies of vibrations between

the bonds of the atoms making up the material.

4. Thermogravimetric analysis(TGA)

Thermogravimetric analysis is a thermal analyschiégue which measures the
weight change in a material as a function of temfee and time, in a controlled
environment. Measurements are used primarily tterdene the composition of
materials and to predict their thermal stability tamperatures up to 1000 °C. The
technique can characterize materials that exhibéigit loss or gain due to
decomposition, oxidation, or dehydration [8]. Than be very useful to investigate the
thermal stability of a material, or to investigagebehavior in different atmospheres (e.g.
inert or oxidizing). TGA is commonly employed insearch and testing to determine

characteristics of materials such as polymers, dterchine degradation temperatures,
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absorbed moisture content of materials, the lef/@larganic and organic components in
materials, decomposition points of explosives, swident residues.

TGA is considered to be one of the five basic thramalysis techniques. It
involves the measurement of change of sample masschange of temperature. In
TGA, mass loss is observed if a thermal event ve®lloss of a volatile component.
Chemical reactions, such as combustion, involvesnasses, whereas physical changes,
such as melting, do not. The latter may be stubiedifferential thermal analysis (DTA)
or differential scanning calorimetry (DSC), bothwliich measure the variation of heat
flux in a sample with variation of temperature. 8itaneous TGA-DTA/DSC measures
both heat flow and weight changes (TGA) in a mateas a function of temperature or
time in a controlled atmosphere. Simultaneous nreasent of these two material
properties not only improves productivity but a8mplifies interpretation of the results.
The complementary information obtained allows défdiation between endothermic
and exothermic events with no associated weight (6., melting and crystallization)
and those that involve a weight loss (e.g., dedraala TGA measurements, in our case,
were performed on a METTLER TOLEDO TGA/SDTA 851deTsamples were heated
from 30 to 80°C at a heating rate of f& per minute in nitrogen and air. The residual

mass loss was recorded as a function of temperature

5. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a microscophr&ue whereby a beam of
electrons is transmitted through an ultra thin gpeaq, interacting with the specimen as it

passes through. An image is formed from the intemacof the electrons transmitted
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through the specimen; the image is magnified arcdded onto an imaging device, such
as a fluorescent screen, on a layer of photogrdpimcor to be detected by a sensor such
as a CCD (charge-coupled device) camera. The indetected by the CCD may be
displayed on a monitor or computer [9]. This isgdaanmatically represented in Figure
A3. The electrons are accelerated at several hdnklxe giving wavelengths much
smaller than that of light: 200 kV electrons havevavelength of 0.025A. However,
whereas the resolution of the optical microscopkmsged by the wavelength of light,
that of the electron microscope is limited by aégons inherent in electromagnetic
lenses, to about 1-2 A.

TEM is capable of imaging at a significantly highersolution than light
microscopes, owing to the small de Broglie wavelengf electrons. This enables the
instrument's user to examine fine detail—even aallsas a single column of atoms,
which is tens of thousands times smaller than thellsst resolvable object in a light
microscope. TEM forms a major analysis method narage of scientific fields, in both
physical and biological sciences. The first TEM wadt by Max Knoll and Ernst Ruska
in 1931, with this group developing the first TEMthwvresolving power greater than that
of light in 1933 and the first commercial TEM in3®[9]. TEM studies, in our case,
were carried out using a TECNAI 10 PHILIPS micrgseoPrior to the analysis, the
samples were dispersed in ethanol and a drop cfutgension was deposited on a holey

carbon-coated copper grid.
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Figure A3 : Diagrammatical representation of a TEM [10].

TEM uses a high voltage electron beam to createmage. The electrons are

emitted by an electron gun, commonly fitted withuagsten filament cathode as the

electron source. The electron beam is acceleratethlanode typically at +100 keV (40

to 400 keV) with respect to the cathode, focusecklegtrostatic and electromagnetic
lenses, and transmitted through the specimenghatpart transparent to electrons and in
part scatters them out of the beam. When it emehges the specimen, the electron

beam carries information about the structure of gpecimen that is magnified by the

objective lens system of the microscope [9].
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6. Field Emission Scanning Electron Microscopy (FEESM) and Energy Dispersive

X-Ray Spectroscopy (EDX)

