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Résumé

Grace a leur simplicité chimique, et a leurs caractéristiques dimensionnelles associées a des
propriétés remarquables, les nanotubes de carbone (CNTs) ouvrent & la nanotechnologie
des perspectives innovantes et prometteuses. L’un des principaux défis rencontrés dans le
développement des biocapteurs est la stratégie d’immobilisation de 1'entité biospécifique sur
la surface du capteur, car celle-ci ne doit pas dénaturer I’élément biologique. Dans ce travail,
nous avons utilisé les nanotubes de carbone monoparois et multiparois. Les échantillons ont
été synthétisés par le procédé de dépot chimique en phase vapeur (CVD), et par la suite,
recuits thermiquement & 550 'C durant deux heures. La spectroscopie XANES utilisée a
permis de caracteriser la surface externe des CN'Ts. Les adsorbats extrinséques tels que le
potassium (K) et intrinséques tels que les molécules gazeuses (HoO, Og, CO5, CO) ont montré
des sensibilités différentes a la géométrie des CN'Ts, a 'hybridation et au recuit thermique.
Le transfert de charge du potassium augmente de 12 % la conductivité des MWCNTs et de
62,7 % celle des SWCNTs. La désorption est plus importante dans les MWCNTS et s’éléve a
70 % pour le potassium. Par contre, elle est moins importante pour les molécules de gaz. Les
techniques complémentaires a 'instar de la microscopie électronique en transmission (TEM),
la microscopie électronique a balayage (SEM), ou encore la spectroscopie Infrarouge a Trans-
formée de Fourier (FTIR) sont utilisées pour mettre en évidence I'arrangement aléatoire et
les particules sphériques comme le fer le long des nanotubes de carbone. Ce qui permet de
demontrer que les groupes fonctionnels OH—, C=0 and C=C sont impliqués dans le proces-
sus d’adsorption. Et on montre que 'adsorption du potassium dans les solutions aqueuses

utilisant les CN'Ts comme adsorbants se fait par le processus d’échange d’ions.

Mots clés : Nanotubes de carbone, recuit thermique, adsorption, desorption, po-
tassium, spectroscopie XANES.
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Abstract

Because of their chemical simplicity and their dimensional characteristics combined with
remarkable properties, carbon nanotubes (CN'Ts) open up innovative and promising prospects
for nanotechnology. One of the main challenges encountered in the development of biosensors
is the immobilisation strategy of the biospecific entity on the sensor surface, as this must not
denature the biological element. In this work we used single walled and multi walled carbon
nanotubes (SWCNTs and MWCNTSs). The samples were synthesised by chemical vapour
deposition (CVD), and then thermally annealed to 550 'C for two hours.

The XANES spectroscopy allowed characterizing the external surface of our CNTs. The
extrinsic adsorbates such as potassium (K) and the intrinsic like gas molecules (H2O, Oo,
CO,, CO) showed different sensitivities to CNT geometry, hybridisation and thermal an-
nealing. Potassium charge transfer increased the conductivity of MWCNTs by 12 % and of
SWCNTs by 62.7 %. The desorption is 70 % for potassium and more important in MW-
CNTs. In contrast it is less important for gas molecules. Complementary techniques such
as transmission electron microscopy (TEM), scanning electron microscopy (SEM), or Fourier
Transform Infrared Spectroscopy (FTIR) are used to highlight the random arrangement and
spherical iron particles along the carbon nanotubes. This allowed to demonstrate that the
functional groups OH—, C=0 and C=C are involved in the adsorption process. It is shown
that the adsorption of potassium in aqueous solutions using CNTs as adsorbants can be done

by the ions exchange process.

Keywords : Carbon nanotubes, thermal annealing, adsorption, desorption, potassium,

XANES spectroscopy.
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(zeneral Introduction

Currently, there is concern about a global water crisis mainly because about 4 % of water
available in the groundwater reserves, which supply about 80 % of the human population
[1], is contaminated by agents such as cadmium, chromium, lead, zinc, potassium, fluorides,
and pharmaceutical waste, all of which continue to deteriorate water quality. Among those
agents, potassium is a very abundant element and is the seventh among all elements of the
Earth’s crust. As environmental effects, high levels of potassium soluble in water can cause
damage to seeds in germination, inhibit the intake of other minerals and reduce the quality of
the crop. Furthermore, in damage to health, a side effect of a malfunction of the kidneys can
generate a buildup of potassium, thus causing a disturbance in the heart rate. It is clearly
understood that it is of great interest to investigate different ways of removing contaminants
(K™) in aqueous solutions. Recent years have seen great advances in the fields of electronics,
communication and sensor technology. Significant efforts have been made to understand
the fundamental principles leading to the design of ever faster and more compact devices
made from innovative functional materials. Officially discovered in 1991 by Iijima [2], carbon
nanotubes are defined as a cylinder of nanometric diameter formed by hexagons of carbon
atoms and closed at both ends by the insertion of several pentagons. Note that the low-
dimensional structures in the nanometer range, are increasingly playing an important role in
the fields of biology, chemistry, physics and materials science. Among these applications, the
most suitable are: the covalent functionalization (chemical adsorption) of the surface [3,4], the
intercalation (doping) of elements for the transfer electric charges (alkalis, halogens) [5]; the
physical functionalization (physical adsorption) and encapsulation [6,7]. The possibility for
carbon to bind with itself or with another atom of the chains and rings continues to generate
remarkable and growing interest at several levels of the scientific community. Obtaining
materials with new and predictable properties requires a precise knowledge of their electronic
structure.

Since their discovery, many synthesis methods have been developed, allowing access to
the carbon nanotubes (CNTs) with various properties. Among these, the decomposition of
a hydrocarbon gas under moderated temperature on the surface of an active catalyst is well
established. This method, commonly called Chemical Vapour Deposition (CVD), is a suit-
able one able to synthesize CN'Ts with a selective control of diameters on a solid substrate at

lower temperatures. These characteristics give them enough avantages in comparision with
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the existing synthesis routes like: electric arc, laser ablation and solar vaporisation. The
CVD-assisted growth methods for the control of CNTs orientation mainly used in this work
are PECVD (Plasma Enhanced CVD) and HFCVD (Hot Filament CVD). They allowed to
provide CNTs aligned perpendicularly to the substrate surface. Phenomena such as adsorp-
tion and desorption on various surfaces have interested scientists for decades. These phenom-
ena are the basis of a certain number of remarkably important processes in the large field of
application. Mastering these phenomena on nanomaterials such as CN'Ts facilitates the man-
ufacture of electronic devices, nano-vectors, chemical or gas sensors, or nano-composites. A
certain difficulties must be resolved in order to exploit the full potential of these exceptional
materials.

The question then arises as to why few companies incorporate carbon nanotubes in their
raw state for various applications? What are the impacts of adsorbates (gaseous molecules)
and alkali metal (K) on the effectiveness of CNTs? The objective of this thesis is the study
of the adsorption and desorption phenomena on CNTs. An understanding of the process
involved in adsorption and their repercussions on its electronic structure is essential to op-
timize their use. More specifically, the first objective of this work was to characterize the
surface and study the effects induced by adsorbates on the electrical and conduction prop-
erties of Single-Walled Carbon Nanotubes (SWCNTs) and Multi-Walled Carbon Nanotubes
(MWCNTSs). For this, we used thermal annealing and XANES spectroscopy. XANES has
the advantage of being sensitive to the surfaces chemistry and therefore allows to probe the
occupied electronic states, and to obtain information on the unoccupied levels of the CNTs.
It should be remembered that Single-Walled Carbon Nanotubes (SWCNTs) have a larger
specific surface compared to the others and therefore favouring the adsorption. The second
objective is to capture potassium (K) in an aqueous solution using SWCNTs as adsorbent for
the application in water treatment and biosensors. To attain our goal, XANES spectroscopy
was used in addition with some complementary techniques such as microscopic techniques as
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) provide
information on the morphology, and texture of CN'Ts with very high spatial resolution. They
can also allow to determine the size and the shape of the elementary grains or agglomerates.
The functional groups interfering in the adsorption process of the CN'Ts can be investigated
by the Fourier transform infrared spectroscopy (FTIR), through the characteristic vibrations
of the chemical bands. Note that the identification of the functional groups present on the
surface of the CNTs is essential, because they determine the conductivity nature of the nan-
otubes for the improvement of the current tools of diagnosis and biological analysis. This
work is organized as follows.

The first chapter presents the basics necessary to understand the experimental and the-
oretical developments of CN'Ts. Carbon and its crystalline forms, structure, properties and
applications of CNTs are presented. The adsorption phenomenology on CNTs and the form-
alism of XANES spectroscopy are also described.

The second chapter briefly describes the synthesis methods of carbon nanotubes, the
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principle of the microscopic techniques and the experimental conditions used. The principles
of FTIR and X-ray Absorption Near Edge Structure (XANES) are also presented.

In the last chapter, we present and discuss the textural properties and morphological
characterization of CN'Ts. Then, the adsorption properties and the functional groups on the
surface of CNTs are discussed in addition to the XANES results.

And finally, to end this work, we present the general conclusion, the perspectives and one

appendix.
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CHAPTER 1

LITERATURE REVIEW ON CARBON
NANOTUBES AND CHARACTERIZATION
TECHNIQUES

Introduction

In an industrial and increasingly competitive world, nanoscience is a major challenge for
the future, both in terms of fundamental and applied research. This emerged in the 1980s
with the development of new tools at the atomic scale, such as tunnelling microscopes, which
enabled a decisive step forward the observation and movement of atoms. At a very small scale,
new phenomena appear (size effects, quantum effects, etc.) and give to materials interesting
properties. Carbon nanotubes (CNTSs) represent one of the first commercial material for
interesting applications in nanotechnology. Since their discovery in the 1990s [2], these nano-
objects have attracted considerable interest due to their exceptional intrinsic properties and
dimensional characteristics. Carbon nanotubes are formed by winding one or more sheets of
a hexagonal network of carbon atoms, called graphene. Thus, this chapter introduces the
recalls of carbon and its crystalline forms, structure, properties and applications of CNTs,

but also adsorption phenomenology on CNTs and formalism of XANES spectroscopy.

1.1 Carbon and its crystalline forms

Carbon (Z = 6) has the particularity to exist under different physical structures called allo-
tropes. It has four electrons on the external layer and has an electronic structure 1s22s22p?.
Its electronic configuration in the ground state 1s5°2s*2p)2p,2p? shows that the neutral car-
bon atom is bivalent, as it has six electrons with four of them occupying the outer orbital and
two of them being unpaired [8]. This tetravalence of carbon is due to its ability to hybridize
i.e. to go from the ground state to an excited 1322312]93162]);21); Recall that, hybridization
consists in a transition of the atom from a stable state to an excited state (C” 15?2s'2p?), thus
very reactive. This excited carbon thus results from the recombination of the electrons of the

atomic orbitals 2s and 2p. Note that this recombination can be done in three different ways
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allowing the carbon atom to bind to one or more atoms to form molecules. Figure 1.1 shows
natural and synthetic allotropes of carbon. Thus, the most common natural allotropes of car-
bon are diamond and graphite. Diamond, has a three-dimensional (3D) structure generated
by sp? hybridization and graphite of two-dimensional structure (2D) presents a hybridization
of type sp?, where each atom is connected to the others by in-plane covalent bonds and yields
its fourth valence electron to a common background. These planes are connected by Van der
Waals type bonds. Graphite is considered in this work, as a reference element. So it will
provide a clear signature of the physico-chemical state of sp? hybridized carbon. Concerning
the synthetic allotropes, we have on the one hand, graphene and carbon nanotubes (CNTs),
which are one-dimensional materials (1D), with hybridization sp?. And on the other hand,
the fullerite crystal (fullerene), which is a combination between the two carbon states sp?

and sp? leads to an allotropic variety (0D).

3D " 20D

! I

-
Diamond

Fullerene Carbon Manotube

Figure 1.1: Representation of the allotropic forms of carbon and their dimensionality.

1.1.1 Graphite

Natural graphite is a shiny black mineral occurring in flakes and veins, consisting of carbon
only. It is an excellent conductor of electricity and heat, and has a high melting point 3500 "C.
It is a semi-metal, meaning that it has metallic properties but with a very small number of
free charges, carriers of electric current, per unit volume. This is due to the fact that the
valence band and the conduction band of graphite overlap very little. It is extremely acid
resistant, chemically inert and highly refractory. The bonds between graphene layers are
weak and produced essentially by the interaction of the electrons of the bonds, they are Van

der Waals type interactions.
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1.1.2 Graphene

It corresponds to a graphite mono-sheet or monoplane. The graphene sheet corresponds
to a hexagonal arrangement, in the shape of honeycomb, of carbon atoms distant of 0.142
nm from each other, confer Figure 1.2. We can thus obtain several types of stacking of the
graphene layers [9]:

- AAA (simple hexagonal) 0 % (energetically unfavorable);

- ABA (hexagonal) 85 % (which we will call graphitic contact);

- ABC (rhombohedral) 15 % (energetic).

p —

_ —C 0
- 2 iy
3> L5 -

AT AN

D) (XD
&P D
AAA ABA

Figure 1.2: Three types of graphene layer stacking [10].

It is a molecule in which the carbon atoms are surrounded by hydrogen atoms whose
formula is given by: CgHgg [7]. This molecule is considered theoretically as a perfect two-
dimensional (2D) hybridized sp? because it consists of a single layer of carbon atoms. The

delocalized electrons 7 that it contains have the same properties as those defined in graphite.

Graphite

} =20,

(b)
Figure 1.3: (a) Structure of graphene, and (b) structure of carbon molecular orbitals in a

graphite plane sp* [11].

1.1.3 Fullerenes

Fullerenes constitute the third allotropic form of carbon after graphite and diamond. They

are spherical molecules composed of several tens of carbon atoms. They are agenced according
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to a mixture of hexagons and pentagons. The molecule of Cgg molecule was the first fullerene
to be discovered in 1985 and to give rise to 3 Nobel prizes: Harold Kroto, Robert Curl and
Richard Smalley in 1996 [12]. It is composed, as its name indicates, of 60 carbon atoms
arranged in hexagons and pentagons so as to form a spherical structure (Figure 1.4). The
introduction of heptagons makes it possible to obtain surfaces with negative curvature, while
the introduction of pentagons makes it possible to obtain surfaces with positive curvature.
Their chemical formula is Cy, (11 < n < 480).

Figure 1.4: Structure of Cgy the C—C bonds common to a hexagon and a pentagon are
represented in red and the bonds common to two hexagons are represented in yellow [13].

1.1.4 Carbon nanotubes

A Carbon NanoTube (CNT) is graphene in cylindrical form. According to Yu et al.[14], the
diameter values of SWCNTs are typically around (1 — 1.5 nm). As for the lengths, they can
go up to a few um . We thus distinguish on the one hand, Single Walled Carbon Nanotubes
(SWCNTSs), which corresponds to a single layer of graphene forming a cylindrical tube. On
the other hand, the Multi Walled Carbon Nanotubes (MWCNTSs) which is for several layers
of graphene forming several cylindrical tubes all having the same cylindrical axis. These
concentric cylinders are linked by Van der Waals forces and spaced by an interplanar distance
of 3.4 A’. Between the different cylinders, interactions, called lip - lip interaction take place
and contribute to stabilize the final structure [15|. It is very difficult to give a range of
dimensions for the MWCN'TS, they are variable with respect to the diameter, because it is
directly proportional to the number of walls that constitute the CNT.

The principle of bulding the CNTs is based on the graphene sheet. This sheet has two
types of edges, named armchair and zigzag because of their appearance. Let’s draw a line
parallel to the zigzag edge (Figure 1.5), fold the graphene sheet into a roll and connect its two
armchair edges to form a tube: we obtain a zigzag SWCNT. And in this case, the hexagons
describe circles perpendicular to the axis of the tube. We can also take a graphene sheet
where the long edge is the zigzag edge (Figure 1.6, we keep our reference line drawn parallel
to the zigzag edge). We fold the sheet and connect its two zigzag edges: we obtain a second

type of tube, a SWCNT armchair. And then, the hexagons are aligned parallel to the axis of
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the tube. Finally, one edge of the graphene sheet can be translated with respect to the other,
parallel to the axis of the tube (Figure 1.7), before connecting the edges to form the tube.
A chiral SWCNT is then obtained. The chirality of this object comes from the fact that
helicity was introduced by combining two symmetry operations: a translation along the tube
axis (the sliding of one edge of the sheet with respect to the other) combined with a rotation
around this same axis (the joining of the two edges). The hexagons thus wrap around the

axis of the nanotube in a helical manner.

armchair edge

S
Nanotube zigzag

Figure 1.5: Winding of a graphene sheet and connection to form a zigzag SWCNT [13].

armchair edge

~1 -~

Nanotube armchair

Figure 1.6: Winding of a graphene sheet and connection to form a SWCNT armchair [13].
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_‘-H“\ .
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armchair edge

s

" LD

Nanotube chiral

Figure 1.7: Winding of a graphene sheet and connection to form a chiral SWCNT [13].

1.1.5 Orbital Hybridization

Orbital hybridization is the mathematical concept of mixing atomic wave functions into
completely new hybrid orbitals, with a new shape and (lower) energy. These new orbitals
better explain electrons bonding together in molecules. Consider the element whose bonding
is of most interest to us: carbon. Its electronic configuration is 1522s%2p2. 2s and 2p differ

very little in energy, therefore, the wave functions can mix when carbon is bonded.

sp™ Hybridization

sp™ is a notation of how the orbitals are hybridized, i.e. a sp* has one s (33 %) and two p (66
%) orbitals. Even though several orbitals come together and form new, there are the same
number of orbitals available for bonding. How to determine which hybridization a carbon
atom has sp?, sp? or sp?

- 1 triple bond and 1 single bond (or 2 double bonds, in the case of COs), then it is sp
hybridized (linear);

- 2 single bonds and 1 double bond, it is sp? hybridized (trigonal planar);

- 4 single bonds, it is sp® hybridized (tetrahedral).

(a) s orbital (b) p orbital

Figure 1.8: s and p orbitals
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sp Hybridization (linear)

Mixing one 2s and one 2p wave functions of carbon, two new hybrids are obtained, called
sp orbitals, made up of 50 % s and 50 % p character. The major parts of the orbitals point
away from each other at an angle of 180°. There are two additional minor back lobes (one for
each sp hybrid) with opposite sign. The remaining two p orbitals are left unchanged, these
two form two 7 bonds. The 180" angle that results from this hybridization scheme minimizes
electron repulsion. The oversized front lobes of the hybrid orbitals also overlap better than
lobes of unhybridized orbitals; the result is energy reduction due to improved bonding. This
is the hybridization that gives rise to Carbyne, one of the materials harder than diamond.

In the sp hybridization, there is linear combination of 2s orbital and one of the three
2p orbitals sketched in (Figure 1.9), 2p, for example. From these two atomic orbitals, two
equivalent orbitals are formed, called hybridized orbitals and, are expressed by linear com-
bination of 2s and 2p, and denoted | sp, > and | sp, >. Mane et al.[8|, show that the two
hybridized orbitals are expressed by equation (1.1) that follows:

| spe >=C1 | 28 > +Cs | 2p, > (1)
| spp >= C5 | 25 > +Cy | 2p, >
where the C; are coefficients expressing the character of 2s and 2p atomic orbitals in
hybridized orbitals. By using the orthogonal and normal conditions requirements
< 8pa | spp >=0and < sp, | spa > = < spy | spp > = 1,

we obtain the relations:

(
C1C3 4+ CyCy =0
C3+Ci=1
o (1.2)
Ct+C3=1
(Ci+C5=1

The resolution of Equation (1.2) leads to:

Py >= —=(] 25 > + | 2p, >

|spb>:\%(| 2s > — | 2p, >)

sp* Hybridization (trigonal)

The sp? hybridization is the mixing of one 2s and two 2p atomic orbital, which involves the
promotion of one electron in the s orbital to one of the 2p atomic orbitals. The combination
of these atomic orbitals creates three new hybrid orbitals equal in energy-level. The hybrid
orbital is higher in energy than the s orbital but lower in energy than the p orbital, but they
are closer in energy to the p orbital. The new set of formed hybrid orbitals creates trigonal

structures, creating a molecular geometry of 120°. The combination of one s orbital, and two
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p orbital from the same valence shell provides a set of three equivalent sp? hybridized orbital
that point in directions separated by 120°. The directions of these new hybridized orbitals
are the dictators of the spatial arrangement for bonding. The sp? hybridized orbitals are the
same in size, energy shape but different in the spatial orientation. This unique orientation is

imperative and is what characterizes a sp? hybridized orbital from other hybridized orbitals.

0 *9

Figure 1.9: sp? Hybridization orbitals.

The corresponding sp? hybridized orbitals | sp;> (i = a, b, ¢) are as follows [8]:

| sp2 >=C1 | 2s > +/1 = C? | 2p, >
| spi >= C, |23>+\/1—C’22<‘/7g | 2p; > —3 | 2py >) (1.4)
| sp? >=C3 |25 > +4/1 —C%(—‘/Tg | 2p, > —3 | 2py >>,

The determination of C, Cy and Cj is done from the orthonormal requirements of the

orbitals and leads to the three following equations:

Ci+C3+C5=1
CiCy— 33/1—-CE\/1-C3=0 (1.5)
C\Cy+1/1-C2\/1-C3 =0,

yielding the solution of Equation (1.5) given by C; = Cy = C3 = L

S

sp® Hybridization (tetrahedral)

To achieve sp® bonding, first promotion of one electron from 2s to 2p results in four singly
filled orbitals. Then, the 2s orbital is hybridized with all three 2p orbitals. This makes
four equivalent sp?® orbitals with tetrahedral symmetry, for electron repulsion minimization.
Each has 75 % p and 25 % s character and occupied by one electron. The bond angles of a
tetrahedron is 109.58". Any combination of atomic and hybrid orbitals may overlap to form
C—C bonds which are generated by overlap of hybrid orbitals. The diamond cubic crystal
lattice is two tetrahedrally bonded atoms in each primitive cell. Separated by 1/4 of the
width of the unit cell in each dimension. The four directions of tetrahedral bonds from the
carbon can be selected as (1,1,1), (—=1,—1,1), (—1,1,—1) and(1,—1,1). In order to make
elongated wave functions to these directions, the 2s orbital and the three 2p orbitals are

mixed, forming an sp® hybridization.
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The solving of similar equations to equations (1.5) with four unknown coefficients C; =
(i = 1,2,3,4), and orthonormal conditions lead to atomic wave functions. The sp* hybrid

orbitals obtained in these four directions are as follows [§]:

(|sp§>:%(|2s>+\2pr>+|2py>+|2pz>>
Ispi’>=%(l28>—|2pz>—|2py>+|2pz>) 16
[spd >=5(125> = |29 > + | 2p, > — | 2. >) |
\|sp3>:%<|23>+|2px>—|2py>—|2pz>>

In sp™ hybridization, (n+1)o bonds per carbon atom are formed, these o bonds constitute

the skeleton for the local structure of n-dimensional allotrope.