Field emission scanning electron microscopy is ghmesolution imaging
technique providing topographical and structur&rmation. Often used in conjunction
with SEM, energy dispersive X-ray spectroscopy iseds to qualitatively and
guantitatively analyze the elements present inected area of the SEM image. Together
FE-SEM and EDX capabilities allow the irradiatioy d focused electron beam, imaging
secondary or backscattered electrons and enerdysanaf X-rays. The types of signals
produced by an SEM include secondary electronk-beattered electrons, characteristic
X-rays, light (cathodoluminescence), specimen currand transmitted electrons.
Secondary electron detectors are common in all SBMisit is rare that a single machine
would have detectors for all possible signals. $tgmals result from interactions of the
electron beam with atoms at or near the surfactnefsample [11]. A diagrammatical
representation of FE-SEM is depicted in Figure A4.

In the most common or standard detection mode,nskeey electron imaging
(SEI), the SEM can produce very high-resolutiongesof a sample surface, revealing
details about less than 1 to 5 nm in size. Duéhéovery narrow electron beam, SEM
micrographs have a large depth of field yieldingclaaracteristic three-dimensional
appearance useful for understanding the surfacetste of a sample. Characteristic X-
rays are emitted when the electron beam removeamen shell electron from the sample,
causing a higher energy electron to fill the shelll release energy. These characteristic
X-rays are used to identify the composition and sneaithe abundance of elements in the

sample.
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Figure A4 : Diagrammatical representation of a FE-SEM [12].

The electron beam, which typically has an energyirag from 0.5 keV to 40
keV, is focused by one or two condenser lenses spa about 0.4 nm to 5nm in
diameter. The beam passes through pairs of scacnitggor pairs of deflector plates in
the electron column, typically in the final lenshieh deflect the beam in theandy axes
so that it scans in a raster fashion over a realangrea of the sample surface [11]. The
surface morphology of the materials, in our caserewstudied by FE-SEM using JEOL

JSM-7500F microscope operating at 20 kV at a warkiistance of 8 mm equipped with
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energy dispersive X-ray (EDX) analysis facility. Kvas used to find out the elemental
composition in the given material.

When the primary electron beam interacts with thm@e, the electrons lose
energy by repeated random scattering and absonpitbin a teardrop-shaped volume of
the specimen known as the interaction volume, whkidends from less than 100 nm to
around 5 um into the surface. The size of the aatesn volume depends on the
electron's landing energy, the atomic number ofsgiecimen and the specimen's density.
The energy exchange between the electron beamharghimple results in the reflection
of high-energy electrons by elastic scattering, ssion of secondary electrons by
inelastic scattering and the emission of electrametig radiation, each of which can be
detected by specialized detectors. The beam cuabemarbed by the specimen can also be
detected and used to create images of the distibuf specimen current. Electronic
amplifiers of various types are used to amplify #ignals which are displayed as

variations in brightness on a cathode ray tube.

7. DekTak Profilometer

DekTak profilometer is used to measure the surfapelogy of a material and to
get a profile of the surface details. The Veec&Ik 8 profilometer scans the surface
of a material and outputs a single line graph & $lurface vertical topology. The
purpose of the DekTak is to give a quantifiable saeament of the surface profile of a
material. This can be used to measure the herghitdth of the surface, such as an etch,
a metal deposit, or resist thickness. The prafile provide information of the roughness

of the surface of a material [13].
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The profilometer operates by lightly dragging arphstylus over the surface of
the substrate and recording the vertical profil¢hefsurface. The profile of the surface of
a specimen is useful to either characterize itdeneasured, or a machine that was used
on it. The profilometer could be used to find thepth of an etch. A more precise
measurement of the thickness of metal film can ddeaed with the profilometer, as
well as a characterization of the roughness of fimt The thickness and roughness of
the composites were measured by Veeco DekTak 8@rafter. It was measured using
a stylus, placing in contact with, and then gerdhagging along the surface of the

substrate. The vertical deflection measures thagdhan step height.

8. Cyclic voltammetry (CV)

Cyclic voltammetry is the most widely used techmidar acquiring qualitative
information about electrochemical reactions. Tloavgr of cyclic voltammetry results
from its ability to rapidly provide considerablefonmation on the thermodynamics of
redox processes, on the kinetics of heterogenelmetran transfer reactions, and on
coupled chemical reactions or adsorption proces€aslic voltammetry is often the first
experiment performed in an electroanalytical studyn particular, it offers a rapid
location of redox potentials of the electroactipedes, and convenient evaluation of the

effect of media upon the redox process [14].
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Figure A5 : Potential-time excitation signal in cyclic voltaratric experiment.