1.2 Electronic band structures of graphene

The problem of electrons in a solid is a multi-electron problem in general, where we have to
consider the electron-nucleus interactions as well as the pair potentials describing the electron-
electron interactions. We place ourselves in the independent electron approximation where
these interactions are represented by an effective potential at one electron. The eigenstates 1)
of the one-electron halmitonian where the potential has the periodicity of the Bravais lattice
can be chosen as plane waves that are multiplied by a function having the Bravais periodicity,

_>
with n called band index and % a given vector:

¢n,k(?+§5 - eizﬁwn,kw—)} (1.7)

Let us consider an electron moving in a network of periodic atoms. The Hamiltonian that
governs its behavior can be decomposed into a kinetic part and a potential part, which will
translate the Coulombic interaction between the electron and each of the atoms (nuclei and
core and valence electrons). By noting ]?n the position, fixed of the n-th atom, and 7 the
position of the electron, the strong bond approximation assumes that in the vicinity of each

lattice node, the total Hamiltonian H of the crystal will be written as follows:
H(ﬁ_z?)—P—ZZvﬁ—z?) (1.8)
at\ T n) — om at\ T n .
This Hamiltonian satisfies the eigenvalue equation :
— — —
Hy(7 — R,).9(7 — Ry) = Ep.®(7 — R,) (1.9)

The wave function of our electron becomes a linear combination of atomic orbitals centered
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on the lattice sites and weighted by a phase factor :
s - _
Y => ¢F 7.0 (7 — Ry) (1.10)

The use of the wave function in the strong bond approximation for graphene uses two

atoms per mesh. We will therefore label these atoms A and B, and establish the corresponding

functions:
S —
W‘k(? =) MG(T — Ry) (1.11)
WP =D @R (P — (R, — 7)) (1.12)

Or 7'_B> is the translation vector from atom A to atom B. The total electronic wave function

in the lattice is written as :

| >=Ca | ¥ > +Cp | v > (1.13)

Determining the energy associated with this Hamiltonian amounts to solving the eigen-
value equation :

H|dp>=E|¢> (1.14)

CaH |y > +CpH | v >= E(Ca | ¥ > +Cp | 15 >) (1.15)

The projection on the states ¢ and 1, knowing that < % | H | 1 > groups the kinetic
and potential energies, and < ¢ | wi > represents the overlap of the orbitals between close

neighbors. The following notations allow us to write:

Hy; =<t | H| ¥ >

e (1.16)
Sij =< | vy >
CA(HAA—E)—l—CB(HAB—E.SAB) =0 (1 17)
CA(HBA — E.SBA> -+ CB<HBB — E) =0
Since atoms A and B occupy strictly equivalent sites, their energy terms are identical:
Hpa=<p | H | a>=<va | H |¢p>"'= H)p (1.18)
The same is true for recovery terms:
Spa =< Yp [ ha >=<a | Yp >"= Sip (1.19)

Equations (1.18 and 1.19) are finally used to calculate the determinant of the matrix in
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energy, so the result is the following

E*(1— | Sap |') + BE(—2Haa + Hap.Shp + Sap-Hip) + Hiu— | Hap =0 (1.20)
New shortcuts will allow us to write this expression as a second degree equation in E.

(Eo = Han

Ey = Sap.Hip+ Hap.Shp
Ey, = H124A — Hap.H)p
By =1-545.5%5

(1.21)

The two resulting roots of equation (1.21) are the allowed energy values for the electrons

p. of the graphene:

Ei(k—)> _ —(=2Ey + E1) £\/(—2Ey + E\)? — 4E, F4
B 2L

In the graphene structure, the distance between first neighbors is much smaller than the dis-

(1.22)

tance between higher order neighbors. We will restrict the calculations to the first neighbors
(Figure 1.10).

o - o] ®

[ ° _ . e ®
° ._ o = |
o, . . 1 ° °

Figure 1.10: Arrangement of the different neighbors in graphene.

This involves the following three approximations. First, the energy H44 becomes a con-
stant, since the first neighbors of an atom A cannot be only atoms B and intervene (N is the
number of elementary meshes in the crystal) :

Han= %Y, T < 6(F = Ro) | H| 67 = Ryr) > i)

= L%, <07~ Ra) | H| (7 — By) >

or
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HAA = €& (123)

Then, the interaction between atom A and B is only with the neighboring meshes, located

in —a_1>, — @3 and (—a_l> — a_2>):
Rab — —
Hap = § X Xy - 0000 < 9(7 = Ro) | H | 6(7 = (B = 75)) >
= — - —
Hap = yo(e”" iy iRy ik (a4ay) (1.24)

With no =< ¢(7 — Rp) | H | (7 — Ry — @) >

And finally, in the same way,

= — - —
Sap = Sl Fo 4 gmikah | pmik (ot (1.25)
— —
With Sy =< (7 — Ry) | ¢(7 — Ry, — @) >
FR) = (=R 4 =K@ 4 i@+ (o Ra | iR @y (iR (a4

We recalculate the energies Ey, i, Es, E3, and introducing the function

— — — —
f(B = (3+2cos(k .a7) + 2cos( k .a3) + 2cos(k (ay — a3)) (1.26)
(
Eo =&
By = 290.50.f (k)
g e (1.27)
Ey = &, =28/ (F)
([ Bz =1— 52.£(k)
We thus obtain the final expression of the energy of the elections p, in graphene.
— gyt k
(k) = 22— 1) (1.28)

14 S0/ £ (S
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Energy (eV)
Energy (eV)

Wave vector

Figure 1.11: Electronic band structure of graphene. (a) Dispersion of the graphene valence
(red) and conduction band (blue) formed from the unhybridized carbon m—orbitals. The
hexagonal first BZ featuring the high-symmetry points I'; M, K |, and K’ is highlighted in
green. (b) Dispersion of the graphene valence band (red), conduction band (blue), and the
four lowest-energy o—bands along the edges of the triangle TMK [16].
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Figure 1.12: Band structure of the graphite (to the left) and graphical representation of peak
positions and their symmetries taken from the XAS spectra of monocrystalline graphite (to
the right of the band diagram) [17].

The energy scale is aligned so that peak A corresponds to the lowest energy state, of
symmetry 7, i.e. 7, in the vicinity of Q in the Brillouin zone, 2 eV above the level by Fermi
Ep. The vacuum level is indicated by a dotted line [17]|. Different transitions observed in
the XAS spectra of graphite, energy positions, symmetry (7 or o) of the transition and the
corresponding final state band in the theoretical band structure, and region of the corres-
ponding Brillouin zone [17]. Now that the electronic structure of graphite is specified, it is

easy to obtain the electronic properties of carbon nanotubes as we will see in the following.
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1.2.1 Direct Lattice Structure of Graphene

These different types of symmetry (armchair, zigzag, chiral) are characterized by the use of
two indices (n,m) called indices of chirality. The chirality is a concept that allows to define
precisely the geometry, the symmetry and globally to identify the CNT. The different ways
of winding the graphene sheet to form a CNT are defined by a vector and an angle of helicity,
respectively noted C_’>h and 6. The chirality vector is defined by the following relation:

V3(n +m)
— a
C =naj +ma; = (—n +m) (1.29)
0
With (n,m)e N * two positive integers characteristic of the tube, ai and @ the two unit
vectors defining the graphene plane. Knowing that a = a.—. v/3, where a.. corresponds
to the length of the bond between two carbon atoms of a CNT (a.-. = 1,42 A) The
SWCNT consists of a single graphene sheet, illustrated in (Figure 1.13). The diameter
values of SWCNTs are, according to Yu et al.[14], between (1-1.5 nm). The lengths can
go up to a few um. These indices are called chiral indices and univocally designate all the

structural characteristics of a given nanotube, such as its diameter d, the translation vector

T (smallest vector belonging to the graphene lattice and orthogonal to C7h), we have the

relation 8? =0.

n

zigzag

axis of carbon nanotube

Figure 1.13: Example of bulding of a chiral index nanotube (n,m)=(5,2). Its elementary
mesh can be defined by the vectors C} and T'.

—
dz@z%\/nz—knm—l—mQ

s

0= aTctan(Z";ﬁl) 0<6<30 (1.30)
T = tya] + tya, = —nt2mg) 4 2mimpy

Various types of carbon nanotubes are characterized by their respective chiral angles. Two
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types of structures are possible, having reflection planes and which are achiral: one named
armchair (6 = 30°) whose winding vectors are of type (n,n) and the second one, named zigzag
(6 = 0°) whose winding vectors are of type (n,0). All the other nanotubes 0 < § < 30" whose
parameters (n,m) are independent have a chiral structure with spiral hexagons along the
tube axes. The electronic properties of the nanotubes are determined by both their chirality

and their diameter.

= For armchair nanotubes (n,m), a; = n(ai + a3) ;
= For zigzag nanotubes (n,0) ou (0,n), @l = naj.

For n large enough, the zigzag tubes are metallic. If n is a multiple of 3, carbon nanotubes

are metallic and semiconductor otherwise

1.2.2 The Reciprocal Lattice of Graphene

The reciprocal lattice is determined according to the usual orthogonality relations with the
— —

direct network. Basic vectors K; and K5 are shown in Figure 1.14. The winding of the

nanotube amounts to introducing a condition of periodicity on the functions waves along

the circumference of the nanotube. Nanotubes will therefore be systems one-dimensional.

21

N
axis of the nanotube will be the basic vector of the dispersion curves. Thereby the vectors

— —
Thus, there are =5 vectors k allowed along the circumference. The vector K, parallel to the

authorized in any nanotube will be defined by:

k is the (scalar) vector defining the first 1D Brillouin zone along the axis of the nanotube

3

gkg%;; g=ki =29 ge[l:2N] (1.31)

I

|

and k, = k, gives the quantization relation related to the confinement according to the
circumference. Thus, the armchair nanotubes have for First Brillouin zone and quantification
relation (Figure 1.14(a)).

T kST kg=k =% gel:2n] (1.32)
And the zigzags (Figure 1.14(b))
s <k< I kg=ki =22 ge[l:2n) (1.33)
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Figure 1.14: First Brillouin zone and quantized vectors (a) armchair nanotube (5,5) (b) zig-
zag nanotube (10,0) with the rotation indices ¢ corresponding to the zone folding method
[18].

1.3 Electronic band structures of carbon nanotubes

Just like graphite, the carbon nanotubes we study are seen as a sheet of graphene folded on

itself along a certain direction defined by a new vector :

V3(n +m)
a
al = na; +mas = B (—n +m) (1.34)
0

where n, m positive integers defining the nanotube. The norm of a{ defines the circum-

ference of the nanotube thus : Cynm) =|| al ||= ay/(n? +m?2+nm). We can easily deduce

the radius of the tube : R, ., = Ch;#ﬂm) = %\/ (n?2 +m? + nm). The direction orthogonal

to a| defines the axis of the tube. We thus define a base vector a_//> , which will make it pos-

sible to reproduce the unit cell along this axis. This vector must therefore also be a linear

combination of af and a_%, in addition to its property of orthogonality with al :

(

V3(p+q)
— — — a
aj= pai+qas =% —p+
g 5| (=p+q) (1.35)
0
al.aj =0,

\
The new integers p and ¢ are obviously related to n and m :
3 (n - m)(p+ q) + % (—n+m)(—p+q) = 0, dnp + 2np + 2mp + 4mp = 0

q=—p<2n+m> (1.36)

2m+n

We introduce the greatest common divisor to (2n + m),
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d = pgdc{(2n +m),(2m + n)} and we have the expression of the basic vector along the

axis of the tube :

V3(m —n)

_(2m4n\ 5 [(2n+m)\_ a
1

<

A nanotube is therefore a one-dimensional structure, with the unique basis vector a_//>.
It can be shown that the unit cell contains w atoms, which can quickly become
enormous when the radius of the tube, either n or m , increasing the basis vectors of the

reciprocal lattice can be calculated :

(

V3(m +n)

b_I :m (—=n+m)
0

(1.38)

(m—n)
N V3

b) = ey | —(n+m)
0

Figure 1.15: The basic carriers of a carbon nanotube (4, 2). a sets the folding direction and
a_//> the translation vector directed along the axis of the tube. The shaded area is the unit

cell.

1.3.1 Folding Index

A direct consequence of the folding of the graphene sheet on itself according to af is the

appearance of new periodic boundary conditions, and therefore a quantization of the wave

vector k in that direction :
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B 2ml
Vva(n? +m2+nm)

k1 (1.39)

where [, takes 2n values. The dispersion in energy will only be done along the axis of the
%
tube, the energy will therefore only be a function of %/, which further confirms that it has a

one-dimensional structure.

1.3.2 Energy calculation using the tight binding method

Using the energy expression already established for graphene, equation (1.28), neglecting

orbital overlaps (sq = 0),

[ [

— 1/2
Eg=¢ct (3 + 2cos(k.ai) + 2cos(k.a3) + 2cos(k.(ai — a—2>)) (1.40)

Then we included the quantization condition equation (1.39) to start we must reexpress
the vectors ai and a3 of the expression of equation (1.34) depending on the vectors al and

a_//> that we know:

_> d _> 2n7-ytm _)
ai @mAn)+= 2ntm) 4 + @mAn)+ = 2ntm) 4L
(1.41)
R B S B
27 Cnrm)+Z@man) YT @nrm)+ I 2mtn) L
T
In writing & = k| + k/, and using orthogonality relations :
— —
kJ_.CL—//> < ]{TJ_(I—/; =
%
k// lLa/ <<= k'//.a—J_> =0
u 1/2
E,i”’") =0 £ Y0 (1 + 40032((1'5//) + 4cos(E)cos( '5// ))
(1.42)

n n

. 1/2
E’lgn’o) =¢e0 Y <1 + 4cos? (&) +- 4003(”)003(—\/?//))

1.3.3 Energies and origins of optical transitions in carbon nanotubes

As a first approximation, optical transitions in carbon nanotubes can be described as trans-
itions between van Hove singularities. The most likely electronic transitions are those in-
volving energy states associated with pairs of symmetric singularities. They are generally
characterized by the nature of the nanotube considered and the pair of singularities involved
in the transition. For nanotubes one will find metallic transitions M;; and for semiconductor
nanotubes we will have transitions denoted S;; (Figure 1.16). For reasons of symmetry, in
the general case, F;; type transitions, with ¢ # j, are prohibited. In the conical dispersion

approximation around point K, the background energies of band with respect to the Fermi
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energy can be written, whatever the nanotube, under the form:

g; = poc=clo (1.43)

dv/3

with ¢ a nonzero integer. The value of p depends on the semiconductor or metallic type

of the nanotube. It simply comes that the energy separating two even singularities is 2¢; due

to band symmetry from the tight-binding approximation [19]. From where :

Ae—cYo
N (144)

The energies of the different electronic transitions in carbon nanotubes monolayers are

usually plotted in a diagram as a function of diameter nanotubes [20,21]. This diagram is
commonly called Kataura diagram which was the first to introduce it (Figure 1.16). We find
the dependence of energy in function of the inverse of the diameter of the nanotubes. The
name of the Kataura diagram is however, remained the energies calculated by the last with

a recovery integral vo= 2.75 eV does not agree perfectly with the experiment.

(a) (b) (c)
L ]
ey 1 {
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Figure 1.16: Band-to-band transitions of CNTs. (a)—(b) Illustration of electric dipole selec-
tion rules for optical transitions with light polarization parallel (left) and orthogonal (right)
to the CNT axis, respectively. (c) Optical transitions between the first two valence band
(V1,V,) and conduction band (C},C2) VHSs, respectively, that are numbered with increas-
ing distance from the Fermi energy Ep. The transitions Ej; (red) and Fas (blue) between
valence and conduction band states of equal number are dominant, while the transitions Fi
and Fy; (gray) are suppressed. (d) Kataura plot of the transition energies for £y and Eay
of semiconducting CNTs as a function of the CNT diameter. The data points follow the
empirical formulas from [22|. Graphics (a)—(d) are reproduced from [16].

1.4 Properties and Applications of Carbon Nanotubes

1.4.1 Electrical and electronic properties

The peculiarity of the electrical properties of SWCNTSs lies in the fact that their metallic or
semiconducting nature varies according to the winding of the graphene sheet, i.e., according to

their helicity and diameter [23,24]. The combination of size, lightness and electrical properties
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of nanotubes has led the scientific community to invest massively in determining potential
applications. To this end, single-walled nanotubes can be considered as pure quantum wires
in which electrons are confined along the tube axis, behaving as ballistic conductors and thus

being able to conduct electrons without heating. An electrical conductivity of 3.104 S.cm™!

has been determined for a SWCNTs bundle [25].

The general rules on the character of nanotubes:
= All armchair nanotubes (n,n) are metallic;

= All zigzag nanotubes (n,0) or (0,n) with n multiples of 3 are metallic, the others are

semiconductors;

= All chiral nanotubes (n,m) with m —n = 3h (heZ) are metallic, the others are semi-

conductors.

The study of the electronic properties of MWCNTs is much more complex. Indeed, each
wall having its own helicity, it is difficult to make predictive calculations. However, at
high temperature, the conductivity of these materials approaches the semi-classical models
used for graphite and carbon fibers, while at low temperature they behave like 2D quantum
conductors [26]. CNT electrical properties also depend sensitively on their environment;
the adsorption of different chemical species onto the SWCNT and MWCN'Ts sidewalls can
strongly affect the electrical conductivity, making them useful for sensing applications [27].
SWCNT also have potential application in energy production, including in photovoltaics
and energy storage. In photovoltaic devices, the conductivity and one dimensional nature
of SWCNT allow for increased current mobility of excited electrons, which also reduces the
chances of recombination of electrons with lower energy states, or electron holes, leading to

improvements in device efficiency [28,29].

1.4.2 Thermal properties

The thermal conductivity of a material results from the exchange of phonons (generated by
molecular vibrations) and the displacement of electrons in the material. In the case of CNTs,
it is the displacement of electrons that is the main cause of thermal conductivity. As in the
case of electrical conductivity, the thermal conductivity of CNTs is linear and is related to
the curvature of the CNTs. Chirality is therefore important. The thermal conductivity of
CNTs (from 3000 to 6600 W.m~1. K1) is higher than that of graphite or diamond, the latter
being known to be an excellent thermal conductor (from 1000 to 2600 W.m~*.K~!) [30].

1.4.3 Chemical and adsorption properties

Carbon nanotubes are characterized by their high chemical stability. Thanks to the C=C
double bond, it is possible to modify their surface properties by joining the functional groups.

CNTs have very attractive chemical properties. It is indeed possible to functionalize their
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surface by molecular grafting, to intercalate atoms or molecules (doping) between the single-
walled nanotubes of a bundle (inter-tubular intercalation) as well as between the different
walls of a multi-walled nanotube (inter-planar intercalation). The small dimensions of carbon
nanotubes are also associated with large specific surface areas which correspond to the surface
area of the samples related to their mass, or to the mass of carbon of the order of 102—103
m?/g. They therefore have high adsorption capacities [31]. The specific surface area depends
closely on the type of nanotube (SWCNTs or MWCNTS), the synthesis method used and the

post-synthesis treatments. The specific surface can be described by the following formulation
[32]:

2 2630 [ 2 }
= = m 1.45
where R, and R, are the outer and inner radii respectively, and n is equal to the number
of walls. With p = 2.26 g/cm?® and R, — Ry = 3.36 A", these values correspond to those of

graphite. This large specific surface area combined with the ease of creating chemical bonds

S

by attachment of functional groups make them promising candidates in the field of catalysis
[33]. The increase in the number of walls and to a lesser extent that of the diameter, also

leads to a decrease in the specific surface of the CNTs (Figure 1.17).
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Figure 1.17: The surface area S}, of one hexagon and evolution of the specific surface of CN'Ts
according to the number of walls and the diameter [32].

The convex surface of SWCNT (external) is chemically reactive because the convex ar-
rangement of the sp? pyramidal carbon atoms is properly arranged for chemical bonding with
reactive species. For the same reason, the concave (inner) surface is expected to be more inert
and can resist to the presence of highly reactive species encapsulated in the nanotubes. Thus,

the nature and intensity of adsorption are directly correlated to the carbon hybridization.
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Furthermore, we now discuss how rehybridization can be observed in Scanning Tunneling
Microscopy (STM) experiments. Already without rehybridization, the directions of the 7-
orbitals in a curved geometry can affect the STM images. If we consider this distortion for the
case of a zigzag tube with 8 = /6, we see that the hexagons of the graphite sheet will appear
compressed in the transverse direction, but stretched around the circumference as shown in
(Figure 1.18). For the armchair tubes § = 0 on the other hand, there is no deformation
along the transverse direction, but the hexagons are still deformed along the circumferential

direction as shown in (Figure 1.18) [34].

\lf\ ('ft h ”\Tl\ ﬂ, \F‘\ ﬂ,
IR IR

ti

Zigzag Armchair
Figure 1.18: Predicted SWCNT deformation viewed by STM image (dashed lines) [34].

For a zigzag tube, we find a pronounced squaring of the hexagons and a change in the
lattice constants along the transverse directions. For the armchair tube, the image is only
affected along the circumferential direction [34]. These chemical properties are not especially
unique, but they facilitate many potential applications. Often, pristine CN'Ts are oxidized to
add sidechains to the nanotube walls, allowing for furhter functionalization. This allows one
to personalize the nanotube properties, such as bandgap and solubility, and this also allows
for SWCNTs and MWCNTs to be specifically linked to target substrates, which further allows
for great control over interactions that can have with other molecules in a given system.

While the discussion so far has lead towards physical science applications, SWCNT also
have potential applications in biomedical fields, such as in imaging and drug delivery. Because
of some chiralities strong absorbance and emission in the ~ 700 — 1100 nm range, SWCNT
make good candidates for bioimaging and sensing [35,36]. SWCNT also have potential ap-
plications for drug delivery. Due to the ease of functionalizing their sidewalls, SWCNT can be

sensitized for interactions with certain biomolecules, allowing one to target specific locations
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in an organism. For drug delivery, the SWCNT can be simultaneously loaded with drugs for
release upon arrival to the target location [37,38|. Another potential SWCNT application in-
volves photothermal therapy, where SWCNT adsorb Near infrared radiation (NIR), allowing

for selective heating and destruction of cancer cells [39].

1.4.4 Curvature and rehybridization

The carbon network on graphene is planar, and thus forms sp? hybridization with orthogonal
o and 7 orbitals (Figure 1.19 (a)). In contrast, the carbon atoms on the CNT surface lie on a
curved surface, and thus the o bonds are pyramidalized, and the 7- orbitals bend (Figure 1.19
(b)). Therefore, unlike in planar graphene, the o and 7- orbitals are no longer perpendicular
to each other. As a consequence the parts of the 7- orbitals outside and inside rearrange due
to Coulomb repulsion, and the outer contribution is much larger than the inner one.

These lead to mixing of ¢ and 7- orbitals, which is known as rehybridization, and crucially
depends on the nanotube diameter and chirality. The rehybridization leads to bonding which
is between sp? and sp3, and can be recognized as sp®™". For Fig 1.19 (a), the 7- orbital in
planar graphene is orthogonal to the o bonds. And for the Fig 1.19 (b) the 7- orbital is no
longer perpendicular to the o bonds on a curved CNT surface, as the m bonds are tilted down
by an angle ¥ relative to the tangential direction of the tube, and the 7- orbital bending by

an angle ¢, with respect to the normal drawn on the tube surface.

(a) (b)

Figure 1.19: Schematic orbitals in graphene and carbon nanotubes [40].

These facts can be mathematically accounted for within 7- orbital axis vector construc-
tion, where it is assumed that the wave function is still separable in terms of ¢ and 7- orbitals.
Assuming the ¢ bonds are tilted down by an angle 9 (pyramidalization angle) relative to the
tangential direction of the tube, this introduces mixing of p, orbital with the o network. Un-
der the orthogonality conditions, the 7 states on the curved nanotube surface can be written
as [41,42]

| he >= (|s>4+X|p:>) (1.46)

1
Jitxe
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1—3sin39
2sin29

Rehybridizied states have new wave functions, where 7- orbital consists of both p and s

where A\ depends only on the pyramidalization angle ¥ as A =

orbitals. One can estimate the degree of rehybridization 7 depending on the tube diameter
d, and chirality (n,m). Let § be the bending angle of - orbital relative to the normal drawn
on the tube surface, and presuming that the angles between the ¢ bonds and the 7- orbitals
are equal due to symmetry, one can show that 6 depends on tube diameter, and chirality

[13,34]. For zigzag and armchair nanotube:

( 5 sin? QL
tano = o zigzag
2 .
o i i

. (1.47)

2
/ in2
tand tang-(2 1’277+sm an —tang-)

2
™ in2 T s
L 2\/12n2 +sin® g +tan In

armchair

Finally, one can derive an analytical expression for the degree of rehybridization 7 in

sp?*T for both zigzag and armchair nanotubes,

4(143sin28)  sin'

Tzigzag = 3(1+2sin?0)

- zigzag

2 ;
—1;12 +sin? o
(1.48)

2(143sin?(6—7=) sin? 7= +2sin' 7= .
T, = . n g S grmchair
armchair 3(1+2sm2(67%)) 1;22 +sin2&

n

For both CNTs of type (n,n) and (n,0) the curvature decreases with diameter and is
dominant for zigzag CNTs. This confirming that the curvature effects become dominant in
zigzag CNTs. The degree of hybridization (Figure 1.20) is decreasing linearly in the interval
1 <n<8.

0.9
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07y Armchair ]
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0.51 -
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01 .

Figure 1.20: Degree of rehybridization as a function of diameter and chirality.

For n > 8, the degree of hybridization is almost zero for armchair and slightly greater for

zigzag. The knowledge of the degree of hybridization allows to have information on the type of
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rehybridization and the properties of each type in the CN'Ts. The degree of pyramidalization
allows to get information on the reactivity of each type of CNTs. If a graphene sheet is
rolled up into a structure like a CNT, the orbital structure of the carbon is changed, due
to the bond length between the carbon atoms decreasing and the changes in bond angles.
The s and p orbitals are no longer perpendicular to each other. An overlap of the 7- orbitals
is introduced. Consequently, the parts of the 7~ orbitals inside and outside of a nanotube
rearrange themselves so that the outside contribution is larger than the inside one (Figure

1.21). The curvature induces a mixed state of the s and p orbitals, called rehybridization.

T2

Figure 1.21: Schematic of the 7- orbital in the graphene plane and its transformation into
h, in bending as well as the pyramidal angle ¥ [43].

The rehybridization can also be explained by a mixing of the sp? and sp® orbitals. Al-
though these are saturated, the mixed state contains unsaturated orbitals. The mixing of a
tetravalent orbital sp® and a trivalent orbital sp? leaves one hybrid orbital free for binding.
As the sp® increases, the more free bonds exist and the more reactivity increases. As an
index of the local reactivity, a pyramiding angle 1} is used, which is sufficient to describe the

*+7 hybridization could

curvature change induced in the sp? hybridization. The degree of sp
be obtained, 7 being a number between 0 and 1 [13|. The comparison between the different
pyramiding angles allows the comparison of the reactivity, where a higher angle results in a
higher reactivity. Thus, the degree of hybridization is strongly dependent on the curvature,

so that it is still possible to increase the reactivity alone by folding a CNT.

1.5 X-ray Absorption Spectroscopy theory

1.5.1 Absorption mechanism

The absorption of electromagnetic radiation in matter, whether in solid, liquid or gaseous
form, is a very rich phenomenon. This absorption is accompanied by a transfer of energy that

will lead to physical, chemical or biological phenomena of great interest. Depending on the
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type of material and its thickness, depending on the energy and polarization of the incident
radiation, we would have more or less strong absorptions. Three regions, corresponding
to three different energy ranges of the incident photon, translate three types of electronic
processes sketched on (Figure 1.22). Note that, the absorption depends on the thickness

crossed but also on the nature of the material.
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Figure 1.22: Spectrum describing Beer-Lambert law.
It is described by the Beer-Lambert law which gives the transmitted intensity I as a
function of the incident intensity I :
I = Ilhe ™ (1.49)

where x is the thickness of the sample, i the linear absorption coefficient, I the intensity

of the incident beam and I the intensity of the transmitted beam.
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Figure 1.23: Spectrum of an X-ray Absorption showing different regions [44].

1.5.2 X-ray Absorption Near Edge Structure

XANES spectroscopy is a technique that probes the occupied electronic states, and allows
to obtain information on the unoccupied levels of the studied system. It is particularly used

for the study of light and heavy elements, especially for molecules that may contain such
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elements. This spectroscopy is sensitive to chemical shifts. XANES measurements require
the use of a polarized monochromatic X-ray beam, at different wavelength. This polarized
radiation allows to obtain information on the orientation of the molecular orbitals and to
deduce the adsorption mode of the molecule on the surface. For example, K-edge corresponds

to the excitation of an electron 1s.

Pre-edge region

This part of the X-ray absorption spectrum is located in a range of energies below the ioniz-
ation energy. The X-ray photon is not able to expel a core electron from the absorbing atom
from the lowest level, beyond the Fermi level, because its energy is not enough. Therefore,
the electronic transition of an electron from the lowest level is not yet possible, but takes
place towards the first unoccupied levels. The observed X-ray absorption coefficient then
comes from the electronic layers of the atom, or from other elements of the sample, such as
impurities. The energy and the intensity of the transitions are then modified by the change

of symmetry linked to the presence of the neighboring atoms.

Edge Region : XANES

When the energy of the photon increases without exceeding the binding energy, we observe
a rapid increase in the absorption coefficient: this is the edge. When the energy of the
photon is slightly higher than the binding energy, transitions to continuum states occur. The
photoelectron is then emitted with a low kinetic energy and a large mean free path. It is
then involved in multiple scattering phenomena by the neighbors of the absorbing atom. This
part of the absorption spectrum extends from a few eV below the edge to about 50 eV above.
Therefore the shape of the absorption spectrum bears the imprint of the local environment
and the interferences observed on these spectra are the result of two types of scattering:
single scattering (Figure 1.24 (a)) and multiple scattering (Figure 1.24 (b)).

It is worth noting that the intensity of the oscillations after the white line are considered
as characteristic of the size of the particles. The smaller particles induced weaker oscillations
[44]. In the case of single scattering we have a two-legged path, i.e. an absorber-diffuser
path followed by a backscattering directly to the absorber atom. For multiple scattering the
number of legs will be greater than two. Thus, the XANES part of an X-ray absorption
spectrum has several regions or sub-regions. It can present a white line, i.e. a peak of strong
intensity just after the edge as illustrated on (Figure 1.23). It includes on the one hand the
transitions to the free electronic states of the absorbing atom and on the other hand the
multiple scattering towards these neighbors. Finally, the energy at which the edge appears
depends on the chemical environment of the selected atom. Moreover, the ionization potential
of a core electron varies with the atomic number of the excited atom. It also varies by a few
electronvolts depending on its electrical charge.

The position of the absorption edge of a XANES spectrum thus gives information on the
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degree of oxidation-reduction within the probed material. Indeed, at these photoelectron
energies, the multiple scattering factors have a large amplitude, and on the other hand, the
mean free path of the electron is much larger than the inter-atomic distance, which increases
the probability of the electron scattering by several atoms before returning to the absorbing
atom [45].
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Figure 1.24: (a) Single scattering and (b) Multiple scattering.

EXAFS region

This domain corresponds to a range in energy above the ionization energy, i.e. an energy
sufficient to extract an electron from a core level to the continuum of electronic states. Here,
contrary to the XANES part, the average free path in the medium is significant. The kinetic
energy of the photoelectron is £, = F — Ej, where E is the energy of the incident photon
and FEj is the ionization energy (absorption edge). In this region the absorption coefficient
exhibits oscillations that contain structural information about the local arrangement of the
absorbing atom. The theory of EXAFS oscillations is based on the duality of wave-corpuscle.
Indeed, the photoelectron emitted by the central atom can be considered either as a corpuscle

excited from a core level or as a spherical wave propagating in the material.

1.5.3 Formalism of XANES spectroscopy

By scanning the energy of the photons through a tunable source, the various empty levels of
the system will be probed, these transitions are governed by the transition probability. This
probability of transition from an initial state < ¢ | to a final state | f > at the K-edge of all

elements is given by the Fermi golden rule [46]:

2T )
Py=" 1< IV ]i > py() (1.50)

where ps(E) is the density of final states, and V' is a time-dependent perturbative term.
Within the electrical dipole selection rules and the spherical wave approximations, the
expression of the Fermi golden rule is given by:

_>

2 —
Py = (E2.n%e .N/h.m*w?).(€.p

TN.(€.p (1.51)

where Fj is the electric field amplitude, w the wave number of the electromagnetic field,

N the atomic density of carbon atoms and e, h, m have the usual physical meanings. Vectors
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¢ and P are the unit vector of the electric field and the momentum operator which points

in the direction of the final state 7*.

1.5.4 Full calculation of the angular dependence of the absorption
intensity in the case of carbon nanotubes and carbon nan-

ofibers grown on a flat surface within a geometrical model

We will calculate the last term in the case of carbon nanotubes grown on a flat surface (Figure
1.25). We neglect the contribution of the capped carbons on top of the carbon nanostructures.
Let us consider the more general case of carbon nanofibers where the graphitic basal planes
(in red) are oriented with a conical polar angle 7 relative to the fiber axis AA’. In the case
of a carbon nanotube, v = 0°, the graphitic basal planes being parallel to the fiber axis AA’
[47]. In the case of a carbon nanofiber with a herringbone organization, v > 0. The angle
with the 7- bond direction 8, that means angle (8, AA ) is then (3 — ) whereas the angle
with the o- bond in the graphitic base plane or shell is 7v. The XAS signal is integrated over
all the m- orbitals along the ¢ azimuthal angle around the axis of the carbon nanostructure.
Now these nanofibers are grown on a flat substrate like SiO5/Si (100) with a random polar
angle # relative to the normale axis ZZ’ to the substrate, meaning that angle 6 = (ﬂ , ﬁ ).
With a random orientation normal to the surface, § = 0". When the tubes are lying within
the substrate, § = 7/2 rads.

Finally the light impinges the surface at an incidence angle « relative to the (X,Y) plane of
the substrate (relative to Z—>Z’ axis) with a Poynting polarisation vector ? in the z direction
and the electric vector B is within the plane (z, y, 0 ) of the triedre (z,y, z), with an angle
[ relative to an horizontal orientation of the electric field in the propagating light, which is

generally encountered in synchrotron light.
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Figure 1.25: Geometrical model of the light irradiation of carbon nanotubes of mean orient-
ation (Left) and high orientation (Right) on a flat surface [47].
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Thus g = (ﬁ, a_; ) = (?, a, ). Thus with 8 = 0° the light is linearly polarized while
with 3 = 45 the light is circularly polarized. Assuming a general elliptic polarization of the
light 0° < B < 45 the intensity of the absorption with transition to 7* states of the carbon

nanostructures can be expressed by integrating over all azimuthal angles ¢ [47]:

0
s

NI
Iﬁ<a767776) =

{00529 [(1 = 3sin®y)(1 — 3cos®Beos’a)] + (1 + cos*Beos’a)+  (1.52)

+sin®y(1 — 300525003204)}

where N is the atomic density of carbon atoms and I? is a maximum experimental value of
7" intensity.

Whereas the intensity of the transition to o* states, I,(«, 3,7,0) can be expressed by
changing v by v + 7/2 and multiplying by 3 since there are 3 o- orbitals for each 7 symmetry
orbital. The result is then:

3

[U(Oé7ﬁ777 9) = 5 [1 - Iﬂ‘(a7 5777 9)] (153)

Case of carbon nanofibers (CNFs)

In the case of a linearly polarized light with 3 = 0", the expressions (1.52) and (1.53)

reduce to

NI?
I (a,0,7,0) = 4" {cos?0 [(1 — 3sin®y)(1 — 3cos’a)] + (1 + cos’a) + sin®y(1 — 3cos’a) }

(1.54)
and the same as (1.53) for I,(«,0,7,0),
3

I,(a,0,7,0) = 5 11— I:(a,0,7,0)] (1.55)

In the case of a circularly polarized light, § = 7

NI? 1
I (a, %,’y, 0) = 4” {00820 {(1 — 3sin*y)(1 — 2608204)] +(1+ §cos2oz) + sin®y(1 — 2003204)}
(1.56)
L(a, T f))—§[1—1(aI 9)] (1.57)
o ) 4 ) ,}/7 - 2 ™ ) 4 ) 77 .

Case of carbon nanotubes (7 =0")

= Linearly polarized light (8 = 0)
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a) Normal orientation (# =0); 3 =0, v=0

NIY
I:(a,0,0,0) = 2” [1 — cos’al (1.58)
3
I,(,0,0,0) = 3 [1— I:(a,0,0,0)] (1.59)

NI?
Iﬁ(a,0,0,g): 4W[1+00520¢} (1.60)
I(aOOz)—§[1—I(QOOZ)} (1.61)
(o » 72 _2 ™ ) 72 .

= Circularly polarized light (5 = %)

a) Normal orientation (§ =0"); =%,y =0

NIV
]ﬂ(a,E,O,O): 2” [1— cos’al (1.62)
I( 7T()O)—g[1—1( 7TOO)} (1.63)
(o ()é,4, ) - 2 ™ 0674, ’ :
b) Parallel orientation (0 = 7); 5 =0,y = 0
T om NI? 1,
I (a, Z’O’E) =~ [1 - 5C0s a} (1.64)
I 7T07T)—?’[1—1( 7To”)} (1.65)
00[,4,,2—2 Wa74774 .

1.6 States of art

In recent years, nanomaterials have aroused growing interest in improving the sensitivity,
selectivity and stability of sensors. These sensors are able to integrate a wide variety of
materials such as polymers, composites, semiconductors and carbon nanotubes to detect
different contaminants. In this context, carbon nanotubes are nanomaterials that have many
advantages thanks in particular to their exceptional intrinsic properties with mechanical
resistance, electrical conductivity or even excellent thermal conductivity [48,49]. Research
on carbon nanotubes and important advances in chemistry have naturally led to combining
the two systems to form innovative materials based on carbon nanotubes. Researchers are
developing new sensing technologies that combine microfabrication and nanofabrication to

create small, portable, high-precision sensors that can detect alkali metals and biochemical
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substances in water. Noted that, Copper who is generally used in applications where high
conductivity is required, but it does not retain its apparent conductivity at the dimension
scale nanoscale [50]. Work done by Naeemi et al.[51] showed that the electrical conductivity of
CNTs becomes greater than that of copper (at equivalent diameter), for lengths greater than
10 pm. They really concludes that the electrical conductivity of carbon nanotubes increases
with the length of the nanotube, while the conductivity of a copper wire does not increase with
the length, but with its diameter. This is due to their one-dimensional electronic structure
of CNTs, and whose electronic transport is said to be ballistic [52]. According to these
authors, the electron crosses the CNTs (along the axis) without undergoing collisions and
without dissipating energy. Theoretically, taking into account ballistic transport, a nanotube
would have a minimum resistance of 4—2”2 or 6.5 k2 (h: Planck’s constant, e: charge of an
electron), independently of its length [53|. These properties make CNTs promising candidates
for the fields of all-optical sensing [48], infrared photodetectors [54], photovoltaic cells [55].
Normally, as-received nanotubes contain few heteroatom functional groups. Adsorption is a
very general phenomenon that can be described as the accumulation of a substance occurring
at the interface between two phases, most often between a solid and a liquid. The solid is
then called adsorbent and the element in the liquid, likely to be retained on the surface of
the solid is the adsorbate. The term adsorption has been proposed to indicate that it is a
localized phenomenon on a surface and should not be confused with the word absorption
which corresponds to the accumulation of a substance in the mass of the solid. A molecule
will be adsorbed differently according to the geometry on the surface of the adsorbent. From
the point of view of adsorption, the geometrical parameter will affect the cross section of the
molecule, which corresponds to the average area occupied by an adsorbed molecule expressed
in mm?. Functionalities affect the electronic properties of CN'Ts by disrupting the graphitic-
like sp? network of carbon in the SWCNTs. This disruption produces local sp? defects which
can introduce an impurity state near the Fermi level [58| and perturb the electronic spectra of
these materials [56]. Goldoni and coworkers showed that gas molecules could directly affect
the nanotube properties via physisorption or chemisorption, but they could also have an
indirect effect by interacting with contaminants bonded to the nanotubes [57|. Jijun et al.[58]
studied various gas molecules (NOy, Oy, NH3, No, CO,y, CHy, HyO, Hy, Ar) on SWCNTs and
bundles using first principles methods. They found that, most molecules can be either charge
donors or acceptors to the nanotubes. Charge transfer and gas-induced charge fluctuation
might significantly affect the transport properties of SWCNTs. The performance of SWCNTs
as adsorbents [59], catalysts [60] and sensors [61] depends on understanding and controlling
surface functionalities. The adsorption of heavy metals by nanotubes has been studied by Li
group [62,63]. They found that nanotubes show exceptional adsorption capability and high
adsorption efficiency for lead removal from water. The adsorption is significantly influenced
by the pH value of the solution and the nanotube surface status.

Groundwater moving through sedimentary rocks and soils may pick up a wide range

of compounds, such as potassium, magnesium, calcium, and chloride, arsenate, fluoride,
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nitrate, and iron; thus, the effect of these natural contaminations depends on their types and
concentrations. Potassium is the fourth most abundant element in seawater. With 0.399
g/L concentration, it is next to Na™, Ca?*, and Mg?** |64]. Potassium is a crucial fertilizer
component, the demand of which is ever increasing for reaching the food supply [65,66]. It
increases productivity and enhances resistive power in plants toward adverse effect of pests
and environment. Human beings and animals acquire this element from plants, which in
turn acquire it from soil. Soil should be fortified with potassium as a source to all members
of the food chain [67]. Efforts are being made for the recovery of K™ from water. Reverse
osmosis (RO) and electrodialysis (ED) are the two most important membrane technologies
for water desalination and treatment [68]. A brief schematic of both methods is presented
in Figure 1.26. Water treatment generally refers to the removal of contaminants other than
salts, such as organic micropollutants (OMPs), whereas desalination and deionization refer to
the removal of salts, thus of ions. RO is a method that uses pressure to drive water through
a membrane, retaining on the retentate side most of the ions and other solutes, producing

freshwater on the permeate side.

electrical current
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Figure 1.26: Overview of reverse osmosis (RO) and electrodialysis (ED). (A) In RO, pressure
is applied to drive water through a membrane, retaining on the retentate side most of the
solutes. (B) In ED, electrical current runs across channels and membranes, generated in
electrodes placed at both ends of a stack that holds many cell pairs [69].

m Reverse osmosis Electrodlalysm

Nanofiltration (NF) is a companion technology of RO that uses lower pressures, and mem-
branes with larger pore sizes than in RO [70]. In NF, the retention of monovalent ions is much
lower than of divalent ions and thus divalent ions can be selectively removed. In ED, water
flows through thin channels next to ion-exchange membranes (IEMs) and an applied current
pulls the ions from one set of channels through the IEMs to other channels. Though ED and
RO are very different methods and use distinctly different physical mechanisms. Reverse os-
mosis (RO) is a process to remove solutes from water by pushing water through a membrane
which largely blocks passage for solutes. This is the general mechanism of all pressure-driven
membrane processes, but for water desalination the size of the pores (free volume) in the
membrane must be very small, typically well below 1 nm in the selective toplayer of an RO
membrane. As part of our research, we will focus on CNTs given their remarkable potential
according to the developers of the purification membranes and water desalination. Thus,
Kar et al.|71] claim that the properties offered by the different types of CNTs will help to
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manufacture new generations of high-flux membranes, ensuring high selectivity. Therefore,
compared to conventional reverse osmosis and nanofiltration membranes, the smooth and hy-
drophobic wall of CN'Ts as well as diameter and close alignment of CN'Ts, are two important
factors that would facilitate the rapid and frictionless circulation of water molecules [72].
The electronic structure of potassium-doped carbon nanotube bundle has been studied
by Miyake et al.[73] using density-functional theory. It is found that the effect of adsorption
is not simple charge-transfer. The nearly free electron state couples with the potassium 4s
state, and the hybridized state is pulled down to the Fermi level (Figure 1.27). The impurity
is a serious obstacle to the characterization of the carbon nanotubes properties due to the

interference of impurities and nanotubes.
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Figure 1.27: Band structures of (a) pristine, and (b) potassium-doped (12,0) carbon nanotube
bundle [73].

The first objective of this work is to characterize the surface and study the effects induced
by adsorbates on the electrical and conduction properties of Multi-Walled Carbon Nanotubes
(MWCNTs). The second objective is to capture potassium (K) in an aqueous solution using
SWCNTs for the application in water treatment and biosensors.

To date, various models have been applied to describe the adsorption of organic mo-
lecules on CNTs in aqueous phases, such as Freundlich 74|, Langmuir 75|, BET [76], and
Polanyi-Manes models [77]. Several methods have been applied to detect and quantify func-
tional groups on carbon surfaces [78|. Infrared spectroscopy (IR) [79], X-ray photoelectron
spectroscopy (XPS) [79], thermal desorption spectroscopy (TPD)[80], elemental analysis [80]
and Boehm titration [79] are the most frequently used methods. Although the Boehm titra-
tion is a valuable technique, it is limited to special functional groups [78]. TPD does not
provide detailed information about the type of functionality as it only probes the products
of their decomposition. Quantitative analysis of XPS and IR is not straightforward [78§|.
In the time-consuming titration [81], the difficulty resides in assigning the peaks, and the

influence of experimental parameters (such as the heating rate in TPD) highlight the need
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for new methods. Identification and quantification of those functional groups have become
key issues for the field of CNTs materials topic. Scientists try to develop new methods as
Scanning electron microscopy (SEM) [82] and transmission electron microscopy (TEM) [83]
which are both qualitative methods to detect functional groups more effectively. We have
also, potentiometric titration [84] which determines the acidic and basic properties of ad-
sorbents and the nature of their functional groups. FTIR determine the presence of certain
chemical functions via the absorption of vibrations characteristic of chemical bonds. XANES
technique is a powerful tool, it is sensitive to the chemical adsorption, impurities, and orbital
rehybridization [85]. Novel monitoring technologies and devices are needed for pollutants
and microbial detection. Protection of human health and ecosystem requires rapid, precise

sensors capable of detecting pollutants at the molecular level.

1.6.1 Functionalization of carbon nanotubes

We will focus on techniques used to functionalize carbon nanotubes. The chemical function-
alization of carbon nanotubes has aroused great interest since the beginning of their use, in
particular in order to be able to solubilize them and/or couple them to molecules of biolo-
gical interest. Many functionalization methods have been developed. This part presents the
outline of the different types of functionalization that are used today. They can be classified

into four major categories described in the (Figure 1.28).

Figure 1.28: Diagram describing the different ways of functionalizing carbon nanotubes [86].

a) Covalent functionalization

This is the creation of a covalent chemical bond between the network of the nanotube and the
molecule that we want to graft onto its surface. This link can be created first by fluorination

of carbon nanotubes [86]. The main advantage of the fluorination of nanotubes is that the
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fluorine atoms can then be easily substituted by reaction with various classes of compounds
[86]. Thus, the fluorinated nanotubes constitute a basic material to then easily adapt the
desired derivatization of the nanotubes. Finally, it can be noted that the covalent function-
alization of the tubes achieved by this route is reversible 87| by heating the functionalized
tubes in air. This reversibility makes it possible in particular to determine the degree of
functionalization by thermogravimetric analysis (TGA). The covalent functionalization can

finally be carried out by the addition of radicals.

b) The use of defects present on the surface of nanotubes for functionalization

Despite their high resistance to oxidation, the nanotubes present in the treated sample are
also partially oxidized by exposure to acid. Thus are generated on the surface of the tubes
and particularly at the level of the ends (rich in defective zones) oxygenated functions. Insofar
as the tubular structure is preserved despite these network alterations, the creation of these
anchor points on the surface of the tubes was used for their functionalization. This last
type of functionalization with biological molecules makes it possible to envisage the design

of sensors.

c) Non-covalent functionalization

These are interactions between molecules and carbon nanotubes without formation of cova-
lent bonds. The first type of non-covalent functionalization concerns the interaction of carbon
nanotubes with polymers. Certain polymers have a favored interaction with the tubes; these
are semi-conjugated polymers which spontaneously organize themselves into a helix whose
pitch is compatible with the diameter nanotubes. A second category of non-covalent interac-
tions concerns molecules of interest biological as proteins [88]. The third category corresponds
to the non-covalent interaction that exists between the graphitic network of carbon nanotubes

and the aromatic and polyaromatic molecules, called aromatic stacking or m-stacking.

d) Endohedral functionalization

This involves the encapsulation of molecules or crystals inside carbon nanotubes. Two major
classes can be cited; on the one hand, the encapsulation of fullerenes and the consequent

formation of peapods [89] and on the other hand the encapsulation of biological molecules.

1.6.2 Toxicity of carbon nanotubes

The applications and industrial production of CNTs are constantly growing. The con-
sequences of their production, their use, as well as their impact on human health and the
environment must be assessed. The history of health, technological and environmental risks

shows that their management a posteriori refers to the importance of risk assessment as early
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as possible. It is therefore a question of identifying the technological, economic and social is-
sues associated with the development of these technologies while evaluating a priori the risks
generated by their production, their uses and their applications. The three most common
routes of exposure are: the respiratory tract (airborne particles), the dermal route (contact)
and the digestive tract (although inhalation and ingestion are partially mechanically linked).
Several in vitro studies [90] have shown that carbon nanotubes would be able to cross the cell
membrane to enter the cell, accumulate there and cause cytotoxicity. On this last point, Jia
et al.|90] have sought to compare the toxicity of different carbon nanostructures: fullerenes
(Ce0), SWCNTs and MWCNTs. First of all, they note that the fullerenes do not cause any
inflammation of the cells, unlike carbon nanotubes, for which it would seem that at equal
mass concentration, SWCNTs are more cytotoxic. However, the toxicological properties of
carbon nanotubes are directly correlated to their physico-chemical characteristics [91]. On
the one hand, catalytic residues (metallic nanoparticles) can also be toxic to the body. In-
deed, iron residues can lead to formation of free radicals (OH") and thus damage proteins,
lipids and genetic material contained in the cells. Cobalt residues can also lead to defects
in the chromosomes [92]. On the other hand, the tendency of CNTs to agglomerate, due
to their composition and their structure, in aqueous and therefore biological media, could
quickly become problematic, making their elimination difficult. The chemical modification of
the walls of CNTs (type and rate of functionalization) can strongly influence their potential
toxicity 93], the walls being what is directly in contact with the environment. They are the
ones who go condition the integration of CN'Ts in biological media and interactions with cells
and tissues. In general, the more CNTs have a functionalization rate high, the more they are
dispersed and individualized in solution and the more easily they are eliminated through the
kidneys [94]. Conversely, CNTs with no or little functionalization tend to form aggregates
which then accumulate in the organs (liver, spleen, lungs) [95]. Furthermore, it was also
shown that the diameter and the length of the CN'Ts had influence on their toxicity. Indeed,
the longer the CNTs are, the more the responses are important [95]. In terms of diameter,
SWNTs cause more toxic effects than DWCNTs [93] and MWCNTs [90]. The functionaliza-
tion of the CN'Ts therefore plays a crucial role in the toxicity of the CNTs: first, it is essential
in order to best eliminate all the residual metallic nanoparticles which can lead to a loss of
the integrity of the genetic information, and second, it makes it possible to individualize and

to shorten the CNTs thus able it possible to eliminate them more easily.