Cyclic voltammetry consists of scanning linearlye thotential of a stationary
working electrode using a triangular potential wiaw@. Depending on the information
sought, single or multiple cycles can be used awshn Figure A5. During the potential
sweep, the potentiostat measures the current irggditom the applied potential. The
resulting plot of current versus potential is tedn@cyclic voltammogram. The cyclic
voltammogram is a complicated, time-dependent fanobf a large number of physical
and chemical parameters [15].

Figure A6 illustrates the expected response olvarsible redox couple during a
single potential cycle. It is assumed that onky txidized form O is present initially.
Thus, a negative-going potential scan is chosertherfirst half-cycle, starting from a
value where no reduction occurs. As the appligdmi@l approaches the characteristic E

for the redox process, a cathodic current begimsa@ase, until a peak is reached.
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Figure A6 : Typical cyclic voltammogram for a reversible O+ #e R redox process.

After traversing the potential region in which trezluction process takes place,
the direction of the potential sweep is revers@&lring the reverse scan, R molecules
(generated in the forward half cycle, and accunedlatear the surface) are reoxidized

back to O and an anodic peak results [15].

9. Chronopotentiometry

This is a galvanostatic method in which the curr@nthe working electrode is

held at a constant level for a given period of tifhike working electrode potential and
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current are recorded as a function of time. Thivagestat uses a three electrode
configuration, in which a current is applied betwélee auxiliary and working electrodes,
and the potential of the working electrode (measungth respect to the reference
electrode) is monitored. The basis of controlledrent experiments is that a redox
(electron transfer) reaction must occur at theas@rfof the working electrode in order to
support the applied current [14].

Common applications of the galvanostat include tonis current stripping
potentiometry and constant current electrolysisl{iding applications where a constant
rate of electrolysis is important, such as eleapmsition and battery studies). One
advantage of all constant current techniques is$ tiha ohmic drop due to solution
resistance is also constant, as it is equal toptbduct of the current and the solution
resistance. The ohmic distortion can thereforeitmply corrected by a constant potential

offset [15].

10. Potentiodynamic polarization curve

Most metal corrosion occurs via electrochemicalctieas at the interface
between the metal and an electrolyte solution. r@&twn normally occurs at a rate
determined by equilibrium between opposing eletteoaical reactions. The first is the
anodic reaction, in which a metal is oxidized, aslag electrons into the metal. The
other is the cathodic reaction, in which a solutspecies (often ©or H') is reduced,
removing electrons from the metal. When these teaxrtions are in equilibrium, the
flow of electrons from each reaction is balancenj ao net electron flow (electrical

current) occurs.

157



Annexes

The two reactions can take place on one metal amondissimilar metals (or
metal sites) that are electrically connected. Teetical axis is potential and the
horizontal axis is the logarithm of absolute cutrefihe theoretical current for the anodic
and cathodic reactions are shown as straight sas Figure A7. The curved line is the
total current - the sum of the anodic and cathadicents. This is the current that is
measured when sweeping the potential of the methltihe potentiostat. The sharp point
in the curve is actually the point where the cur@ranges signs as the reaction changes
from anodic to cathodic, or vice versa [15]. Therg point is due to the use of a
logarithmic axis. The use of a log axis is neaggbecause of the wide range of current

values that must be displayed during a corrosigregment.
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Figure A7 : A typical potentiodynamic polarization curve for Tafel anays
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The model used for the corrosion process assuraethirates of both the anodic
and cathodic processes are controlled by the kmeti the electron transfer reaction at
the metal surface. This is generally the casedorosion reactions. An electrochemical
reaction under kinetic control obeys Equation thim Tafel Equation.

| = Ioe(z'g(E'Eo)B) Equation 1.

In this equation, lis the current resulting frohe treaction, olis a reaction
dependent constant called the exchange currents tEe electrode potential,’ 5 the
equilibrium potential (constant for a given rean)id3 is the reaction's Tafel Constant
(constant for a given reaction). Beta has unitgoits/decade [16].

The Tafel equation describes the behavior of ookated reaction. In a corrosion
system, we have two opposing reactions — anodiccatitbdic. The Tafel equations for
both the anodic and cathodic reactions in a casrosystem can be combined to generate
the Butler-Volmer Equation (Equation 2).

| = la + Ic = do(e?3EFr) _ d-23EE0la)y  Equation 2.