Conclusion

In this first chapter, we have presented the versatility of carbon by its different allotropic
forms. It appears from this that, there are two different forms of carbon nanotubes. The first
forms are related to graphite, diamond and amorphous carbons. The second are new forms
(nanostructures of carbon) such as: fullerenes, graphene and carbon nanotubes. Adsorp-

tion of the molecules and functionalization of covalent sidewall onto carbon nanotube (CNT)
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constitute another method of doping CNT nanomaterial. The main interactions between
carbon nanotubes and adsorbate molecules are Van der Waals, hydrophobic, -7 interaction,
and, in special cases, also H-bonding. XANES spectroscopy gives a relationship between the
curvature, the carbon atoms hybridization and the sidewall adsorption of contaminants on
carbon nanostructures. The use of tools such as microscopy methods and X-ray absorption
spectroscopy for characterization can give informations on the electronic structure of the
carbon nanotube materials. The key point to realize these applications remains the charac-
terization. Thus, the second part will consist in exploring the structure of the matter with

experimental and synthesis techniques. This is the subject of the next chapter.
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CHAPTER I

EXPERIMENTAL TECHNIQUES AND
METHODS

Introduction

Obtaining materials with new and predictable properties requires an increasingly precise
knowledge of their electronic structure. Many techniques allow to characterize carbon nan-
otubes and to highlight processes such as adsorption and desorption of molecules, atoms or
radicals on their surfaces. In reality, in a crystalline solid, even at zero temperature, each
atom oscillates around an equilibrium position and oscillates more when the temperature of
the system is high. It is through this mechanism of perturbation that the carriers exchange
energy with the system. In the following, we will describes the synthesis methods of carbon
nanotubes, the principle of the microscopic characterization techniques and the experimental
conditions used in each. Thus, Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Absorption
Near Edge Structure (XANES) will be presented. These complementary techniques will al-
low us to have the maximum information on the various involved processes. Synchrotron

radiation proving to be a powerful tool for surface studies will be exploited for that purpose.

2.1 Theoretical model to describe the CNT growth mech-

anism

To express the theory of CNT growth by CVD, we use a model based on phonon vibration
[96]. According to this model, CNT growth occurs through nanotube vibration on the cata-
lyst particle and addition of a new carbon atom to the nanotube structure. In the CNT
growth by CCVD, catalyst particles are produced on a suitable substrate. After making the
appropriate temperature conditions in the growth chamber, the carbon feedstock is flowed
into the chamber. The feedstock molecules are adsorbed on catalyst surface and decomposed
to carbon and hydrogen molecules (Figure 2.1(a)) The carbon atoms diffuse in the catalyst
particle and place in the nanotube growth area on the catalyst surface (Figure 2.1(b)). After

a while of growth process, a carbon layer is formed on the surface of catalyst particle and
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prevents feedstock molecules contact to the catalyst surface, so that actually stops the growth

process (Figure 2.1(c)).

(c)

Figure 2.1: Schematic diagram of CNT growth by CCVD. (a) Surface adsorption of CoHy
feedstock molecules on catalyst and carbon production. (b) Diffusion of produced carbon
atoms to form the nanotube. (c) Formation a carbon layer on catalyst surface (showed by
red line), that stops the growth process [97].

The interaction between CN'T and its catalyst is provided by Van der Waals force. When
the van der Waals force minimizes, a carbon may place between the catalyst and tube. It
should be emphasized that for an optimized growth mechanism, the phonon vibration amp-
litude (catalyst-tube distance) must be equal to a carbon atom diameter. If the vibration
amplitude reduces or increases from a carbon atom diameter, the optimized growth will be
perturbed. The phonon vibration amplitude is affected by temperature, so the optimized
growth will be obtained at a specific temperature. It is common to simulate phonon vibra-
tion by a spring. In this system, longitudinal vibrations play principle role and transversal
vibrations do not have any contribution in the growth. The equivalent spring between two
loops is shown in (Figure 2.3). It should be emphasized that all forces between two loops are
in the same direction and the net force is —nkz, where n is the number of carbon atoms in
one loop. The equivalent spring coefficient is considered K = nk. Also this equivalent form,
for N(t) loops of the CNT, is shown in (Figure 2.3(a)), where M is the mass of one loop,
M = nm., and m, is the mass of one carbon atom. It is possible to simplify the equivalent
form in (Figure 2.3(a)); as shown in (Figure 2.3(b)). In this illustration My is the total mass
of carbon nanotube, [(t) is the length of the growing nanotube and Kr is the total spring
coefficient [89]: My = N(t)M; Ky = N(t)K and I(t) = N(t)l = N(t)l..

By considering these circumstances the Hamiltonian of the system could be written like
[98]:

p? P? P?

H= o t o +V(z) ~ onr T V(z) (2.1)
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ad

Figure 2.2: Schematic illustration of two carbons loops and its equivalent form [98|.

The thermal energy of the system for one degree of freedom is %k gT. It is divided between
kinetic and potential part of the Hamiltonian. It is possible to simplify the equivalent form
in (Figure 2.3(a)); as shown in (Figure 2.3(b)).

a b
K
L i i)
I [
K
Catalyst Catalyst

Figure 2.3: Schematic illustration of carbon nanotube growth system: (a) loop equivalent
form; (b) growth equivalent form [98].

1 1 — 1 /
where [ is the unequilibrium length of the spring between the carbon and catalyst and I’ is
the unequilibrium length of the equivalent spring in the (Figure 2.3). If the potential energy
maximizes, damping due to atmosphere and any other loss in the system are considered. The

CNT growth equation as a function of time will be [98]:

‘ kpTl5
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n
It is possible to investigate the growth behavior for tubes of different diameters [98]:
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[1(H)e]” + [1(H)e]" - =0 (2.4)
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As it is observed in (Figure 2.4), for the large diameter sized tubes, growth curve saturates
more rapidly than small sized ones. This fact is due to the reduction of the phonon vibrations
by increasing the inertia of the CNT. In this system, longitudinal vibrations play principle
role and transversal vibrations do not have any contribution in the growth. The interaction
between CNT and its catalyst is provided by van der Waals force. Due to this interaction,
the CNT vibrates with a definite frequency. When the van der Waals force minimizes, a

carbon may place between the catalyst and tube.

100 < e
.-—""..-'----
80 - e
" TR
__// e
g 5 7
E FA =
- TR
40 I.l' £ e
III_,'-
1
20 4%
0 v T T T v T . T v T
0 20 40 60 80 100

t min

Figure 2.4: CNT length as a function of growth duration at 700°C for tubes of different
diameters [98].

2.1.1 Comparison Between Catalysts

Time dependence curves of nanotube length for these catalysts are shown in Figure 2.5. A
Comparison between these results shows that the carbon production performance of nickel is
better than that of cobalt, and as well as the cobalt performance is better than that of iron.
Diagrams of thermal dependence of nanotube length for three desired catalysts are shown
in Figure 2.5. Different substrates have different Van der Waals coefficients. Changing the
substrate alters the phonon vibration amplitude and affects the growth mechanism. So the
optimized temperature must be changed to obtain the carbon atom diameter sized phonon
vibration amplitude (carbon atom diameter sized catalyst-tube distance). Also different
substrates may change the CNT diameter and as it was shown in (Figure 2.6), changing the

CNT diameter affects directly the growth mechanism.
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Figure 2.5: Time dependence curves of nanotube length for desired catalysts. Blue: iron
(Fe); green: cobalt (Co); red: nickel (Ni) [97].
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Figure 2.6: Thermal dependence of nanotube length for desired catalysts. Blue: iron (Fe);
green: cobalt (Co); red: nickel (Ni) [97].

2.1.2 Effect of Feedstock Flow Rate on Nanotube Growth

Flow rate of feedstock indicates the availability of carbon, so changing this parameter leads to
change in nanotube growth. Both the chemical composition (type) and flow rate of feedstock
are effective in the nanotube growth process. Here the theoretical results for comparing
different carbon feedstocks are presented. The results show that among the four types of the
feedstock, acetylene has the best efficiency, which compared to ethylene (in second place)
has a much better performance. After ethylene, methane and ethane are located, by less

difference. Methane and ethane have almost the same performance.
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Figure 2.7: Thermal dependence of nanotube length for desired catalysts. Blue: iron (Fe);
green: cobalt (Co); red: nickel (Ni) [97].

2.2 Synthesis methods of Carbon Nanotubes

The different methods of synthesis of carbon nanotubes fall into two main categories: high
temperature (Electric Arc, Laser Ablation and solar vaporization) and low temperature meth-
ods (CVD: Chemical Vapor Deposition). The Electric Arc, Laser Ablation and CVD meth-
ods are the most widely used because they allow the production of large quantities and good

quality of carbon nanotubes.

2.2.1 High Temperature Synthesis

This first family is based on the sublimation of carbon in an inert atmosphere. These tech-
niques require that the temperature of the target be at least 3000 C for the carbon to
vaporize, the energy being supplied by Joule effect or laser irradiation. When metallic cata-
lysts are used, they are vaporized at the same time as the carbon. The nanoparticles are

then formed by condensation of the metal atoms in the zones of lower temperature.

a) Electric Arc

The electric arc method was introduced in the early 1960s to produce carbon fibers and was
then used for the production of fullerenes, before allowing the synthesis of carbon nanotubes.
It consists in establishing a strong electric discharge between two electrodes. In a reactor,
the arc is generated under an inert helium atmosphere between the two electrodes [99]. The
cathode consists of a fixed graphite bar cooled with water, while the anode, also consisting of

a graphite bar, is mobile on a translation axis (Figure 2.8). The arc is created by progressively
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approaching the anode to the cathode until the distance between the two is small enough to
allow a high current of 100 A to flow. A voltage of 30 V between the electrodes is maintained
by continuously moving the anode towards the cathode in order to keep a constant distance
between the two during synthesis. The temperature in the inter-electrode area causes the
carbon to sublimate and the positive electrode (the anode) is consumed. Synthesis times
are typically 2 minutes. The main advantage of the electric arc is that it is a simple and
inexpensive technique for the fabrication of fullerenes, single and multi-leaf nanotubes. It
allows to produce nanotubes of very good structural quality. Nevertheless, the very high
temperatures generated during the synthesis prevent any possibility of direct growth on

lithographed substrates for electronic applications.

Water-cooled

VQ?””‘ system
|1
0 Mobile rod -
Cathode
A
1 | I
Inert gas
L
Generator

Figure 2.8: Schematic representation of an electric arc reactor [100].

b) Laser Ablation

Laser ablation (Figure 2.9) was historically the first technique allowing the synthesis of
fullerenes. It is based on the evaporation of a graphite target by a laser beam. The tar-
get is placed in an oven whose temperature is maintained fixed during the experiment. The
products are driven by a flow of neutral gases towards a cooled zone where they are collected.
The MWCNTs obtained are relatively short (300 nm in length) compared to those obtained
by the electric arc. This technique is generally used for the synthesis of SWCNT when the
target is impregnated with a small quantity of catalysts (transition metals). The tubes ob-
tained form bundles which diameter 5 to 20 nm, contained between 100 and 500 tubes. This
technique has the advantage of producing large quantities of nanotubes of regular structure

and well crystallized, but it is very expensive and the products are not really pure.
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Figure 2.9: Schematic representation of the laser ablation method [100].

The parameters influencing this production method are essentially the nature of the sub-
strate, the size of the catalytic particles or the reaction time. Thus, the diameter (the number
of concentric layers for MWCNTs) and the length of nanotubes can be adjusted by changing
the nature of the catalytic particles or the reaction time. This technique allows the production

of single and multi-layered carbon nanotubes.

2.2.2 Low Temperature Synthesis of CNTs by CVD

Most synthetic CVD techniques use as a source carbon and different hydrocarbon gases such
as methane (CHy), acetylene (CyHy), for the production of single or multi-walled carbon
nanotubes. The growth takes place by the decomposition of the hydrocarbons on the surface
of the catalytic nanoparticles made of transition metals like cobalt (Co), nickel (Ni) or iron
(Fe). There are several methods for synthesizing CNTs [101]. The most numerous are the
high temperature methods. These methods do not lead to the material consisting only
of CNTs. They are always mixed with amorphous carbons and catalytic metal particles,
because very high temperatures (> 1000 C) favor catalyst-substrate interactions. Under
such conditions, a purification step (oxidation) of the obtained nanotubes is necessary. The
challenge is therefore to develop synthesis methods allowing to control both quantitatively
and qualitatively the CNTs. Among these processes, the most appropriated are the Chemical
Vapor Deposition (CVD) processes on a planar substrate of SiO5/Si(100).

1) Synthesis by Plasma Enchanced CVD (PECVD)

Here, we deal in details with substrate preparation and growth of carbon nanotubes. Like
CVD from which it is derived, it is a dry deposition technique, i.e. from a gaseous phase.
Generally, the technique of chemical vapor deposition consists of activating a mixture of gas
to create reactive entities which will deposit, react and form new compounds at the surface
of a substrate. In the PECVD method [102], the chemical reaction is assisted by an electric
discharge created generally by a radio frequency electromagnetic wave (frequency of the order
of 13 Mhz) which ionizes the gases and forms a plasma (i.e. a globally neutral mixture made

up of ions and electrons). The plasma promotes the dissociation of gases and activates
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the chemical reaction in the vapor phase. In the case of ECR-PECVD reactions (ECR for
Electron Cyclotron Resonance) a microwave source (of the order of 2.4 Ghz) is injected
into the reaction chamber. The resonance is obtained when the frequency of this source
and the frequency of the electron cyclotron are equal. The energetic coupling between the
electrons of the plasma and the microwave source is then optimal, which increases the degree
of ionization of the plasma and makes it possible to carry out deposits while maintaining
the substrate at temperatures lower than (500 "C). Finally, the electrical discharge can be
initiated by coupling the CVD reactor with a DC voltage applied between the sample surface
and a counter electrode, which results in a planar plasma. The nanotubes are then oriented
using the preferred direction imposed by the plasma and straight tubes of variable length

and perpendicularity to the surface are reproducibly produced.

2) Synthesis by Hot Filament CVD (HFCVD)

The CVD method assisted by hot filament is a variant of conventional CVD. It consists of
adding a metallic filament heated to a very high temperature (2000 ‘C) in the oven which
will cause cracking of the hydrocarbon. The gas decomposes thermally in contact with the
resistively heated filament before decomposing on the substrate at room temperature. The
success of HFCVD [102] is due to the fact that the gases are very efficiently cracked into atomic
radicals on the surface of the hot filament (tungsten, or tantalum) if it is maintained at a
temperature above (1700 C). HFCVD has been used for many years to produce diamond
nanocrystal films. In the case of the growth of carbon nanotubes, a mixture of methane
(CH4) and dihydrogen (Hs) is introduced in the reactor with a ratio of 80 % of (Hs) and 20
% of (CHy). The main purpose of the hot filament is to dissociate molecular hydrogen into
atomic hydrogen. This atomic hydrogen reacts with (CHy), and deposits solid carbon on the

substrate.

3) Direct Curent Hot Filament CVD (DC-HF-CVD)

A new chemical vapor deposition method using hot filament with direct current plasma has
been designed for nucleation and subsequent growth of diamond films on Si (100). The
growth process as well as the current-voltage characteristics (I = f (V)) of DC discharge
are reported [103]. The gas-phase constituents were obtained by activating a stable glow
discharge between two gate electrodes coupled to two sets of hot parallel filaments installed
between them and biased at the corresponding plasma potential. The sample is negatively
biased by a small pull-down potential of 10 - 15 V relative to the cathode grid. Such a
design makes possible to create a high density of both ions and radicals which are extracted
and focused on the surface of the sample. The current density on the sample can be fine
tuned independently of the primary plasma. A homogeneous plasma completely covering the
surface of the sample is visualized. Consequently, a high nucleation density (> 101 cm™2)
occurs [104].
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4) Synthesis of oriented CNTs on plain SiO,/Si (100) substrates by
a catalytically enhanced CVD process (DC HF CCVD)

a) Substrate Preparation: SiO,/Si (100)

Silicon (Si) is one of the substrates that has the particularity of having a crystal structure
identical to that of diamond, with respective interatomic distances of 2.35 A" for Silicon and
1.55 A" for carbon so exhibiting a mismatch parameter. Between the closest atoms, bonds
are established, made by the atomic orbitals hybridized sp3. Similarly, between the atoms of
carbon and silicon are established covalent bonds. The substrate SiO5/Si (100) are prepared
by depositing a layer of SiOs of thickness 8 nm on a layer of Si (100) (n doped by Sb: p =3
m.Q.cm; size 8.5x6x0.245 mm?). The thickness of the SiO, layer is evaluated by recording
the ratio of the SiOy/Si at the Siy, level in XPS.

The choice of depositing a SiOy on Si (100) preceding the deposition of Co is subject to
three conditions [105]:

- Prevent interdiffusion of Si and Co to form cobalt silicides;

- Obtain the easy agglomeration or coalescence of Co atoms in the form of a fine dis-
tribution of Co islands, thanks to the large difference in surface energies between Co and
SiOs;

- To provide, however, via tunneling electron transport through the oxide layer, suitable
samples for field emission measurements, which are reported elsewhere [105].

The SiO,/Si (100) substrate is then transferred to preparation chambers under ultra-high
vacuum (base pressure of 107!% mbar) where the evaporation of Co and CNT growth are
subsequently performed. The Co (99.995 % purity) is evaporated with an OMICRON EFM3
source under a pressure of 7.1071% - 2.107% mbar on the sample heated to 925 K + 20 K for
30 minutes. But, the thickness of the SiOs layer must remain thin enough to allow electronic

emission measurements.
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Figure 2.10: Ultra-high vacuum chamber for CNT growth [106].

b) Growth of carbon nanotubes

After substrate preparation, the samples are transferred to an ultrahigh vacuum chamber
prepared for CNT growth by chemical vapor deposition (Figure 2.11). The pressure in the
ultra-high vacuum chamber is less than 10~ mbar. The gas mixture (CoHy+ Hy) and some-
times (CoHs+ Ho+ NHj) is thermally activated by hot filaments (up to a power of P = 150
W), and accelerated by polarization between an anode and a cathode (polarization voltage =
310 £ 10 V) (Bias 1). The potential (voltage) of the filaments is fixed so that the electronic
emission is compensated by the positive ions that hit the filaments. The first plasma stabil-
ized by the filament emission ensures a high concentration of both activated neutral and ionic
species (bias 2). The low extraction voltage creates a discharge plasma and allows the extrac-
tion of a controlled current density of ionic species (bias 3). The temperature is controlled
and regulated by an independent infrared heating system, installed behind the sample. A
Pt/PtRh thermocouple is in contact with the backside of the sample during the temperature
rise. This thermocouple is disconnected when the bias is activated and the contact is then
used to record the electrical current density flowing through the sample.

The different steps of preparation of the substrate and the growth of the CNTs can be

summarized on the (Figure 2.11).
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Figure 2.11: Steps of preparation and growth of the CNTs [103].

The sequences of the deposits are as follows:

- The sample is first heated under vacuum (10 K/min, 573 K, 10 min);

- It is heated to 973 K (10 K/min; 40 min) in the presence of Hy;

- Acetylene (sometimes acetylene + ammonia mixture) is introduced into the chamber;

- The plasma and the extraction discharge on the sample are adjusted to the desired
values.

The extraction current is kept constant and bias voltage varies slightly around 310 V.
The growth of the CN'Ts itself goes through a process in three steps, namely:

- An adsorption and decomposition hydrocarbon species (such as CoHy, Ho) on the reactive
facets of the catalyst particles;

- A diffusion of carbon through the metallic particle (that rises to the top of the growing
tube);

- An extrusion to obtain graphitic walls (shells).

2.3 Nucleation mechanisms

Since their discovery, a lot of theoretical work has been done to understand the growth mech-
anisms of nanotubes. Thus, the understanding of the nucleation mechanisms still remains
a real challenge in the race to produce mass of nanotubes of denial chirality. Several mod-
els have been proposed to explain the growth mechanisms of MWCNT or SWCNT with or
without the presence of catalytic particles. These models are mainly divided into two dis-
tinct areas: a phenomenological model based on Vapor-Liquid-Solid (VLS) transitions [107]

or another model based on atomic scale simulations [108]. The process of nanotube growth
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by CVD can be broadly explained as follows: there is first a decomposition and a chemical
adsorption of the carbonaceous molecules on the surface of the catalytic particle. Then the
carbon dissolves and diffuses inside the catalyst. It ends up segregating and graphitizing
parallel to the surface of the particle once it is saturated with carbon atoms. It then forms
the cap of the nanotube on the top of the catalytic particle which leads to a decrease of the
surface energy. Then, either the carbonaceous cap continues to grow and ends up covering
all the particle by deactivating it to form a carbon nanocapsule, or it is expelled from the
catalytic particle by additing carbon dimers forming the cylindrical shape of a SWCNT. In
the latter case, a second carbonaceous cap can also form under the first one before being
expelled forming the structure of a MWCNT [109].

The carbon concentration gradient between the surface and the volume of the particle
ensures the continuity of the growth process as long as the temperature and the concentration
of hydrocarbon gases are maintained at values that prevent the poisoning of the catalytic
particles [110]. The diameter of the emerging tubes is then determined by the size of the
catalytic particle which, during growth, can either be rejected at the tip of the nanotube
("top-growth") or maintained at its base by remaining attached to the substrate ("base-
growth"). Nevertheless, the synthesis of the multiple carbon forms derived from carbon
nanotubes is far from being explained by a common mechanism. Numerous models exist
nevertheless based on the one proposed by Baker in 1988 to explain the growth of carbon
nanofibers [110]. In this model, the carbon is dissolved within the catalyst and then diffuses
through the particle before being extruded. The dehydrogenation reaction being exothermic,
Baker postulates the existence of a temperature gradient within the catalyst. The extrusion of
the carbon therefore takes place in the coldest zone of the particle, where the nanofiber grows
[111]. Baker’s model has since been contradicted in some of its assumptions; the gradient
in carbon concentration seems to be preferred to the temperature gradient to explain the
driving force responsible for nanotube growth [112]. Also, many nanotubes are synthesized in
a (CH4) atmosphere which is an endothermic gas. Still, this model has laid a solid foundation
in understanding the mechanisms of nanotube nucleation and formation. For example, the
state of the catalytic particle considered as solid in this model has been experimentally verified
by HRTEM in-situ measurements [113]|. The catalyst retains its crystalline character while
being very mobile and capable of changing its morphology (elongation, shrinkage). This
catalytic state seems surprising in first approximation when one knows that CVD takes place
at temperatures of the order of 600 — 700 'C and in view of the nanometric shape of the
catalyst which could be considered as liquid. To summarize, depending on the size of the
catalyst and thus on the type of nanotube obtained (SWCNT, MWCNT) as well as on the
synthesis temperature, the microscopic mechanisms to be taken into account, in particular
carbon diffusion, are different. This leads to multiple models that are not universal but only
adapted to narrow windows of synthesis conditions. Beyond these models, two growth modes

are empirically observed, depending on the position of the catalyst at the end of the growth:

= Root-growth or Base-growth: The particle remains attached to the substrate during
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the synthesis of the carbon nanotube (Figure 2.12 (a));

= Top-growth: The particle detaches itself on the substrate during the growth of the
CNT, it is found at the end of the synthesis at the top of the nanotube (Figure 2.12

(b))-

In the literature, both modes are encountered in CVD, PECVD and HFCVD. The appearance
of one mode or the other depends essentially on the interaction between the catalyst particle
and the substrate. In the case of a silicon substrate, for example, the formation of a silicide
favors the "base-growth" mode [114]. On the contrary, when using a dielectric or refractory
material as a substrate (SiOy, TiN, Cr), the interactions are weak and the "top-growth"

mechanism is generally observed [115].
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Figure 2.12: Simplified diagram of the "Top Growth" (b) and "Root Growth" (a) models for
the formation of carbon nanotubes [111].

Moreover, it should be noted that, independently of the criteria explained above (sub-
strate/catalyst interaction), the growth of SWCNTs (and more generally of small diameter
CNTs) follows, with very rare exceptions, the "base-growth" mode [116]. At present, many
questions remain unanswered, notably in the understanding of the microscopic mechanisms
and in the search for optimal conditions leading to the formation of nanotubes of perfectly
controlled chirality. The key role played by the catalytic particle is crucial to understand the
formation of such tubes. Although it has been shown that armchair chirality nanotubes can
be the most energetically stable structures [117], no experimental protocol has been able to

systematically reproduce the formation of such tubes.
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2.4 Potentiometric Titration

This technique allows the determination of the acidic and basic properties of the adsorbents
and the nature of their functional groups. Acidic and basic sites on carbon nanotubes were
determined by the acid-base titration method proposed by Boehm. The Boehm titration
(BT) is one of few methods that enables a quantification of specific oxygen-containing surface
groups on carbon materials. It provides absolute values based on a chemical reaction. The
acid sites were neutralized with a 0.1 N NaOH solution and the basic sites with a 0.1 N
HCI solution. The acidic and basic sites were determined by adding 50 mL of 0.1 N titrating
solution and 0.01 g of SWCNTs to a 50 mL volumetric flask. The flask was partially immersed
in a constant temperature water bath set at 298 K, and it was left there for 5 days. The
flask was agitated manually twice a day. Afterward, a sample of 10 mL was taken and
titrated with 0.1 N HCI or NaOH solution. The titration was carried out by triplicate using
a potentiometer, Orion, model EA940.

Figure 2.13: Potentiometer, Orion, model EA940.

Batch equilibrium method for determination of the point of zero charge (PZC)

Accordingly, the samples of SWCNTs (0.01 g) were shaken in PVC vials, for 24 h, with 40
ml of 0.01 or 0.1 mol/dm® KNOj , at different pH values. Initial pH values were obtained
by adding an amount of KOH or HNOj solution (0.1 mol/dm?), keeping the ionic strength
constant. The amount of H™ or OH™ ions adsorbed by SWCNTs was calculated from the
difference between the initial and the final concentration of H™ or OH™ ions. Surface charge
densities of SWCNTs, in aqueous solutions of KNOg3, were determined by potentiometric
titration. The titration started from pH corresponding to PZC of SWCNTs. Two runs were
carried out: (a) in the presence of SWCNTs (0.01 g of SWCNTSs into 200 ml of 0.001, 0.01
or 0.1 mol/dm® KNOj ), (b) in the same electrolyte in the absence of SWCNTs (blank).
A 0.1 mol/dm solution of HNO3 or NaOH was used as a titrant in the pH range below or
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above that of PZC, respectively. A dose of titrant, 0.05 - 0.5 ml, dependent on the solution
pH and the electrolyte concentration, was added successively every 10 min. During the
titration, solutions were stirred with a magnetic stirrer and purified N was bubbled through
the system, preventing any CO, or O, adsorption from the air. Experiments were carried
out at 298 4+ 0.2 K. The difference in acid or base quantities, used to reach the same pH in
solutions with SWCN'Ts and the blank, was taken to represent the association or dissociation
of H' ions from SWCNTs surface. Experimental results of the pH determination are PZC
illustrated in (Figure 3.1). They are given as pH values of filtered solutions after equilibration
(pH ) with SWCNTs as a function f of initial pH values (pH ) of solution.

2.5 Batch adsorption experiments

Single-walled carbon nanotubes grown by the chemical vapor deposition (CVD) method were
purchased from Sigma-Aldrich and used for batch adsorption experiments. The character-
istics given by de supplier are carbon content (> 85 %), carbon nanotubes (> 75 % + /-5
%), diameter (1.4 +/- 0.1 nm) length (> 5 mm) and specific surface area (450 — 550 m?/g).
Reagent grade (> 98 %) potassium nitrate (KNOj3) was supplied by CTR (in Mexico) and
also used for the adsorption experiments. Data on the adsorption balance of pollutants de-
scribed on single-walled carbon nanotubes were obtained in batch adsorbents according to
the following methodology : In 50 ml vials, an initial volume (V) of 40 ml of an initial con-
centration (Cp) of 100 mgl™" of potassium (K), was adjusted to different pH with solutions
0.01 and 0.1 N of HNO3 and NaOH. A mass (m) of 0.01 g of SWCNTs was added. Each

sample was made in triplicate.

SWCNTs

— — —= Y (—"

3 3
pH=2 pH=3 pH=5 pH=7 pH=% pH=11
Figure 2.14: Preparation of SWCNTs at different pH.

The vials were placed inside a bath at a constant temperature of 25 C for 3 days, regulat-
ing the pH and registering for a final volume (V7), until the balance was reached. After that,

the equilibrium concentration of K (Cy) was determined as well as the adsorption capacity.
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Figure 2.15: Experimental setup of the batch system [118].

The adsorption capacity (¢) was calculated by means of a mass balance according to the

following equation:

where: Cj is an initial concentration of pollutant in mgl™', C} is a final concentration
of pollutant also in mgl™!, m is a mass of adsorbent material in g, ¢ is a mass of pollutant
adsorbed per unit mass of adsorbent in mgg™', V; is an initial volume in L and V} is a final
volume in L. The surface charge and zero point charge pH (pHzpc) were evaluated using a

potentiometric titration method proposed by Castillo et al.[119].

2.6 Electron Microscopy

Electron microscopy is an essential tool for characterizing any nanomaterial since it allows
direct observation of size, shape and structure. The local structure of the carbon nano-
structures (CNSs) can be investigated at the nanometer level by TEM (Tramission Electron
Microscopy) and SEM (Scanning Electron Microscopy). TEM and SEM use electron beam,
the electrons from the primary beam are scattered in the material and, before being absorbed,

they spread in a region called the volume of primary excitation (Figure 2.16).
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Figure 2.16: Schematic drawing of possible signals created when an incident electron beam
interacts with a solid sample.

The characteristic length of this region depends on the material density and on the primary
electron energy but is in the order of some microns. The electron-matter interaction in this
volume causes the emission of several different signals and several information can thus be
obtained by detecting different signals (Figure 2.16). In particular:

- In the primary region Secondary Electrons (SE) are emitted by ionization of atoms in
the specimen by the primary beam. The secondary electrons have a small energy thus their
absorption length is in the order of some nanometers the exact value depends on specimen
density and incident beam energy. As a consequence only the secondary electrons emitted
in the upper part of the excitation volume get off the specimen to be collected by the SE
detector. The detection of secondary electrons can be used to obtain information on a layer
with a thickness of some nanometers located just below the surface of the specimen. SE
electrons are generally used to obtain 3D information on the specimen surfaces because their
emission intensity is proportional to the cosinus of the angle between the surface normal and
the SE detector. This is the same dependence followed by the intensity of light reflected by
a surface, which depends on the angle between the reflecting surface and the optical detector
(or the eye of the observer). The obtained image can thus be used to visualize the surface
reliefs by just looking at the image as we would look at a 3D object illuminated by light.
More sophisticated techniques can be used to obtain additional information on the surface
(composition, electric potential ...) by using the SE signal.

- Back-scattered Electrons (BSE) can also be collected using a specic detector. Since
they have larger energy than SE, BSE are originated from deeper regions of the interaction
volumes (characteristic lengths of the order of 10 to 100 nm). Since they come from regions

farther away form primary electron beam, BSE imaging has lesser resolution than SE imaging.
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On the other hand, since the intensity of back-scattering strongly depends on the local
specimen density, it can be used to obtain direct information on the specimen composition.
As a rule of thumb it can be considered that high density regions in the specimen correspond
to brighter regions in the BSE image. This is only applicable to the specimens since on
irregular surfaces some region of specimen can be located between the emission point and
the detector. This shadowing effects, together with a careful design of the detector can be
used to obtain topographic contrast with BSE.

- Electrons from the primary beam also cause the emission of X-rays. Since the absorption
length of the emitted X-rays is of the order of some microns, the resolution of EDS techniques
in the SEM is micrometric.

In Electron microscopy, electrons are used to obtain high resolution imaging. In general,
it can be considered that the spatial resolution 0 of a wave-optical device, is given by the the
Rayleigh formula [120]:

A
— 0.6 2.
6= 0605 (2.6)

where A is the wavelength of the electron and N A is the numeric aperture of the magni-
fying lens. The numeric aperture depends on the refractive index of the medium (a refractive
index analog can be dened for electron waves [121] and on the angular aperture of the lens.
It can be shown that its value is approximately equal to 1. For an optical microscope using
green light, the resolution amounts to 300 nm (N A= 1, and [ = 550 nm). This same formula
can be applied to electrons since the waveparticle duality principle tells us that electrons
behave, statistically, as waves. The idea behind electron microscopy is to obtain a high resol-
ution by exploiting electrons. In 1925, Louis De Broglie [122] postulated that the wavelength

of an electron depends on its energy according to the following law:

A= (2.7)

where p, is the momentum of the electron and h is the Planck constant. By using relativ-

istic dynamics the following expression can be obtained for the electron wavelength:

A= he (2.8)
V(eV)2 + 2eVme?

where m and e are the electron mass and charge, respectively, ¢ the speed of light and V/

is the acceleration voltage. With this formula it can be shown that a resolution of the order
of the picometer can be obtained with a 200 kV acceleration voltage. This is obliviously a
considerable improvement when compared with light optics.

In practice, the theoretical resolution is not really achievable because of the presence of
aberrations in the imaging system. Nevertheless, at present, a resolution of some Angstroms
can be obtained with standard commercial devices and a sub-Angstrom resolution can be

obtained by using aberration corrected microscopes. There are two main kind of electron

Ph.D. Thesis of C.R. Tchenguem Kamto 60 2022/2023



Chapter: 2 Experimental Techniques and Methods

microscopes, the Scanning Electron Microscope (SEM) and the Transmission Electron Mi-

croscope (TEM), both exploiting electrons but with a very different operation mode.

2.6.1 Transmission Electron Microscope (TEM)

The main instrument used for the experiments described in this dissertation was a TEM, is
a microscope which uses electrons (as opposed to a “normal” optical microscope which uses
light, i.e. photons) to form an image of a sample specimen. Electrons are extracted from a
filament and accelerated by applying a high voltage towards the specimen in the part of the
TEM called the electron gun. A series of magnetic lenses and apertures are used to control
this electron beam, with the intention to make all electrons travel parallel to each other. The
electron beam hits the specimen, going through it, making some of the electrons scatter. The
electrons coming out on the other side now contain information about the specimen stored

in their trajectories. See Figure 2.17 for a schematic of a TEM and the electron beam path.
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Figure 2.17: Schematic of a TEM. The imaging systems and beam paths are highly simplified,
as most TEM have more lenses and apertures. [123].

Following the beam path past the specimen, another series of electromagnetic lenses work
together to collect this information and present it to the TEM operator. These latter objective

lenses are used to form a focal plane and an image plane of the scattered electrons, and finally
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to magnify and project an image onto a fluorescent screen or a camera detector, where the
focused rays of electrons prepared by the objective lenses can be detected and converted
into a viewable image. By controlling the intermediate lenses the operator of the TEM can
choose to project either the focal plane or the image plane onto the screen. The focal plane
is where all rays scattered with the same angle converge at the same point creating what
is called a “diffraction image” of the specimen. Conversely, the image plane is the point in
space where electron rays originating from the same point in the specimen converge, thus
creating a “real image” of the specimen. Furthermore, by inserting an aperture in the image
plane, a so called “selected area aperture”, it is also possible to select a specific region of
the specimen. If one instead inserts an aperture in the focal plane one can remove electrons
scattered with a larger angle to improve diffraction focus, or to single out a certain diffracted
angle for imaging to create a so called “dark field” image of the specimen. It is also possible
to single out only the “central beam” in the focal plane, creating a “bright field” image. The
wide selection of operating modes in a TEM makes it extremely versatile when it comes to

extracting information about the specimen from the scattered electrons.
= Beam-specimen interaction and acceleration voltage

A TEM can be operated at a large range of accelerating voltages, normally between about
100 - 300 kV but can also be higher or lower. The accelerating voltage determines the speed
and energy of the electrons in the beam, which in turn determines scattering angles and
influences the resolution of the final image. However, there is also a risk of damaging the
carbon nanostructure of graphene or CNT by inducing so called “knock-on” damage, where
scattering electrons transmit too much energy to a carbon atom, knocking it out of position
or removing it completely. In the experiments leading to this dissertation, an accelerating
voltage of 90 kV was predominantly used, as this was found to be a balanced option offering
slightly more contrast in the resulting images than for 80 kV, while significantly reducing the

risk for knock-on damage seen at 100 kV.
= Specific instrument information

The measurements described in this dissertation were performed at room temperature using
a JEOL (JEM 2100) transmission electron microscope equipped with a LaB6 cathode and a
digital camera from Gatan (SC1000 Orius). The main column is pumped with a turbo pump
and with the anti-contamination device cooled with liquid nitrogen, the base pressure was

around 7x10~% mbar.

2.6.2 Scanning Electron Microscope

In SEM [124], a condensed beam is used to obtain information on a particular area of the
specimen and the electrons forming the beam are characterized by an energy ranging between

a fraction of a keV and 30 keV. As its name suggests, in a SEM, a specific area can be observed
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by scanning the specimen surfaces with the electron beam. In a All measurements described
in this dissertation were made inside a TEM, but it should be noted that before the final
experimental setup was decided upon, an alternative setup inside a SEM was also attempted.
SEM is the most widely used type of electron microscope. The image is formed by a focused
electron beam that scans over the surface area of a specimen, and not formed by instantaneous
illumination of a whole field as with the TEM.
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Figure 2.18: Basic construction of SEM [124].

2.6.3 Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-Ray Spectroscopy (EDS) is an analytical technique to qualitatively and
quantitatively identify the elemental composition of materials analyzed in an SEM. EDS
analyzes the top few microns of the sample with a spatial resolution as small as one micron.
A detector converts X-rays into voltage signals; which feed a pulse processor, to measure
the signals and pass them to data analyzer for display and investigation. Si(Li) detector
cooled at cryogenic temperatures by liquid nitrogen is often employed; additionally, some
modern systems come with silicon drift detectors (SDD) employing Peltier cooling systems.
To produce characteristic X-rays from an object, it is bombarded by either a highly energetic
beam of charge carriers (electrons or protons) or X-rays. The atoms of the sample contain
ground state (unexcited) electrons in discrete energy levels or electron shells bound to the
nucleus. An electron from an inner shell may be excited by an incident beam, thereby
removing it from its shell and generating a hole where electron was present before excitation.
This hole can be occupied by an electron of a higher-energy shell. The difference in energies

of the higher- and lower- energy shells is emitted as an X-ray. Quantitative measurement
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of the energy and number of these X-rays can be done with energy-dispersive analysis of
Xrays. Since the energy of these X-rays is characteristic feature of energy difference between
two shells and atomic structure of discharging element, EDS can be employed to identify the

elemental composition of an object.
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Figure 2.19: EDS semiconductor detector assembly [125].

When a sample is irradiated with highly energetic beam of electrons then a characteristic
X-ray is generated. Due to irradiation when an electron is excited from the inner shell of
its parent atom, the vacant place is occupied by the higher energy electron from the outer
shell and the energy difference between the two shells is emitted as an X-ray. The joule of
energy liberated in electron transfer is dependent upon from which shell it is transferring to
which shell. Emitted X-rays energy as well as number through specimen is obtainable by
an energy dispersive spectrometer. These emitted X-rays are known as characteristic X-rays
because their energies (wavelength) are specific to the element from which it is emitted. Thus,
this technique can be used for elemental analysis. When K shell electrons are excited, they
emit characteristic X-rays which are termed as “K Lines” and those emitted from L and M
shells are called “Li Lines” and “M Lines” respectively. When the element is heavy then its
characteristics X-rays energies are also higher, therefore incident electrons of higher energy
are required. Different types of X-rays are emitted when incident electrons strike the atomic

nucleus and these are known as “continuous X-rays”, “white X-rays” and “background X-rays”.
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Figure 2.20: Principle of characteristic X-Rays Generation [125].

Sample’s qualitative compositional data can be known from the respective peak positions
with appropriate energies. The X—ray quantanumber measures the concentration of the
elements, i.e., the height of the peak, but there is no linear connection between quantum
numbers and elemental concentration portions. The concentration calculation requires the
net count rates and characteristic X-ray energy of a specimen is the marker of the specimen

atomic number.

2.6.4 Instrumentation of the EDS

Figure 2.21 shows the working arrangement of EDS with SEM. This instrument is mainly
composed of four components : Electron beam source ; X—ray Detector ; Pulse Processor ;

Analyzer.
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Figure 2.21: Working arrangement of Energy dispersive analysis of X—rays [125].
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Electron beam source : As EDS is employed with the scanning electron microscope
therefore the same electron gun (Field Emission) is used as the incident electron source and
to focus the beam lenses are used along with aperture. The energy of the electron beam
has to be carefully selected to overcome the compromise between the resolution requirements
and the production efficiency of Xrays. The produced X-rays are detected by two crystal
spectrometers.

X-ray Detector : The X-rays counts (which is the abundance of emitted X-rays) versus
X-rays energies are measured by the EDS detector. Detector, a solid state device which is
based on lithium drifted silicon. As X—rays strike the surface of the detector, a charge pulse
is created. This charge pulse is directly proportional to theenergy of the incident X-—ray.

Pulse Processor : A charge sensitive preamplifier is employed to convert the charge
pulse to a voltage pulse.

Analyzer Multi-channel analyser is used to sort pulses by voltage in the signals
which are received by the analyser. The energy of the X-ray can be obtained by measuring
the voltage of the charge pulses. This energy is then sent for display and data processing.
Here, data is displayed as histogram of intensity vs voltage.

X-rays generated EDS spectrum helps to carry out qualitative analysis to identify whatever
elements are present in the sample when it is irradiated with high energy beam of electron.

There are 3 methods of examination :

X-Ray Mapping

It is used to study particular elemental distribution. For analysis purpose, electron beam
is scanned over a particular area and the related characteristics X-rays are acquired. If the
peak to background ratio is very low then X-ray Map does not show the distribution of
desired element, i.e., it shows the distribution of continuous X-rays. Sometimes X-Ray Map
may not show the distribution of elements which are not of interest because characteristics
X-Rays of elements of interest are close to those of not desired. It happens when energy
difference between the desired element and undesired element is equal to the spectrometer
energy resolution. It takes more time to acquire one X-ray picture as intensities of X-rays
are less in comparison to that of secondary and backscattered electrons. The resolution of

X-Ray Mapping is limited by “Area Analysis”

Analysis Area

Incident electrons when strike the specimen surface, get diffused and lose their energy by
generating characteristic X-rays. This X-ray generation is spread over an area of around
a few micrometers under standard operating condition. Thus, a larger area needs to be
analyzed in order to examine the particle of the order of few nm range in a SEM image. The
analysis area can be decreased by reducing the accelerating voltage. However, accelerating

voltage cannot be reduced below a certain level, since the generation of X-rays requires high
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accelerating voltages. Another strategy to reduce the analysis area is by reducing the thickness

of the sample under investigation.

Quantitative Analysis

As characteristic X-rays intensities are proportional to the particular element’s concentration,
therefore quantitative analysis can be performed. The concentrations of unknown elements
in a sample can be obtained by matching the intensities of characteristic X-ray of standard
sample with that of the unknown sample. However, X-Ray generated in the sample may
be either absorbed within the sample or excite the X-rays from other elements before being
emitted in vacuum. Therefore, correction is required in this analysis method for which the

following requirements are prerequisite.

Non-Conductive specimen analysis

For non-conducting sample, metal coating is required in order to prevent the charging but if
requirement is to detect light element then it is suggested to use thin coating film, as heavy
metal coating can block the X-ray emission through the sample because the X-ray intensities
are less in comparison to secondary and backscattered electrons. Figure 2.22 and 2.23 show
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Figure 2.22: Helios Nanolab 600 [126].
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Figure 2.23: Helios 600 computers and control panel [126].

2.6.5 TEM microscopic samples

The Transmission Electron Microscope is generally used to characterize the microstructure
or nanostructure of materials with very high spatial resolution. Information on morphology,
crystal structure and defects, crystal phases, and composition can be obtained by combining

optical electron imaging, electron diffraction, and small probe capabilities [82].

Preparation

Initial specimen preparation must be performed before the sample is placed into the FIB
using the conventional TEM specimen preparation method. An area of interest is located
and cut to < 3 mm in length. The sample is then mechanically polished as thin as possible
(< 50 pum ) to reduce the FIB time preparing thin sections of brittle materials for FIB
thinning. Samples may also be cut to size using a wire saw. The sample is then positioned
into the FIB so that sputtering may begin. A metal line is usually deposited on the area of
interest to prevent damage and spurious sputtering of the top portion of the specimen and
to also delineate the location of the area of interest. Typical dimensions of the metal line are
~ 1 pm wide x 2 mm high x 30 mm long. Large trenches are sputtered on either side of the
area of interest using a high Ga™ beam current. The beam current is reduced and milling is

performed on alternate sides of the specimen to reduce redeposition of sprayed material onto
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the surface of the specimen. Milling is continued until the membrane is thinned to ~ 100 mm
or less (the final thickness of the specimen will depend on the information sought and the
density of the material(s)). A finished electron transparent portion of the sample is usually
~ 5 pm x 20 mm. FIB sample preparation is performed using JEM-2100-Jeol microscope
with an Oxford brand EDS probe.

Feature of JEM-2100-Jeol microscope

The Jeol JEM-2100 is a computer-controlled high-resolution transmission electron micro-
scope (HR-TEM) with excellent analytical performance for daily use in a multi-user environ-
ment. The configuration of the instrument combines ease-of-use with capabilities for routine
atomic resolution imaging of crystal lattices by coherent electron scattering or phase con-
trast (TEM); or by incoherent electron scattering of Z-contrast in the scanning transmission
electron microscopy (STEM) mode. It offers routinely local spatial resolution at 2 nm or
better for analytical TEM, i.e., analysis of elemental composition and chemistry (electronic
bonding) by X-ray energy dispersive spectroscopy (XEDS), diffraction for crystal structure
determination and crystallographic studies, and electron energy-loss spectroscopy (EELS).
The JEM-2100 (Figure 2.24) is equipped with attachments for XEDS analysis from Oxfrod
Instruments (Inca platform) and a GIF TRIDIEM post-column energy filter (Gatan Inc.) for
acquisition of energy-filtered images and diffraction. The JEM-2100 operates with a Schottky
field-emission electron gun (FEG) at 120 kV up to 200 kV, offers large sample tilt (> 30"
X- & Y-tilt) combined with superior XEDS sensitivity without significantly affecting image
resolution, achieving 0.22 mm point resolution and information limit of about 0.16 mm in
TEM mode. Extension of image resolution towards the information limit by exit-plane wave
function reconstruction from combined beam-tilt and through focal-series is available, and is
greatly aided by improved beam and stage stability. In TEM and STEM mode the field emis-
sion gun (FEG) produces intense electron point probes with diameters of 0.5 mm and down
to 0.16 mm, respectively, carrying sufficient current to provide for local diffraction, composi-
tional and chemical analysis with sub-nanometer resolution. The post-column energy-filter is
a very powerful component of the system, facilitating energy-filtered (EF) TEM and EELS.
Forcing the electrons scattered by the specimen onto an energy-dispersive path and onto a
CCD-camera facilitates EELS with resolution of 1.05 eV (1s acquisition, 200 kV, 180 pA
emission current) and 0.63 eV (1s acquisition, 200 kV, 40 pA emission current). Use of the
energy-selecting slit allows zero-loss (ZL) filtering for imaging and diffraction with only elast-
ically scattered electrons, which increases contrast in phase contrast (HREM) and diffraction
contrast images, and facilitates use of thicker specimens and quantitative electron diffraction
(QED), especially useful in combination with convergent beam ED (CBED). Electron spec-
troscopic imaging (ESI) in TEM mode is accomplished by use of the energy-selecting slit to
form images of element specific energy-loss and enables rapid elemental mapping directly in
the EF-TEM images, which has great advantages over XEDS mapping with respect to speed

of acquisition.
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Figure 2.24: The external appearance of JEM-2100 microscope [127].
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2.6.6 Fourier Transform Infrared Spectroscopy (FTIR)

Spectroscopy is the study of the interaction between matter and electromagnetic radiations.
Dependent on electromagnetic wave sources and relative detectors, a series of spectroscopy
can be realized for different applications in material research. Fourier transform infrared
(FTIR) is one of the important analytical techniques for researchers. This type of analysis
can be used for characterizing samples in the forms of liquids, solutions, pastes, powders,
films, fibers, and gases. This analysis is also possible for analyzing material on the surfaces
of substrate. In the FTIR analysis procedure, samples are subjected to contact with infrared
(IR) radiation. The IR radiations then have impacts on the atomic vibrations of a molecule
in the sample, resulting the specific absorption and/or transmission of energy. This makes

the FTIR useful for determining specific molecular vibrations contained in the sample.
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Principles of FTIR Spectroscopy

In FTIR analyses, Infrared light from the light source passes through a Michelson inter-
ferometer along the optical path. The Michelson interferometer comprises a beam splitter,
moving mirror, and fixed mirror. The light beam split into two by the beam splitter is reflec-
ted from the moving mirror and fixed mirror, before being recombined by the beam splitter.
As the moving mirror makes reciprocating movements, the optical path difference or retard-
ation to the fixed mirror changes, such that the phase difference changes with time. The
light beams are recombined in the Michelson interferometer to produce interference light.
The intensity of the interference light is recorded in an interferogram, with the optical path
difference recorded along the horizontal axis. The signal is at maximum at zero retardation
where all wavelengths have constructive interference. The zero retardation is also found with

the total constructive feedback.
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Figure 2.25: Operating diagram of the FTIR device [128§].