Where | is the measured cell current in amgs, iIs the corrosion current in amps, E is
the electrode potential, (Eis the corrosion potential in volfs; is the anodic Beta Tafel
Constant in volts/decadpfs is the cathodic Beta Tafel Constant in volts/decaAt E,
each exponential term equals one. The cell cunenherefore zero, as one would
expect. Near & both exponential terms contribute to the overattent. Finally, as the
potential is driven far from §& by the potentiostat, one exponential term predatesm
and the other term can be ignored [16]. When dkisurs, a plot of log current versus

potential becomes a straight line.
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A log | versus E plot is called a Tafel Plot. Thafel Plot in Figure A7 was
generated directly from the Butler-Volmer equatidn.practice, many corrosion systems
are kinetically controlled and thus obey Equation®log current versus potential curve
that is linear on both sides ot is indicative of kinetic control for the systemirg

studied.

V.3. lonic liquids

lonic liquids are often fluid at room temperatuasd consist entirely of ionic
species. The salts are characterized by weak attena, owing to the combination of a
large cation and a charge-delocalized anion. Tésslts in a low tendency to crystallize
due to flexibility (anion) and dissymmetry (cationn general, ionic liquids consist of a
salt where one or both the ions are large, anddtien has a low degree of symmetry.
These factors tend to reduce the lattice energthefcrystalline form of the salt, and
hence lower the melting point. From these studnes drbitrary definition arose of an
ionic liquid being an ionic material with a meltipgpint below 100°C. The first room-
temperature ionic liquid triethylammonium nitratBtiINHs][NO3] (m.pt. 12 °C) was
discovered in 1914, but interest did not develofil uhe discovery of binary ionic
liquids made from mixtures of aluminum(lil) chloeidandN-alkylpyridinium or 1,3-
dialkylimidazolium chloride [17,18].

lonic liquids can be divided into two major class®se based on discrete anions
and those with anionic complexes [19]. These twass#s of compounds have quite
different characteristics, which will lead to diféamt applications. Both types of liquid are

tunable and the variables are largely common td ksystems. It is an interesting
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observation that despite their short history theme more ionic solvents that have been
reported and characterized than molecular ones.e [Bhge range of anion—cation
combinations possible means that the physical &ethical properties can be tailored to
the specific application and this is the subjeca aorresponding review by Endres [20].
Anions such as BFand PE were initially used quite extensively becauseheifirt wide
potential window, however, slow hydrolysis by watgelding HF, has led to an increase
in the use of water stable anions such ag%CE.N . These have even larger potential
windows and have higher conductivities and lowescesities than the corresponding
BF* and PF salts.

Anionic complexes such as eutectic based ioniddgjgan be expressed in terms
of the following general formula R.RsR:N* X. z Y [19]. The ionic liquids described
can be subdivided into three types wher®RR:R4N* is for example a choline-like
cation such as HOEI;N"(CHs)s, X is generally a halide anion (usually)CIThey are
based on equilibria set up betweenaKkd a Lewis or Brgnsted acid Y, z refers to the
number of Y molecules which complex. X
e.g. 3AICE + 2CI «—» 2 AIC} + Al,Cl; or CI'+ 2 urea 2Cl2urea.

Eutectic Type 1 Y=MG| M=Zn, Sn, FeAl, Ga
Eutectic Type 2 Y=MGI. yH,O, M=Cr, Co, Cu, Ni, Fe
Eutectic Type 3 Y =RZ, Z=CONHCOOH, OH

The relative proportions of anionic species deped the ionic liquid
composition. The ability to vary the composition lafwis or Brgnsted acid adds an
additional dimension to the tenability of the etiebased ionic liquids. They are also

clearly useful for electroplating if the metal aterest falls in the category defined above
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under Type | or Type Il as the metal ion conceidratan be as high as 10 mol dm
There is some controversy over the classificatibnomplex anions as ionic liquids. It
could, however, be argued that discrete anionguatea subset of complex anions where

the Lewis acid and Lewis base are present in edamamounts and the equilibrium

constant lies considerably over to the right. B4N" F + BF; «—> R;N* BF,

Deep eutectic solvents as new class of ionic liqaid

While the number of ionic liquids has expanded atmexponentially over the
past 20 years it is evident that new classes ¢f sall be developed in the coming years.
Another alternative approach to making ionic ligaithlogues is to take a simple organic
halide salt and complex the anion with somethirag thill form a hydrogen bond. The
complexing agent will decrease the interaction lkeetwthe anion and the cation and
decrease the freezing point of the mixture.