The Figure 2.26 shows the schematic diagram of FTIR for detailed analysis process of
the sample which is exposed to the infrared radiation. Firstly, a glowing black-body light
source emits infrared energy beam. Then the infrared beam enters the interferometer where
the interferogram signal creates. After then, the beam enters the sample compartment where
it is transmitted through or reflected off of the surface of the sample. When materials are
exposed to infrared radiation, molecules of the sample absorb radiation of definite wavelengths

that results in the change of dipole moment of molecules. Some of the infrared radiation is
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transmitted by the sample and some of it is absorbed. As a consequence, the vibrational
energy levels of the sample molecules transfer from the ground state to the excited state. The
resulting spectrum demonstrates the transmission and absorption of the sample molecules,
and creates the sample’s molecular fingerprint. The absorption peak frequency determines
the vibrational energy gap of sample molecules and the number of the absorption peak is
corresponding to the number of molecule’s vibrational freedom. The magnitude of absorption
peak is determined by the possibility of the transition of energy levels and the change of
dipole moment. Finally the infrared beam enters to the detector for final measurement.
The measured signal is digitized and sent to the computer for the Fourier transformation.

The final infrared spectrum is then presented to the user for interpretation and any further

manipulation.
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Figure 2.26: Schematic diagram of FTIR for analysis process of the sample [129].

The signal collected by the spectrophotometer is then transformed into an absorption
spectrum using a mathematical treatment called Fourier transform. By scanning the mirror
over a large range 0, we obtain an interferogram of the source. For this monofrequency
source, the intensity I(0) at the detector, I(§) = B(o)cos(2mdo). If the two mirrors (F and
M) are exactly at the same distance from the blade, the relative phase § between the two
waves is zero, the two waves are in phase, the interference is constructive and the intensity
is maximum. If the mobile mirror is moved by a distance of A/4, the additional phase will
be § = A/2. In this case, the interference is destructive and the intensity is zero. In the limit

where the frequency spectrum is continuous, it is more convenient to work with an integral.

+o0
1(6) = / B(o)cos(2n60)do (2.9)
This last equation reveals that the interferogram I(J) is simply the cosine Fourier trans-
form of the source spectrum, B(c). The information contained in this interferogram is

equivalent to that of the B(o) spectrum of a blackbody. Of course, it is difficult to interpret
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this interferogram. We therefore prefer to calculate B(o) from it. It is then a question of
calculating the inverse Fourier transform. It is important to note that the integral over J is
calculated over the interval | — oo; +00], while the integral over ¢ is only calculated over the

interval [0; +o0], i.e. on positive frequencies.

Blo) = / 1(8)cos(2x60)dd (2.10)

—00

Experimental Considerations

The spectrometer used in this work is a Thermo scientific Nicolet iS10 in Figure 2.27. The
observable range for our system is between wavenumbers from 4000 to 500 cm~!. When
a spectrum is taken the detected voltage as function of the wavenumber is measured. But
this function indicates not only the properties of the sample, but also of everything in the
beam path and more importantly the sensitivity function of the detector and the radiation

properties of the source.

Figure 2.27: Nicolet iS10 FT-IR spectrometer equipped with Smart iTR ATR [130].

For sample preparation, 200 mg of KBr was mixed with approximately 2 mg of the
samples to collect the FTIR spectra. KBr is used because it transmits 100 % in the recorded
wavenumber range and because it does not show an absorption spectrum in the IR region.
FTIR is based on the absorption of infrared radiation by the sample to be analyzed when
the beam energy is equal to the vibrational energy of the molecule. This sample can be
in a gaseous, solid or liquid state. It allows via the absorption of vibrations characteristic
of chemical bonds, to determine the presence of certain chemical functions present in the
material. The elements present on the surface were identified according to the spectral
positions of their characteristic peaks. This allowed the determination of the point elemental

chemical composition of the surface of the adsorbent particles.

Step-by-step Analysis Procedure

Step 1 : Identification of number of absorption bands in the entire IR spectrum. If the

sample has a simple spectrum (has less than 5 absorption bands, the compounds analyzed
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are simple organic compounds, small mass molecular weight, or inorganic compounds (such
as simple salts). But, if the FTIR spectrum has more than 5 absorption bands, the sample
can be a complex molecule.

Step 2 : Identifying single bond area (2500 - 4000 cm™).

Step 3 : Identifying the triple bond region (2000 - 2500 cm™)

Step 4 : Identifying the double bond region (1500 - 2000 cm™)

Step 5 : Identifying the fingerprint region (600 - 1500 cm™1)

2.7 Production of synchrotron radiation

Synchrotron radiation facilities are high-brilliance light sources that offer unique possibilities
for investigating nature. They provide outstanding tools for both fundamental and applied
research and support technology in a wide range of areas. Indeed, synchrotron radiation
research has become a major factor in the progress of science and technology in all industri-
ally developed countries. A general overview of the electromagnetic spectrum is presented
in Figure 2.28. Synchrotron radiation light covers the spectrum from infrared and visible

through ultraviolet to X-rays.

A synchrotron produces intense light
from the infrared to X-rays
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Figure 2.28: The electromagnetic spectrum from radio waves to X-rays [131].

The X-ray spectroscopy technique uses two main sources of radiation: the radiation source
produced by the conventional X-ray tubes [132] and the radiation source produced in the

synchrotron storage rings.
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2.7.1 Production of X-rays by conventional sources

These X-rays are produced following a heating of the metal target (anode) by electrons coming
from the cathode, then accelerated in a vacuum by an intense electric field. Let us consider
the Crookes tube of Figure 2.29 also called gas discharge or cold cathode tube. It is made
using a glass bulb containing a concave-shaped metal (aluminum) cathode and an anode or
target in which a vacuum is created with a remaining residual air pressure of approximately
100 Pa or 1 Torr [133]. The shape of the cathode makes it possible to condense the flow of
electrons which causes the induction coil to provide an accelerating voltage. The ionization
of the residual air is produced in the form of a discharge causing a flow of electrons from
the cathode towards the anode. This tube was improved in 1913 by William Coolidge and
Crookes [133].

a
) X - Ray
Anticathode
Cathode -~ 1
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Figure 2.29: Production of X-rays: (a) Crookes tube and (b) Coolidge tube [133].

2.7.2 Synchrotron light production

The principle of synchrotron radiation is based on the fact that when a charged particle is
accelerated and undergoes a curvature, it emits electromagnetic radiations. In a storage ring,
the electrons move at considerable speeds, the radiation then emitted depends on the speed
of the electrons and covers a very wide range of electromagnetic spectrum from infrared to
X-rays. Figure 2.30 of a synchrotron showing the linear accelerator, the booster, the storage
ring and the beamlines. Indeed, the electrons are accelerated in a linear accelerator (linac)
through an electron gun until their energy is of the order of several million electron volts
(MeV). Then, they enter in the booster whose role is to increase their energies up to the order
of GeV. They are then transferred to a circular accelerator called a storage ring as shown in
Figure 2.30, where they are forced to move along a circular trajectory under the action of a
magnetic field produced by the magnets placed along the circumference. The displacement of
these electrons at the relativistic speed following the circular trajectory is done by emission
of electromagnetic radiation in its direction: This is Synchrotron radiation. It is presented
in Figure 2.30, which consists of optical and experiment cabins and workstations that allow

experiments to be conducted according to the given applications.
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Figure 2.30: Production of the synchrotron light source [131].

2.8 Acquisition process of XANES spectra of CNTs

Starting from HOPG (Highly Oriented Pyrolytic Graphite) as a reference model, the UNDOS
(Unfilled States Density of States) are explored as a function of the energy of incoming X-
ray beam at fixed incidence angle o = (?, 8), ? = ﬁ A ﬁ being the Poynting vector of

X-ray beam and 87 the normal to the surface plane (Figure 2.31). Thus, one is near Normal

Incidence (NI) when « approaches 0 (? anti parallel to < ) and the electric field vector

E lies almost in the substrate plane. In the other hand, one is near Grazing Incidence (GI)

when « approaches 90", with ? nearly parallel to the surface plane and B nearly normal to
the surface plane (E nearly parallel to c ). For a pure CNT (Figure 2.31), it is obvious that

the components of the electric field vector E, along a, and a; in cylindrical coordinates are

respectively:

= =
E,=FE,= Eosin(g — Oz).a_r> = Eycosa.ay (2.11)
B —

E,=FE, = Egcos(g — oz).a_z> = Eysina.a. (2.12)
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E, E

Figure 2.31: (Left) Polarized light irradiation of the tubular part of a pure CNT and (Right)
Polarized light impinging the half spherical (cap) part of the CNT [§].

= =
FE, and E, are the components of the electric field directed towards the final orbital states

of the m- and o symmetries respectively. The XAS signal strength is then proportional to:

I, = E‘;Eﬁ = I, = Iycos*a (2.13)
_)
I, = EU.Ef = I, = Iysin*a (2.14)

These intensities correspond respectively to the maxima at normal and grazing incidence
angles [8]. Thus, this short development predicts the angular variation of the absorption
spectra. In the CNT, o- orbitals lie along the shells (vertical side-walls) while the 7- or-
bitales are directed perpendicular to this 8 axis. By adjusting the angle of incidence of the
synchrotron radiation on the sample, it is possible to excite final states of specific symmetry
at the K-edge of carbon. According to Fermi’s golden rule and the electric dipole selection
rules, when the electric field vector is located in the ground plane (i.e. E perpendicular to
the C' axis (ﬁ 1 8)), then the final 7* states are selected. When the E vector is perpen-
dicular to the plane (i.e. E parallel to the C axis (ﬁ//ﬁ)), then the o- symmetry states
are excited. Therefore, the intensity of each of the transitions will depend strongly on the

angle a between the Poynting vector, then electric field vector E and 8 axis.

2.8.1 XAS data collection methods

There are experimental techniques for determining the absorption coefficient, or alternatively
quantities proportional to it. These different procedures have advantages and limitations,
depending on the type of sample studied (thin films, solid materials, etc.), the information

sought (sensitivity to volume or surface) and the experimental environment (presence or
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absence of the magnetic field) [105]. In the case of thin films or solid materials, the most
commonly used methods are :

- Transmission mode detection;

- Current mode detection (TEY, PEY);

- Fluorescence mode detection.

a) Transmission detection mode

Transmission detection is the most direct method for absorption coefficient measurements.
It simply involves measuring the number of photons of radiation before and after passing
through the sample. It is rarely used for "soft" X-rays with energies below 2 KeV, as the
penetration depth is very shallow (a few tens of nanometers). This method is effective for
relatively thin samples deposited on X-ray transparent substrates, a condition achieved at
high energy (energy above 12 KeV). For thin films deposited on absorbing substrates, other
methods do not directly measure the absorption process but rather the processes that result

from it. This is the case of the current detection method.

b) Current detection mode

This method is based on the measurement of the number of electrons emitted following the
absorption process. These are either photoelectrons or Auger electrons (electrons emitted
during the non-radiative de-excitation of core holes). It is possible to determine the effective
absorption cross-section by choosing the kinetic energy of the electrons that reach a surface.
This method suffers from many limitations, for example, when varying the kinetic energy
of the incident photons, the Auger electron peak and the photoelectron peak can interfere.
By measuring all the electrons arriving on the surface, regardless of their energies, a more
widely used current detection technique has been developed: Total Electron Yield (TEY)
[105]. Here, the XAS signal is dominated by low energy electrons (below 20 eV), which have
undergone inelastic shocks (secondary electrons). Some of these electrons are produced by
photoelectrons, others by Auger electrons. Like the Auger electrons themselves, the later
part is proportional to the effective absorption cross section.

This method is very sensitive to the surface and magnetic field applied to the material. A
major difficulty in current detection is the saturation phenomenon. It is observed at grazing
incidence, and is characterized by the absorption of electrons over a distance much smaller
than the escape depth (average depth characteristic of the electrons in a material and which is
independent of the kinetic energy of the incident photons) and the signal saturates. And the
measured signal is no longer proportional to the absorption coefficient. Moreover, as before,
being interested in all the electrons arriving on a surface independently of their energy, the
other method of current detection consists of taking into account only the electrons with an
energy greater than a threshold value, the method used is the partial detection of electrons
or PEY (Partial Electron Yield).
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c) Fluorescence detection mode

The depth of penetration of electrons is small, so current detection measurements do not
capture volume properties sufficiently (below 3 nanometres). Fluorescence detection or FY
(Fluorescence Yield) is suitable for volume, since photons interact less with the material than
electrons (inertia). In addition, the application of an intense magnetic field does not disturb
the signal. However, the signal measured in FY is only proportional to the absorption
coefficient in specific cases. The relationship between the fluorescence intensity and the
absorption coefficient is very complex. At grazing incidence angles, the fluorescence signal is
rounded up to be proportional to the absorption coefficient. This is similar to the phenomenon
encountered in TEY detection and is known as self-absorption. Experimentally, the effects
of self-absorption are so great that measurements are usually made at normal incidence.
One of the advantages of the XAS technique is that it is possible to select an element by
choosing one of its absorption edges and to study its local environment. It constitutes a local
probe. This method can be applied to all crystalline, amorphous or liquid materials. Among
the materials currently in the spotlight are carbon nanotubes (CNTs), which are the basis
of several electronic devices, more specifically those emitting electric fields, whose design
requires CN'Ts arranged perpendicular to the flat surface of a substrate. These CN'Ts are
preferably obtained by chemical vapour deposition or CVD methods, catalysed by transition
metals (Fe, Co, Ni) and possibly by current discharge plasma. Here, we present the use
of synchrotron X-ray polarisation, in the framework of electric dipolar selection rules, by
exploiting the intensity variations of the different types of transitions (1s—7* and 1s—o™*)
observed in XAS, to complete these CNT orientation studies with greater precision and
finesse. It is the exploitation of these electrical dipole selection rules that are exploited
within the framework of the geometrical model [47] to characterise the orientation of all or

any of the nanostructures that can be obtained with the growth methods currently available.

2.8.2 Carbon nanotube XAS spectra

XANES measurements were performed at Carbon K-edge on the SWCNTs in the SACEMOR
beamline [102], at the Laboratoire pour ’Utilisation du Rayonnement Electromagnétique
(LURE, ORSAY, France). A TGM monochromator with a resolution better than 0.2 €V at
the carbon K-edge was used. The spectra were recorded in total electron yield (TEY) and
partial electron yield (PEY) detection with an energy step of 0.1 eV and normalized to the
spectrum of a freshly gold-coated copper grid. Calibration of the spectra was performed using
the carbon ionization potential. The residual pressure in the ultra high vacuum chamber was
1072 mbar. The contamination of the carbon surface by the beamline optics does not exceed
1 % of the total signal and can therefore be neglected for materials with a high carbon
concentration. The experiments were conducted in two configurations with respect to the
angle a = (?, ?) between the normal to the sample surface and the incident direction of

the radiation (Poynting vector). The first configuration is at normal incidence (o = 0°)
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with ﬁ perpendicular to the surface (Figure 2.32), and the second is at grazing incidence
(a =90") with E parallel to the surface (Figure 2.32). The angular variations in the intensity
of transitions at the K-edge of carbon to the unpopulated o* and 7* states were recorded
at these values of the incidence angle, respectively. The step size was 0.1 eV. The prepared
samples were then examined and introduced into the XAS analysis chamber and subsequently

cleaned by heating at 550 "C for two hours.

(a) Normal Incidence (b) Grazing Incidence
< —
e P E
P —_—
e E -
— E o
e > 5 P %
] = 1mu.\' I = Imin l = Imin I = Ilnux.
7— orbital o — orbital m— orbital o — orbital

Figure 2.32: Schematic representation of the Poynting vector ﬁ and of the electric field
vector L.

2.8.3 Data Analysis of XANES Spectra

The obtained spectra are normalized to that of a fresh gold-coated copper grid. The energies
are calibrated against the carbon ionization potential (IP). With this calibration procedure,
the error at the carbon K-edge is expected to be less than 0.2 eV. The background signal is
substracted from the low energy side before the pre-edge using a linear contribution from the
background. The spectra are then normalized to the pre-edge intensity on one side p , and
to the absorption intensity at 1(320) at 320 €V on the other side, according to the relation:

7o HE) —po (2.15)

$(320) — po

Where [ is the relative intensity, p(E) is the absorption coefficient corresponding to
the energy F, and pug is the absorption coefficient at pre-edge. Above this energy range
(above 320 eV), oscillations due to EXAFS occur. Multiple scattering and single scattering
interfere with these transitions (EXAFS) and the analysis was not continued beyond 320 eV.
Using density of states (DOS) calculations, it has been made possible to assign the K-edge
absorption structures of carbon in XAS to specific Brillioun zone states in the theoretical
band structure of graphite [108]. In addition, by recording the angular dependence of the
carbon edge lines, the symmetries and final states were determined. Thus, in single-crystal
graphite, it is shown that the intensity of a pure 1s—n™* transition located at 285 eV is
proportional to sin?a [8] (with its maximum at grazing incidence), while the intensity of a

2o (with its maximum at normal incidence) [8]. The

transition 1s—oc* is proportional to cos
line shape analyses of the individual transitions were conducted using the GAXPS software

developed at the IPCMS in Strasbourg. This software allows to deconvolute XAS spectrum
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into several elementary peaks. The calculation used in the solftware is based on the model of
Doniah and Sunjic. An experimental spectrum can thus be parameterized with values that
have a physical meaning and can be controlled at each moment. These parameters can be
adjusted in an automatic way, and there are two types: parameters common to all peaks and
parameters specific to each elementary peak.

The common parameters are: the experimental Gaussian (eV), the pivots (X (eV) and
Y (counts)) which are the baseline levels and the slope (counts/eV). They are defined once
at the beginning of the analysis. The parameters of each elementary peak are: energies
(E, Ey, E.), area or intensity (shot/s), Lorentzian (eV), asymmetry (unitless), background
(1/eV) and Gaussian (eV). The correct values are obtained by successfuly superimposing
the experimental and theoretical curves. The XAS data acquisition methods used are the
total current detection (TEY) and partial current detection (PEY). The later is not sensitive
enough to the surfaces. All spectra obtained are first corrected to substract the background

noise.

Conclusion

In this chapter, CN'Ts growth was studied theoretically and experimentally to investigate its
dependence on parameters such as the catalyst, the growth temperature and carbon feedstock.
Some of the parameters, including catalyst particle and growth temperature are the main
effective parameters in the decomposition process and carbon diffusion. So the effect of the
type and the diameter of the catalyst, the temperature of the growth environment, and the
type and flow rate of the carbon feedstock, are assumed in the growth process analysis. The
properties and the behaviour of the CNTs depend strongly on the synthesis, adsorption,
purification and post-processing methods. The use of microscopy and spectroscopy tools for
the characterization of materials brings new and complementary solutions. By studying the
fine structures present in the absorption edge of the elements in the X-ray domain, we have
obtained information on the electronic structure of the CN'Ts. The measurement and XAS
data of the absorption spectrum of a monolayer of chemisorbed molecules should not take
into account the contribution of the substrate. Because the later could distort the analysis

of the results.
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CHAPTER III

RESULTS AND DISCUSSIONS

Introduction

The knowledge of the structure of a system is required to elucidate new materials with novel
properties. CNTs have intensively undergone theoretical and experimental studies because of
their versatilities. CN'Ts are mostly characterized by SEM and TEM, which are both qualitat-
ive methods. These techniques can deepen the morphology of the system, but are not able to
give enough information on the electronic and structural properties. The XANES technique
on the contrary is a powerful tool that provides the structural and electronic information
on the local environment around the absorber atom in the medium range order due to its
angular dependence of the absorption transition [27]. It is sensitive to the chemical adsorp-
tion and impurities, defects, and orbital rehybridization [27]. To functionalize nanotubes and
fullerenes, the chemical reactivity of carbon atoms needs to be understood with quantitative
accuracy. Our work is oriented towards surface phenomena, so we have correlated and cross-
checked the information provided by XANES to obtain a detailed knowledge of the structure
of our samples. An original approach was adopted, combining high-resolution XANES ex-
periments and microscopic investigations, the later aimed to highlight the adsorption and
desorption properties of CN'Ts for applications such as increasing electrical conductivity and
water purification. Study of the morphology of CNTs, the metal-support interaction and the

coverage rate was thus made possible by the combination of different experimental methods.

3.1 Textural properties of CNTs

CNTs have selective adsorptive properties suitable for the separation and purification of gas
mixture as well as the treatment of contaminated water. The use of CNTs as adsorbates
requires a sufficient knowledge on their textural properties, such as the size and the volume
of their pores, in addition to their surface area. These caracterize the portions of the sur-
face of the material which are likely to the adsorption phenomena. These parameters were
determined using Brunauer, Emmett and Teller (BET) method which allows to evaluate gas
adsorption data and consequently give a specific surface area of the investigated material.
The textural properties of SWCNTs determined in this study, which include specific surface

area, pore volume, and average pore diameter, are presented in Table 3.1.
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Table 3.1: Textural properties of SWCNTs compared with values of [133].

| Material | Surface area BET (m”.g™") | Pore volume (cm®.g™!) | Pore size (mm) |
SWCNTs 582 1.625 1.18
SWCNTs [134] 700 7 7

Our BET specific surface area value 582 m?.g~! is smaller than that reported by Dehghani
et al.[134], the difference can be justified by the growth, preparation or functionalization
conditions of CN'Ts. Figure 3.1 presents the trend of the adsorption capacity of hydrogen ion
g+ on the surface of SWCNTs.
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Figure 3.1: Charge distribution of SWCNTs [133].

The distribution of charges on the surface is generally not homogeneous in sign. In the
case where H" and OH~ are the only ionic species determining the surface charge. The
pHzpc was defined as the pH at which the net surface charge of an adsorbent in an aqueous
solution is neutral. At this value, the active acidic or basic groups do no longer contribute to
the pH of the solution. The surface charge and zero point charge pH (pHzpc) of SWCNTs
are evaluated using a potentiometric titration method proposed by Castillo et al.[84]. This
technique allows the determination of the acidic and basic properties of the adsorbents and
the nature of their functional groups. This characterizes the load charge distribution of
SWCNTs. It is observed that the surface of SWCNTs is almost neutral with a pH ~ 6.79.
On the other hand, at pH < pHzpc, qu+ is decreasing from 1.7 to almost zero. In this
qu+ = 0 region, the surface of SWCNTs is positively charged and attractive to anions in
solution. Then, attractive electrostatic interaction with anions is predominant on the surface

of the adsorbent leading to the competition between H™ and anions. For pH > pHzpc , the
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surface is negatively charged with greater attraction to cations, because the gy+ becomes
negative with its minimum at -1.25. The region corresponding to a basic region where the
surface of the adsorbent is negatively charged favoring the attraction or the repulsion of
respectively the positive and negative charges from the adsorbates. —OH groups attract
or release protons depending on the pH of the solution. The value of pHzpc [133] which
is equal to 6.79 was determined by the graph of Figure 3.1 and Table 3.2 along with data
from another work in which SWCNTs were spiked with NO, and COOH molecules shows the

values of pHzpc.

Table 3.2: Zero point loading of SWCNTs compared with other CN'Ts materials.

| Material | SWCNTs | NO-SWCNTs [ COOH-SWCNTs |

pHZPC 6.79 7.5 1.2
Ref This study, [133] [135] [135]

Note that the introduction of carboxylic groups in CNTs made them electron acceptors
[135], increasing the adsorption of electron donors and decreasing the adsorption of electron
acceptors. The difference between the pHzpeo values and those reported by other authors
is mainly due to the synthesis preparation and functionalization conditions. For ionizable
organic chemicals, variation of pH can lead to a change in chemical speciation, thus changing
their adsorption characteristics [135]. Increasing pH generally leads to an increase in ioniza-
tion, solubility, and hydrophilicity, and thus a decrease in the adsorption of natural organics
on CNTs [136,137].

From the results in Figure 3.1, it can be concluded that for pH < 6.79, the surface of
SWCNTs is positively charged and the attraction phenomenon with anions is dominant.
Likewise, for pH > 6.79 the surface is negatively charged and the attraction phenomenon
with cations is dominant [84,138]. Indeed, the more positive the surface charge, the less the
surface hydroxyls have the power to capture protons from the solution. Conversely, surface
hydroxyls relegate fewer protons to solution in the case of a negatively charged surface.
Then, depending on the nature of the charges in the solutions one can get the electrostatic

attraction, or ion exchange mecanism which are involved in the adsorption process.

3.2 Morphological characterization of CNTs

3.2.1 Case of SWCNTs

The surface and morphology of the single-walled carbon nanotubes were observed by TEM
and SEM. Figures 3.2 and 3.3 show the TEM micrographs of the carbon nanotubes which
confirm that they are single-walled type (SWCNTs) and particles on their surface can be

observed.
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Figure 3.2: TEM micrographs of SWCNTs: (a) the distorted distribution and (b) the single
walled carbon nanotubes graph [133].

The samples show rough surfaces and elongated and straight tubular or cylindrical fila-
ments of a few nanometers (1.3 - 1.8 nm), with a distorted distribution. The diameter given
by TEM is in good agreement with the value (1.4 nm) given by the supplier. Figure 3.3 (b),
shows the spherical particles with a significantly short size (3.0 - 10.0 nm) observed on the
tubes. These particles can be attributed to the metal catalyst particles used to synthesize the
SWCNTs by the CVD method. In addition, the elemental analysis of the chemical composi-
tion of the SWCNTs surface was determined by using energy dispersive spectroscopy (EDS)
coupled with TEM. Figure 3 (a) shows the EDS microanalysis in SWCNTs of the region
marked by the green square in Figure 3.3 (b). The chemical analysis revealed elements like
carbon (89.87 %), followed by oxygen (5.81 %), and in small proportions iron (4.15 %) and
sulfur (0.21 %).
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Figure 3.3: (a) EDS microanalysis of the (b) selected region in TEM micrograph of SWCNTs
[133].

SEM was performed as well to enrich the SWCNTs surface characterization, Figure 3.4
shows a general area of the sample using Secondary Electrons (SE) and Backscattered elec-
trons (BSE). In Figure 3.4 (a), a random arrangement can be observed as well as the presence
of spherical iron particles along the carbon nanotubes. Figure 3.4 (b) was acquired with the
BSE detector where one can appreciate the high contrast of the iron particles, denoting a
homogeneous iron distribution. We note that, (SE) mode of electrons allows to obtain im-
ages giving an account of the shape of the surface and to inform on the size of the grains
and agglomerates. It is also an appropriate technique to identify defects such as porosities
or cracks even if the information acquired does not reflect the volume extent of the defects
under the surface studied. Besides, (BSE) mode of electrons allows to obtain images in chem-
ical contrast. The heavier elements appear bright and the lighter ones dark. This makes it
possible to identify the distribution of the various phases in the composite materials but the

information on the shape of the surface can be lost.
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250 nm 250 nm

Figure 3.4: SEM micrographs of SWCNTs by (a) SE detector showing morphological details
and (b) BSE detector, evidencing Iron homogeneous presence [133].

The microanalysis spectrum of the region marked with the green rectangle of Figure 3.5
allows to determine the composition and distribution of chemical elements in the analyzed
sample. According to the chosen mode, it is possible to carry out an elementary analysis on
a precise point or on average on a surface, to constitute a profile of concentrations on a given

distance or to carry out the elementary cartography of a surface.

Figure 3.5: SEM micrographs of SWCNTs by (a) SE detector, indicating in the green rect-
angle the distribution of chemical elements (b) EDS microanalysis of the area and the re-
spective BSE micrograph [133].

The analyses repeated five times revealed the same elements reported previously: Carbon
(87.89 %), Oxygen (6.72 %), Iron (5.15 %) and Sulphur (0.24 %), averaged values.
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It can be seen that these values have undergone a slight difference compared to those
previously observed. This difference varies respectively by: Carbon (1.98 %), Oxygen (0.91
%), Iron (1 %) and Sulphur (0.03 %). This is associated with the choice of the electron
modes, in our case the BSE. The presence of copper and silicon is attributed to the secondary
signals generated by the grid used to support the sample. The Figures 3.3 (a) and 3.5 (b)
show that the intensity of the sulfur peak is relatively too low (almost not visible) in the
EDS spectrum due to its very low concentration. This can be explained by the weaker
interaction between the wall of SWCNTs with sulfur. Our findings are in agreement with
the results of Li et al.[139] who reported that, for SWCNTs synthesized by Electric Arc,
the Raman spectrum response to the presence of encapsulated sulfur is relatively modest.
Thus, to provide the effect of sulfur incorporation on the electronic structure of SWCNT5,
Li et al.[139] also examined the near-infrared and visible Raman spectra. The (NIR/VIS)
results show that, the features due to the interband electronic transition regions of SWCN'Ts
changed little in the NIR/VIS spectrum of SWCNTs synthesized by Electric Arc. Based on
the interband electronic transitions, sulfur encapsulation has a large effect on the electronic
structure of the SWCNTs. And the observed increase in the SWCNT diameters of about 10
% can be correlated to a change in its geometry [139].

The presence of iron can be justified by the CVD growth method used to produce SW-
CNTs. In this method, metal particles such as iron, cobalt, copper, etc. are usually used as
catalysts during the synthesis procedure. Thus, some residues may remain on the surface or
inside the tubes during the growth of SWCNTs. The electronic properties of CN'Ts are very
sensitive to their environment, in particular to the adsorbed molecules, which cause signific-
ant variations in the value of the conduction gap, and therefore in the electrical conductivity.
This high sensitivity is therefore advantageous for the development of chemical or biological
sensors. It should also be remembered that knowing the composition of the CNTs surface
makes it possible to better select the molecules whose electrons/orbitals can interact with
those of the CN'Ts.

3.2.2 Case of MWCNTs

SEM images (Figure 3.6) invariably present a collection of tight and vertical CNTs, evenly
distributed on the flat surface of the substrate with varying density, depending on the concen-
tration of ammonia in the gas phase [8]. However, the diameter of the nanotubes is invariably
around 20 + 5 nm. It is essentially dictated by the diameter of the catalytic metal particles

which are found at the tops of the tubes (top growth mechanism) whatever the sample.
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Figure 3.6: SEM images of CNTs: (a) Medium Oriented and (b) Highly Oriented [8].
On the other hand, TEM images present, in addition to an overview, details of isolated

nanotubes detached from the substrate by the preparation procedure. Figure 3.7 shows such

an isolated CNT, with a needle-shaped Co particle at one end.

®)

(a)

all nm

Figure 3.7: TEM images of CNTs: (a) Medium Oriented and (b) Highly Oriented [8].

The metallic particles of Co, whose single-crystal structure has been confirmed by electron
diffraction (on selected domains), uniformly exhibit very anisotropic shapes of plug or pinhole
type at zero or low ammonia concentration. Images highlight both ends of isolated CNTs
and detached from the substrate with the graphite structure for attachment to the substrate
on one side, and on the other, the metal particle inserted into the tube. One can however
clearly realize that metallic particles of very contrasting shapes are distributed through the

nanotube (Figures 3.6 and 3.7). This presence of metallic particles through the CNT, as well
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as the anisotropic shape of the particle which is hoisted to the top of the CNTs, was explained
by the fusion of the later followed by the pulsed release (clearing) of the fragments of this
particle at the top of the CNTs during growth. TEM analyzes also show better crystallization
of CNTs and a decrease in the number and size of the internal walls of CN'Ts with increasing
ammonia concentration. This may be correlated to the rate (yield) of growth increasing and
supplanting the growth of closed graphene sidewalls. However, the outer diameter (0D) of

the nanotubes is mainly dictated by the initial size of the metal particles serving as catalysts.

3.3 Adsorption properties of potassium adsorbed SW-
CNTs and functionnal groups

3.3.1 Adsorption properties

The adsorption capacities of the contaminants studied at C, =100 mgl™!, and 0.01 g of
SWCNTs adsorbent at different pH (2, 3, 5, 7, 9, 10, and 11) obtained from three samples we
considered were identic and are shown in Figure 3.9. The results revealed that the experiments
using potassium as a contaminant lead to a considerable adsorption capacity at the lowest
and highest pH taken from the acidic and basic regions. The highest value of 10.35 mgg™! is
obtained at pH =2. On the contrary, the adsorption capacity corresponding to neutral region
was minimal. These results suggest that SWCN'Ts have a great capacity to remove potassium
in the lower acidic and basic regions. It is worth reminding that the surface is known to be
positively charged at pH < pHzpc [136,137|, favoring electrostatic attraction with anions
on the adsorbent surface. In contrast, the electrostatic repulsion of anions is dominant at
pH > pHzpe, where the adsorbent surface is negatively charged. Potassium in an aqueous
solution is a cation (K*) and its adsorption on SWCNTs could have decreased at pH <
pHzpc if the dominant mechanism was the electrostatic attraction; however, the maximum
adsorption capacity is obtained at pH = 2. This can be explained by considering that K*
could have exchanged with another cation such as Fe’", Cu* on the surface of SWCNTs
and the adsorption of cations is accompanied by the release of protons. This means that, in
the presence of other cations and anions capable of adsorbing specifically on the surface, the
H* and OH™ species are no longer the only ions determining the charge of the surface of the
CNTs.

The EDS analysis shown in Figures 3.3 (a) and 3.5 (b) reveals the presence of Iron (Fe),
Copper (Cu) on the surface of SWCNTs. Thus the ion exchange process can be considered
as a main adsorption mechanism. According to Yueh et al.[141], Fe in carbon nanotubes is
exited in the forms of clusters and a thin layer. It can present two kinds of Fe—C bonds.
The bonding between the Fe cluster and the C atoms on the tube wall will be more like
that of iron carbide with strong chemical bonds. While the bonding between the Fe thin
layer and the graphite sheet is more like bonding between two metallic layers. Thus, the Fe

cluster should interact strongly with the carbon tube. On the other hand, the increase of
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K™ adsorption capacity at pH > pHzpc can be attributed to the increase of the negative
charges on the surface of SWCNTs. In that region where exist negative charges, the increase
of the adsorption capacity can be justified by an electrostatic attraction between K* ions
and negative charges like S~ ions and carboxylic groups. The introduction of carboxylic
groups (—COOH) to CNTs made CNTs electron acceptors [135]. Thus, one can conclude
that potassium is adsorbed by a double mechanism depending on the region around the
pHzpc. The pH of the solution has a strong effect on the adsorption of potassium on the
carbon nanotube. The involved mechanisms are then, the ion exchange (chemisorption) in
the acidic region and the electrostatic attraction (physisorption) in the basic region. With
increasing pH, the positive charge of the SWCNTs surface decreases, decreasing by this
causes the repulsive Coulomb force imposed on the adsorbed cation. In addition, the low
concentration of sulfur shown by EDS (Figure 3.5 (b)) can allow us to declare that the ion
exchange mechanism is the dominant one since ion concentration was found to be significant
compared to sulfur just taken as an example. CNTs, especially SWCN'Ts, have shown to be
more efficient adsorbents with higher adsorption capacity. In addition, CNTs have potential
applications in water treatment due to their adsorption characteristics. Previous reports
showed that chemical modifications easily affected the atomic and electronic structures of

SWCNTs [135].

Amount of K adsorbed, mg g‘l

20 pH3.0 pHS0 pH7.0 pH9.0 pHILO

Figure 3.8: Adsorption capacity of SWCNTs for K* removal from aqueous solutions [133].

3.3.2 Functional groups

Each carbon atom in a CNT has a - electron orbital perpendicular to CNT surface along

the sidewall.
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Therefore, organic molecules containing 7 electrons can form 7-7m bonds with CNTs, such
as organic molecules with C=C double bonds. The most widely recognized influence of func-
tional groups on CNT interactions is on the electron-donor-acceptor (EDA) 7-7 interaction,
i.e., the strength of m-7 bond is greatly dependent on the functional groups attached to the
benzene rings for organic chemicals [140]. The identification of the functional groups involved
in the adsorption process can be done by FTIR. This technique is a suitable one able to reveal
chemical bonds that are present and can interact with isolated particles from aqueous solu-
tions. Figure 3.9 shows the infrared spectra of SWCNTs samples compared to the potassium
adsorbed SWCNTs spectra (SWCNTs -K). In these spectra, are distinguished the specific
peaks corresponding to the vibrations of the O—H (hydroxy group) which are between the
bands 2475 to 2625 cm™! [142]. The Li* ion solvation structures in the electrolytes were
characterized with electrospray ionization mass spectrometry (ESI-MS) [143]. The authors
show that the small peaks in the spectra can be attributed to the small amount of impurities
with one —OH group instead of H in the solvent molecules. In addition, the peaks of 1980,
2015, 2040, 2175, and 2190 cm~! bands are attributed to C=C. As well, the peak 1730 cm™!
is assigned to the C=0 band.
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Figure 3.9: Infrared spectrum of SWCNTs and potassium adsorbed SWCNTs [133].

It can be observed that in the adsorbed samples, the bands corresponding to carbonyl
group C=0 and alkyne group C=C are attenuated while that of OH— is almost identical.
This may suggest that the bands C=0 and C=C are those mostly interfering in the adsorption
process. The ex situ C'ls XPS spectra of the lithiated and delithiated synthesized by Electric
Arc of the pristine indicate the existence of C—C bond, C—0, and isolated carbonyl C=0
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bonds [143]. The later two may arise from the impurity of the pristine SWCNTs or impurities
introduced during the sulfur encapsulation. During lithiation, both C—0O and C=0 peaks
become much more pronounced [143].

Functional groups also greatly determine organic chemical polarity. Because the pre-
dominant mechanisms are different for polar and nonpolar chemicals, predictions of their
adsorption on CNTs require different models. For example, for polar organic chemicals, the
adsorption tends to increase with increased CNT oxygen content because of the enhanced
H-bond or EDA interaction. However, for nonpolar chemicals, the adsorption may decrease
with increased CNT oxygen content because of the depressed hydrophobic interaction [135].
For example, if CN'Ts are to be used in water treatment, chemical-specific modification may
be needed to improve treatment performance. For the same reason, chemical-specific models

may also be needed to predict organic chemical-CNT interactions [135].

3.4 Adsorption evaluation of potassium adsorbed SW-
CNTs by XANES spectroscopy

X-ray absorption spectroscopy (XAS), photoemission spectroscopy, electron energy-loss spec-
troscopy are all very important methods for characterizing the electronic properties of ma-
terials. In particular, XAS, which is a core electron excitation process, provides information
not only about the core-electron energy, but also about the unoccupied electronic states in
materials. When an x-ray is incident on a material, the x-ray photons excite the core elec-
trons, such as the 1s and 2s electrons to unoccupied states above the Fermi level. At a
certain energy, the absorption increases drastically and gives rise to an absorption edge that
occurs when the incident photon energy and the absorption edge energy are both matched to
each other to cause the excitation of a 1s electron to the unoccupied states. Generally, if an
electron is excited from the 1s (2s) orbital, the process is called K (L)-edge absorption. The
XAS technique provides information about the density of states (DOS) of the unoccupied
states since the DOS of the 1s energy band has a small bandwidth compared with that of

the unoccupied electronic band.

3.4.1 Graphite XAS spectra

To ascertain the reliability of the analysis of CNTs XAS spectra, the XAS spectra of HOPG
sample is first recorded. Graphite, with its layered structure and large interlayer separation,
is often modelled as a two-dimensional solid. In addition, the knowledge of the properties
of graphite is a starting point for understanding the structure and properties of many new
carbon nanostructures like nanotubes. Using calculations of density of states (DOS), it has
been possible to assign the features of the C(K) absorption spectrum (XAS) to specific states

of the Brillouin zone in the theoretical band structure of graphite, Figure 3.10.
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Figure 3.10: (a) Theoretical band structure of graphite obtained from density of states (DOS)
calculations and (b) XAS (carbon K-edge) of HOPG at grazing (GI) and normal (NI) incid-
ences, respectively. HOPG was preliminary in situ treated at 500 "C [47].
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The two-dimensional nature of graphite results in a strong directionality of the orbitals:
o- orbitals lie within the basal plane, while 7- orbitals are directed perpendicular to this
basal plane along the C axis. By tuning the incidence angle of the polarized synchrotron
light on the sample « , it is possible to excite final states of specific symmetry at the carbon
K-edge. According to the Fermi gold rule and the dipole selection rules, when the electric
field vector ﬁ lies within the basal plane (i.e. perpendicular to the 8 axis (ﬁ L 8), then
0" final states are selected. When the ﬁ vector is perpendicular to the plane (i.e. parallel
to the C axis (B / 8), then final states of - symmetry are excited. Thus the intensity of
each transition will strongly depend on the angle o between the electric field vector ﬁ and
the 8 axis.

Moreover, by monitoring the angular dependence of the spectral features of the carbon K-
edge, the symmetries of the final states were determined. This model allowed us to assign all
the spectra of carbon nanotube this work. The features of the XAS spectra are analyzed with
regard to the more probable energy level of the UDOS states given on the bottom of the band
diagram. The features of the XAS spectra are analyzed with regard to the more probable
energy level of the UDOS states given on the bottom of the band diagram. Nevertheless
it is clear that the full absorption spectra can be divided into three regions. At 285.5 eV
the peak named A corresponds to the transition towards unoccupied 7y states near QQ in the
Brillouin zone at 2 eV above the Fermi level and strongly dependent on the incident angle.
The vacuum level is indicated by a dashed line. The second region namaled A’, A”, A7’ A””
within 286.5 - 292.5 eV corresponds to the free electron like interlayer states and adsorbed
or chemisorbed molecular states. They are strongly dependent on the chemical treatment of
the sample. In this energy range the contributions of 1s —7* and 1s —¢™ transitions are
due to adsorbed functionalized states such as C-O-, C-H, C=0, C-OH,... The XAS spectra
exhibit a o* exciton at 291.6 eV corresponding to a C-H* bond resonance. Moreover the small
shoulder at 286 - 287 eV may also be attributed to a singularity in the DOS of graphite. The
third region above 277.54 eV corresponds to the transitions to empty o* symmetry states

and 7* symmetry states.

3.4.2 Case of non adsorbed SWCNTs

The full absorption spectra of SWCNT (Figure 3.10) can be divided into three regions. The
first region located at 265.94 eV with the peak named A is attributed to the transition to the
empty 7* band states, consistent with the final 7y band states in the vicinity of Q. The second
region located between 269.69 eV and 271.34 eV corresponds to the interlayer states of almost
free electrons and adsorbed molecular states, and named A’, A”, commonly encountered in
graphite spectra [85]. These states are deeply dependent on the chemical treatment of the
sample. The contributions of the transitions are due to the existence of the functional groups
such as C—OH, C—0, C—H..., which result from the adsorption of the molecules such as
H,0, CO,, CO or hydrocarbons [85].
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Figure 3.11: Experimental XANES spectrum of annealed and non adsorbed SWCNTSs [133].

The third region above 277.54 eV corresponds to the transitions to empty o* symmetry
states and 7* symmetry states. The features corresponding to C and D respectively at
284,43 eV and 293.05 eV were associated with o-symmetry while Ex. at 276.14 eV was
correlated to o* exciton (C—H* bond resonance). The large feature D has been assigned
to the superposition of multiple-scattering resonances. The energies and assignments of the
main peaks in the carbon K-edge of annealed non adsorbed SWCNTs are summarized in
table 3.3.

Table 3.3: XANES adsorbates parameters of annealed and non adsorbed SWCNTs [133].

| Peaks | BE (eV) | Intensity (c/s) | Final-states band and Brillouin-zone |
Adsorbates
A 269.69 0.82 7 C=C—0OH / —(C=C—7*C=0)
A” 271.34 0.86 m™C=0
Non adsorbates
A 265.94 1.75 o near ()
EX 276.14 2.54 Exciton
B 277.54 2.50 01,09 1" — Q)
C 284.43 2.01 o or minear I
D 293.05 1.99 7

The effect of the gaseous environment on the electronic properties of CNTs has recently
attracted a lot of attention [138,139|. Because the adsorption of molecules constitutes an-

other type of doping of CNTs it can be reminding that the identified intrinsic adsorbates
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Hy0, Os, COy, CO are impurities specific to the surface of the CNTs [68]. Most molecules
adsorb weakly on SWCNTs and can be either charge donors or acceptors [141]. Charge donor
molecules (H,O, CO,) interaction between the nanotubes is weak and does not have a sig-
nificant influence on the electronic structures of SWCNTs [141]|. Santucci et al.[144] have
proven both by theoretical and experimental methods that CO adsorbs weakly on the tube
wall with essentially no charge transfer between the tube and molecule. Moreover, Sankar et
al.[145] performed first-principle density functional theory (DFT) studies on the adsorption
of gas molecules on (10,0) SWCNT. Their results showed that for the adsorbed molecules
(H20 and CO), no charge transfer exists between the tube and molecule. The adsorbate A’
in Figure 3.10 corresponds to the final states 7'C= C—OH or —(C = C—7*C=0) and is
due to water molecules. It is not also sensitive enough to the thermal treatment suggesting
the negligible charge transfer between the surface of CN'Ts and water molecules. The charge
transfer is not negligible for O and NOy which are both charge acceptors [141].

The bond length of C—C after adsorption of oxygen molecule on the external surface of
nanotube increases since oxygen is more electronegative than carbon [146]. The interaction
between O, molecules and SWCNT is much more pronounced, and SWCNT can be turned
into a p—type conductor after NO5 or O, adsorption [141] as it can be observed for the ad-
sorbate A” (7*C=0) affected mainly by thermal annealing. This suggests that the curvature
affects the physical, electronic, and chemical properties of the CNTs and has a significant
effect on the desorption process [141]. It is revealed that the contribution of gas molecules
is 23.7 % in SWCNTs. This observation can be assigned to the electronic behavior of gas
molecules and especially to the strong interaction of Oy with the surface of CNTs. This can
be correlated with some results, including nuclear magnetic resonance (NMR), which proved
the increase of density of states at the Fermi level of SWCNTS after exposure to oxygen [145].
More to that, Collins et al.[146] found that oxygen gas has dramatic effects on conductivity.
The FTIR also showed that the functional groups at the surface of SWCN'Ts are principally
OH—, C=0 and C=C.