To differentiate these liquids from the more comiga@tudied imidazolium salts
the term Deep Eutectic Solveritas been coined by Abbott et al [21]. This appnaac
not only cheaper and easier to make, but manyeofahmulations are non-toxic and even
biodegradable. A wide variety of salts can be usitd an even wider range of hydrogen
bond donors. The Abbott group has been the firgtibmeer this new technology and

there has been a large amount of work in the draaw class of ionic liquids.

Deep eutectic solvents made from hydrogen bond don and quaternary

ammonium salt mixtures

One of the biggest areas in the DES field is thee afsa quaternary ammonium

salt and complexing it with a hydrogen bond dondhe various hydrogen bond donors
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that have been looked at involve polycarboxyliadacipolyamides, polyalcohols. These

liquids are easy to prepare in a pure state, theyan-reactive with water and many of

them are bio-degradable. These systems containtiancand an anion and more

importantly there is a hydrogen bond donating sggethere as well.

Choline Chloride

CH
Heo 7 °

>N c
c/ S on
3

H

Figure A8 : Picture representation of choline chloride (ledlespowder) and urea (right

side powder) mixture turns liquid at certain coiwtis (shown in beaker).

The end result is similar to conventionally knowenic liquids, however, a liquid

that is made up a cation and anion is formed, tsutdute to the reduction of lattice

energy of the system is different. This occurs ulgio the hydrogen bond donor

complexing to the anion and withdrawing the elattdensity of the anion from the
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cation. This separation results in a weaker anaioic interaction, which is the way
ionic liquids achieve their low melting temperatrd@he mixture of two components is
pictorially represented in Figure A8 and diagrammegpresentation is shown in Figure

A9.

Choline chloride — A vitamin in chicken feed

\

Urea — A common fertiliser

/

Figure A9 : Diagrammatic representation of choline chloridd area.

One of the first DES systems that was investigawahtained choline (2-
hydroxyethyltrimethylammonium) chloride (ChCI) mtkewith urea (NH.CO.NH,).
Choline chloride is vitamin B4 and is produced ba Mtonne p.a. scale as an additive
for chicken feed; urea is a common fertilizer. STk not only cheap and easy to make
but it is non-toxic and even biodegradable. Byntkelves they have freezing points of
303 °C and 135°C respectively. It also showed lower viscositieanthn a ratio of 1:2
respectively. The main reason behind ChCI being such a usefulequary ammonium
salt is to do with the fact it is an asymmetric tgmaary ammonium salt with a polar

functional group, but is also small. The asymneetature of this molecule reduces the
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freezing point of the ionic molecular liquid, asedothe polar functional group. By
combining these two compounds in a ratio of 1:2¢Chirea), the product formed has a

freezing point of 12C.
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1. Ninth international conference on the science application of Nanotubes (NT08)
held in Le Corum Montpellier, France from June 8831, 2008, presented a poster.
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3. CARBON conference 2009 held in Biarritz, Frafroen June 14 — 19, 2009, presented
a poster.

4. Outstanding PhD formation day held at ULB, BalssBelgium on January 20, 2009,
presented a poster.
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from January 21-22, 2009, participated.

6. Journée de I'Ecole Doctorale Thématique CHIMd ¢ FUNDP, Namur, Belgium on
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7. Collogue NANOFAC held at FUNDP, Namur, Belgiunm ®ctober 1, 2009,
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8. Symposium sur la toxicite des nanomateriaux lal6UNDP, Namur, Belgium on
October 2, 2009, participated.

9. Certificat de participation aux lecons de la @hdrancqui 2007-2008 held at
FUNDP, Namur, Belgium from 28 February — 20 Mar@0&, participated.

10. Certificat de participation a I'ecole de format interdisciplinaire pour doctorants
held at FUNDP, Namur, Belgium from January 18-ZP1L(® participated.

11. Leuven summer school at Leuven University, lesyvBelgium from August 22-
27, 2010, presented a poster.

12. Nano EEB International workshop on Nanotechgloeld at St. Aloysius College,

Mangalore, India from December 14-16, 2010, givei@l presentation.
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