3.4.3 Case of Potassium adsorbed SWCNTs

We note the presence of peaks named P’ and P” resulting from the potassium adsorbed on
SWCNT. Compared to our previous results [8,147|, we note that the peaks A”’, A”” and P
are not observed in our present spectra (Figure 3.11 and 3.12) due to their extremely low
resolution. Thus, we will focus only on the visible peaks in the following. And in agreement
with our previous works [8], the two dominant peaks near 266.02 eV (A) and 277.61 eV (B)

* and o* band, respectively. Similar dominant peaks

were associated with an unoccupied
(A) and (B) are observed in the work of Zhong et al.[147] on a SWCNT treated with the
LiOH water. After a fitting process of their data (using the Igor package), they obtained two
other picks like A’ and A” of the present work. According to the reported XANES data, the

first one A’ has been assigned to 7* (C—OH) and the second one A” to 7*(C=0).
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Zhong et al.|147] have also found a third peak attributed to c*(C—0O) when the SWCNT
material was treated by immersion in a 1 M LiOH water solution at pH = 12 for five days. Of
all the above, the appearance of the peaks A’ and A” clearly demonstrates the involvement
of functional groups in the adsorption process; which will affect the atomic and electronic
structures of SWCNTs. The enhancement of A” peak indicates the possible oxidation which
is also consistent with the XANES result. Let us stress that the heat exchange through the
annealed process has been shown to cause changes in the binding energy and the intensity of
the adsorbates. The shift of the peak indicates the weakening of Van der Waals interaction
between the potassium and the wall of the SWCNTs.
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Figure 3.12: Experimental XANES spectrum of unannealed and potassium adsorbed SW-
CNTs [133].

Table 3.4: XANES adsorbates parameters of unannealed and potassium adsorbed SWCNTs
[133].

| Peaks | BE (¢V) | Intensity (¢/s) | Final-states band and Brillouin-zone |
Adsorbates
A 268.36 1.12 7 C=C—0OH / —(C=C—7*C=0)
A” 270.37 1.22 ™C=0
P’ 283.48 2.37 Potassium Lo-L4
pP” 288.21 2.28 Potassium L,
Non adsorbates
A 265.45 1.91 o near ()
EX 275.79 2.44 Exciton
B 277.40 2.48 01,09 1" — Q
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The energies and assignments of the main peaks in the carbon K-edge of both cases of
unannealed and annealed SWCNTs with potassium adsorbed are summarized in tables 3.4
and 3.5. It is observed that the intensities of different adsorbates are higher for the annealed
samples suggesting that the thermal treatment can affect the adsorbates whatever their origin.
For annealed samples, the disappearance of peak A’ and the resolution of peak A” can be
noticed. The increase in the peaks P’ and P” can also be seen. However, no change is seen
in the shape of the peaks P’ and P”. These results showed that in the SWCN'Ts, the intrinsic
adsorbates are less sensitive than the extrinsic adsorbates. Thus, the hybridization of the
nanotubes can be affected. Concerning the non adsorbed (Figure 3.10 and table 3.3) and
the adsorbed annealed samples (Figure 3.11 and table 3.5), one can observe that the labeled
main peaks in the spectrum of the latter are better resolved. Peak A’ is sharper and peak A”
is more intense in the adsorbed annealed samples (Figure 3.11). The two intense peaks P’
and P” which are due to potassium are in the position of peaks C and D in the non adsorbed
spectrum. The adsorption process has brought a great change in the spectrum suggesting
that the electronic properties of the samples as well as the hybridization, can be modified
by means of adsorption or doping. They can vary depending on the nature and the type
of adsorbates utilized to remove the pollutants when using SWCNTs. Our results also show
that the conductivity of the SWCNTSs is first modified and then improved by 75 %. After
thermal annealing, 41 % of gas molecules are still adsorbed against 75 % of potassium. In
addition, for 75 % of the potassium adsorbates on the surface of SWCNTS, the contribution

of the adsorbates gas molecules increases by 17.3 %.
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Figure 3.13: Experimental XANES spectra of annealed and potassium adsorbed SWCNTs
[133].
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Thus, the performance of SWCNTs depends on a better understanding of the functional-
ities at the CN'Ts surface. The tube molecules interaction may substantially affect the carbon
nanotubes and lead to the applications like chemical sensors. Intensities of adsorbates are
directly correlated to carbon hybridization since the reactivity is connected to the diameter
and type of hybridization in CNTs. It is seen that the values of the binding energy change
from unannealed to annealed samples due to the thermal annealing treatment. The intensit-
ies of all adsorbates are increasing from unannealed to annealed samples in SWCNTs. These
results suggest that the binding energy, as well as the intensity of the intrinsic adsorbates,
strongly depend on the diameter (curvature) of the CNTs. It can be understood that the
adsorbates bonding can be affected by the thermal annealing process. They can either be
shrunk or lengthened depending on the degree of thermal treatment. This could somehow
affect the hybridization of the CNTs. Indeed, the great chemical reactivity of the SWCNTs is
the consequence of the external arrangement of the pyramidized carbon atoms sp? arranged

correctly for the formation of chemical bonds with the reactive species.

Table 3.5: XANES adsorbates parameters of annealed and potassium adsorbed SWCNTs
[133].

| Peaks | BE (eV) | Intensity (c/s) | Final-states band and Brillouin-zone |
Adsorbates
A 268.64 1.31 © C=C—OH / —(C=C—7*C=0)
A” 271.26 1.93 ™ C=0
p’ 283.66 3.09 Potassium Lo-1L4
pP” 288.52 2.97 Potassium Lo
Non adsorbates
A 266.02 2.45 o near ()
EX 275.93 3.11 Exciton
B 277.61 3.21 01,09 1" — Q)

Thus, CNTs having large curvature require less geometric deformation and hybridization
change to accept an adsorbate. In addition, the effects of heat exchange have been shown to
cause changes in the binding energy and the intensity of the adsorbates. As shown earlier,
the adsorbates are more sensitive in SWCNTs. The intensity of adsorbates A’ corresponding
to the final states 7*C=0 is strongly affected in SWCNTs by thermal annealing treatment,
as well as that of peaks P’ and P” which are assigned to the final potassium states Lo - Ly
and Lg. This suggests that the height of these adsorbates can be considerably reduced by
heat treatment. This can be explained since it is known that one of the main objectives of
thermal annealing is to minimize impurities. Other adsorbates are less sensitive to thermal
treatment. All adsorbates are affected differently by interaction with each CNT’s surface,
creating a different environment that can alter molecular reactivity. These results show that
the adsorbates are influenced by thermal annealing leading to the changes in the curvature

and hybridization in SWCNTs nanomaterials.
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3.5 Adsorption evaluation of MWCNTs by XANES spec-

troscopy

Using density of states (DOS) calculations, it has been made possible to attribute the K-edge
absorption structures of carbon in XAS to specific Brillioun zone states in the theoretical
band structure of graphite [148]. The XANES reveals that the electronic transitions in the
carbon atoms of CNTs are similar to that of the carbon atoms in graphite [148]. Figures
3.16 to 3.21 show XANES spectra and tables 3.8 to 3.13 give final-states band and Brillouin-
zones of MWCNTs. In this case, all XANES spectra of MWCNTs can also be divided into
three regions as for the SWCNTs. The structural properties are almost similar for the first
two regions. The third region above 291.8 €V corresponds to the transitions to empty o*
symmetry states and 7* symmetry states. These peaks are localized in B, E, C, H, K, and
L. In the present case, our MWCNTs were not contaminated with potassium. So adsorption
takes place only by non-intrinsic contaminants named A’ A”, A”’, A””. It is observed that
the adsorbates A”’ and A”” are not detectable or do not exist, because they have no chemical
bonds present on the surface. We can say that these adsorption sites do not interact with the
surface and therefore their absence contributes to increasing the level of the material purity.
This can be also explained by the fact that thermal annealing favors the total desorption of

these peaks.
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Figure 3.14: Experimental (red) and calculated (blue) spectra of annealed and uncontamin-
ated MWCNTSs at normal incidence [27].
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Figure 3.15: Experimental (red) and calculated (blue) spectra of annealed and uncontamin-
ated MWCNTs at grazing incidence [27].

Table 3.6: XANES adsorbates parameters of annealed and uncontaminated MWCNTs at
normal incidence values from Fig 3.13 [27].

| Peaks | BE /(eV) | Intensity (c/s) | Final-states band and Brillouin-zone
Adsorbates
A’ 287.54 0.19 Free-electron + interlayer states+adsorption
A” 288.65 0.30 Free-electron -+ interlayer states+adsorption
A / / Free-electron + interlayer states-+adsorption
A7 / / Free-electron + interlayer states+adsorption
Non Adsorbates
A 285.43 3.44 T near ()
C-H Exc. 291.96 0.92 Exciton
B 292.86 1.40 o1,09 1" — Q
C 294.68 6.20 moor mnear I’
D 299.10 0.55 03 —0¢:QQ — P
E 302.95 3.88 o7 near )
F 307.10 3.40 09 near ()
G 309.25 1.80 w4 near ()
H 314.20 0.30 /
K 297.05 0.00 moor minear I’
L 299.50 2.54 0¢ — 07 : near )

In Figures 3.15 and 3.16 we observed that, adsorbates A”” and A”” only appear when

potassium is adsorbed. This suggests that these adsorbates are the results of interactions

between the functional groups present on the surface and potassium. This is true for the two

incidences. Here our samples are also annealed and contain not only intrinsic contaminants
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but also potassium contaminants. The total disappearance of the adsorbates A”’ and P”

is observed in the two incidences, (tables 3.8 and 3.9). This suggests that they are more

sensitive to thermal annealing.

Table 3.7: XANES adsorbates parameters of annealed and uncontaminated MWCNTs at
grazing incidence values from Fig 3.14 [27].

| Peaks | BE (eV) | Intensity (c/s) | Final-states band and Brillouin-zone |
Adsorbates
A’ 287.14 0.24 Free-electron + interlayer states+adsorption
A” 288.50 0.40 Free-electron + interlayer states+adsorption
A / / Free-electron + interlayer states+adsorption
A" / / Free-electron + interlayer states+adsorption
Non adsorbates
A 285.20 3.55 o near ()
C-H Exc. 291.65 0.68 Exciton
B 292.57 1.93 o1,09 1" = Q
C 294.50 6.54 moor mnear I
D 297.06 0.45 03 —0¢:QQ — P
E 302.70 3.83 o7 near )
F 306.97 4.00 o9 near ()
G 309.75 1.90 /
H 315.40 1.20 4 near ()
K 297.05 0.00 moor minear I’
L 299.30 2.40 06 — 07 : near )
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Figure 3.16: Experimental (red) and calculated (blue) spectra of annealed and contaminated
MWCNTs at normal incidence [27].
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Figure 3.17: Experimental (red) and calculated (blue) spectra of annealed and contaminated
MWCNTs at grazing incidence [27].

Table 3.8: XANES adsorbates parameters of annealed and contaminated MWCNTs at normal
incidence values from Fig 3.15 [27].

] Peaks \ BE /(eV) \ Intensity (c/s) \ Final-states band and Brillouin-zone
Adsorbates
A’ 287.10 0.46 Free-electron-like-interlayer states+adsorption
A” 288.72 1.10 Free-electron-like-interlayer states+adsorption
A’ 289.94 0.0 Free-electron-like-interlayer states+adsorption
A”” 290.72 0.52 Free-electron-like-interlayer states+adsorption
p” 297.51 0.0 Potassium Ly level
P 297.30 0.19 Potassium L, L3 level
P’ 299.81 0.17 Potassium Lo — Ly levels
Non adsorbates
A 285.35 2.56 o near ()
C-H Exc. 291.77 0.67 Exciton
B 292.60 1.82 o109l — Q
C 294.55 6.23 moor 7 near I’
D 298.75 2.00 /
E 301.42 3.86 o7 near )
F 306.60 3.15 09 near @)
G 309.55 1.97 /
H 315.20 0.33 4 near ()
I 329.00 / /
J 333.00 / /

Ph.D. Thesis of C.R. Tchenguem Kamto

104 2022/2023




Chapter: 3 Results and Discussions

Table 3.9: XANES adsorbates parameters of annealed and contaminated MWCN'Ts at grazing
incidence values from Fig 3.16 [27].

| Peaks | BE (eV) | Intensity (c/s) | Final-states band and Brillouin-zone
Adsorbates
A’ 287.10 0.46 Free-electron-like-interlayer states+adsorption
A” 288.72 1.02 Free-electron-like-interlayer states-+adsorption
A 289.94 0.0 Free-electron-like-interlayer states-+adsorption
A7 290.72 0.63 Free-electron-like-interlayer states-+adsorption
p” 297.51 0.0 Potassium Lo level
P 297.30 0.17 Potassium Ly, L3 level
P’ 299.81 0.20 Potassium Lo — Ly levels
Non adsorbates
A 285.35 2.56 o near ()
C-H Exc. 291.77 0.674 Exciton
B 292.60 1.82 1,09 1" — Q
C 294.55 6.40 moor 7 near I’
D 298.75 2.00 /
E 301.42 3.88 o7 near ()
F 306.60 3.26 09 near ()
G 309.55 2.00 /
H 315.20 0.50 4 near ()
I 329.00 / /
J 333.00 / /
3,0
2.5 4
2,0
w
&)
2 154
w
8
= 10-
0,5
0,0 4 J

T
280

T
290

T y T
300 310 320

Binding Energy (eV)

Figure 3.18: Experimental (red) and calculated (blue) spectra of unannealed and contamin-

ated MWCNTs at normal incidence [27].

Ph.D. Thesis of C.R. Tchenguem Kamto

105 2022/2023




Chapter: 3 Results and Discussions

3.9

3,0 4

2,9 1

Intensity (c/s)

1,0 5

0.5

0,0 4

0.9

2,0 +

1,9 1

T
280

|
290

T T | T
300 310 320

Binding Energy (eV)

Figure 3.19: Experimental (red) and calculated (blue) spectra of unannealed and contamin-

ated MWCNTSs at grazing incidence [27].

Table 3.10: XANES adsorbates parameters of unannealed and contaminated MWCNTs at

normal incidence values from Fig 3.17 [27].

| Peaks | BE /(eV) | Intensity (c/s) | Final-states band and Brillouin-zone
Adsorbates
A’ 287.10 0.67 Free-electron-like-interlayer states+adsorption
A” 288.77 1.57 Free-electron-like-interlayer states+adsorption
A" 289.94 0.0 Free-electron-like-interlayer states+adsorption
A 290.33 0.85 Free-electron-like-interlayer states+adsorption
pP” 297.90 0.03 Potassium Ly level
P 297.40 1.02 Potassium L, L3 level
P’ 299.76 1.39 Potassium Lo — Ly levels
Non adsorbates
A 285.35 3.18 o near ()
C-H Exc. 291.82 0.56 Exciton
B 292.57 2.05 01,09 1" — Q
C 294.62 9.30 moor w1 near I’
D 298.60 1.39 /
E 302.25 5.50 o7 near )
F 306.63 3.93 o9 near ()
G 309.22 1.80 /
H 314.20 0.95 4 near ()
I 329.00 / /
J 333.00 / /
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Table 3.11: XANES adsorbates parameters of unannealed and contaminated MWCNTs at
grazing incidence values from Fig 3.18 [27].

| Peaks | BE (eV) | Intensity (c/s) | Final-states band and Brillouin-zone
Adsorbates
A’ 287.10 0.86 Free-electron-like-interlayer states+adsorption
A” 288.77 1.90 Free-electron-like-interlayer states+adsorption
A" 289.94 0.29 Free-electron-like-interlayer states+adsorption
A7 290.33 1.10 Free-electron-like-interlayer states+adsorption
P 297.90 0.03 Potassium L4 level
P 297.40 1.39 Potassium Ly, L3 level
P’ 299.76 1.55 Potassium Lo — Ly levels
Non adsorbates
A 285.35 5.56 o near ()
C-H Exc. 291.82 0.58 Exciton
B 292.57 3.73 01,090 — Q
C 294.62 11.00 o or m near I’
D 298.60 0.14 /
E 302.25 9.30 o7 near ()
F 306.63 4.60 09 near ()
G 309.22 2.67 /
H 314.20 1.05 4 near ()
[ 329.00 / /
J 333.00 / /

We observed for both incidences angles corresponding to our annealed and unannealed
contaminated samples that, finals states and bands in the Brillouin zones are identical. This
suggests that thermal annealing does not destroy the structural properties of our samples,
but improves its degree of graphitisation. Each adsorbate corresponds to a specific electronic
transition that is assigned to peaks A’, A”, A”’, and A”” or P, P’and P”. These peaks are
strongly related to the height of the adsorbates. In addition, the probability of a chemical
species to be adsorbed depends on the nature of the surface. The types of bonds and asso-
ciated physical properties depend considerably on the types of atoms adsorbed [149]|. The
amount of adsorbates on the surface varies with the radius of curvature of the CNTs since
adsorption depends strongly on the specific surface area [150]. Our samples show significant
differences on intensities of all adsorbates at normal and grazing incidence angles. During the
adsorption process, a rehybridization can occur in which the sp? and sp* orbitals are mixed,
leading to two free hybrid orbitals. So that, if the contribution of sp® increases, this will
lead to the presence of more free bonds, resulting in the increase of reactivity. Figure 3.19
shows a comparison of the intensities of unannealed and annealed contaminated MWCNTs

for different adsorbates at normal and grazing incidence angles, respectively.
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Figure 3.20: The trend of adsorbate intensities for unannealed and annealed contaminated
MWCNTs in both incidences.

Comparison of the intensities of annealed and non-annealed contaminated MWCNTs
shows that in both studied angles, the amount of all adsorbates decreases significantly after
the thermal annealing process. However, it is shown that when potassium is adsorbed at 12
%, the intrinsic adsorbates increase by 2.12 and 1.64 times at normal and grazing incidence
angles, respectively. At normal incidence, the electric field vector E is parallel to the sample
surface, so the m-states are excited to 7* and some adsorbed chemical species are masked by
others. In contrast, at grazing incidence where the ﬁ vector is perpendicular to the surface,
the o-states are excited to o*. These results show that the adsorption process is also affected
by the direction of the X-ray beam, as demonstrated Huang et al.[145]. It can be understood
that the adsorbates are either affected or desorbed with different sensitivities. This can be
explained by the types of bonds that are formed on the surface and/or the temperature of
the annealing process (which might not be sufficient). This is why thermal annealing is a
powerful technique, as it allows us to highlight the adsorbates that can camouflate the func-
tions present on the surface of CNTs, and thus modify their distribution and their interaction
with their environment. Quantifying the sensitivity of the adsorbates can provide informa-
tion about the purification method. Thus, the desorption efficiency of the adsorbates can be
expressed as follows:

Iimtial - Ifz'mzl

Rdt = 2100% (3.1)

Linitial

where ;,itiqr and Iynq are the adsorbate intensities before and after thermal annealing,
respectively.

The histogram representing the adsorbate desorption efficiency evaluated from the XANES

results is shown in Figure 3.20 for normal and grazing incidence angles. For spectra recorded

at normal incidence, the intensities of the peaks are lower than those observed at grazing

incidence. Several factors may be responsible for this variation. Indeed, this change may be
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linked to a greater state of structural disorder. In addition, a change in the type of atom
involved in the neighbouring atomic layer can also have a strong influence on the intensity

of the peaks, particularly when the differences between the atomic numbers are important.

Mormal Incidence
Grazing Incidence

Desorption vield (%)

A P P P
Adsorbates

A A A

Figure 3.21: Desorption efficiency of adsorbates at normal and grazing incidence angles.

On the other hand, potassium donor species can easily be used to dope MWCNTs. Ding
et al.[146] and Dresselhaus et al.[147] have shown that doping MWCNTs with potassium can
improve the conductivity and Fermi energy. The conductivity of MWCNTs is modified in
the presence of potassium and is increased by about 12 % after thermal annealing. Figure

3.21 shows the comparison of the intensities of annealed and non-annealed contaminated

SWCNTs and MWCNTs.
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Figure 3.22: Comparison of the intensities of SWCNTs and MWCNTs contaminated (a)
unannealed and (b) annealed.

Moreover, the grazing incidence angle geometry is favorable to the desorption process.
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Conclusion

The remarkable electronic and transport properties of doped carbon nanotubes make them
important building blocks in nanoelectronics. In particular, the controlled p/n doping and
reversible adsorption/desorption of gas molecules strongly coupled with nanotube electronic
states, are key issues in obtaining nanotube-based devices with desirable properties. It can
be observed that non-intrinsic adsorbates (P, P’, and P”) are more sensitive to thermal
annealing compared to intrinsic adsorbates (A’, A”, A"’ and A””). On the one hand, the
high sensitivity of potassium adsorbates to thermal annealing demonstrates that physical
bonds are established on the surface, leading to the physisorption mechanism. On the other
hand, since intrinsic adsorbates are not sensitive enough to thermal annealing, suggesting the
existence of chemical bonds on the surface, the chemisorption mechanism can be attributed
to these types of adsorbates. Chemical bonds are more difficult to break. The presence
of competitive species reduces the capacity of adsorprion of each species on the adsorbent.
After the thermal annealing, it is observed that the intensities of the adsorbates present on
the SWCNTs are greater than those of the MWCNTs. This therefore provides information
on the type of chemical bond involved between the different adsorbates and the surface of
the CNTs. Moreover, in the presence of potassium, a slight decrease in the binding energy of
different adsorbates is observed for the SWCNTs and MWCNTs. Phenomenon that we have
attributed to the loss of sp? hybridization contained in the 7- orbital and at the same time

to the increase of sp® hybridization of CNTs.

Conclusion

The characterization of the CNTs after synthesis is mandatory since the properties of these
materials can be well understood for applications related to adsorption and desorption. First
of all, XANES spectroscopy was used to qualitatively and quantitatively evaluate the ad-
sorbed species on the CNTs. We observed that the quantity adsorbed on the surface is
proportional to the diameter of the MWCNTs and SWCNTs. It is seen that the adsorption
of potassium increases the conductivity of both CNTs after thermal treatment. Moreover,
thermal annealing is one of the efficient methods for the purification and controlling con-
ductivity. We noticed that, the highest adsorption capacity for the removal of potassium by
SWCNTs is obtained at pH = 2 suggesting that the ion exchange can be assigned to the
adsorption mechanism. TEM and SEM micrographs confirmed the single wall type of carbon
nanotubes and a random arrangement of SWCNTs, as well as the presence of the spherical
iron particles along carbon nanotubes. The Carbon, Oxygen, Iron, and Sulphur elements
are detected on its surface and Iron may be attributed to the metal catalysts particles used
during the synthesis. It should be noted that the adsorbates present on the surface of CNTs
are useful for non-covalent functionalization with potential applications in biology, water

treatment and environmental protection.
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General Conclusion

In this work, we have presented the versatility of carbon by its different allotropic forms.
We described the hybridization of carbon, which gave information on the electronic structure
of graphite and carbon nanotubes. Our attention was then turned to the presentation of
the particular structure of CNTs, their exceptional physico-chemical properties and their
potential applications. A comparative study of the synthesis methods was done. It showed
that lot of the characteristics of the carbon nanotubes result from the synthesis conditions.
The use of microscopy and spectroscopy tools for the characterization can give informations
on the electronic and structural properties of the carbon nanotube materials. The effet of
thermal treatment was described aiming to improve the characteristics of CNTs samples.
The investigated CNTs were synthesized by Chemical Vapour Deposition (CVD) method,
on a planar SiO,/Si(100) substrate catalytically assisted by transition metals (Ni, Fe, Co).
A qualitative and quantitative evaluation of the adsorbates present on the surface were also
investigated. The treatment used was chosen with the aim of presenting a good efficiency and
preserving the structure of the CN'Ts, as well guaranteeing the properties that these materials
can offer for later applications. To be well used in various applications, their characterization
is necessary to understand their related properties. One of the suitable characterization
techniques is X-ray Absorption Spectroscopy coupled with microscopy. To obtain valuable
information, the synchrotron radiation is needed because of its high brightness, tunable
energy, high flux, low divergence and high ratio of signal to noise.

The XAS technique which uses synchrotron radiation allows to probe matter by means
of a phenomenological study. The use of X-ray polarisation in the characterization was
also examined as well as the different methods of collecting XAS signal. Concerning the
characterization of the orientation of CNTs by the developed geometrical model [47], it is well
known that at the K edge of graphitic carbon, the transitions are strongly dependent on the
incidence angle # between the Poynting vector of the polarised X-rays and the surface normal.
In particular, the 1s—7* transition is very sensitive to variations in the incidence angle 6 and
for the case of an electric dipolar transition, the intensity of the transition varies in sin26.
The use of such tools for the characterization of materials is a multidisciplinary field that
closely associates experimentalists and theoricians, because it brings new and complementary
answers to those provided by the techniques used daily in the laboratory. TEM and SEM

micrographs confirmed the single wall type of carbon nanotubes and a random arrangement
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General Conclusion

of SWCNTs, as well as the presence of the spherical iron particles along carbon nanotubes.
The Carbon, Oxygen, Iron, and Sulphur elements are detected at the surface of SWCNTs
and Iron may be attributed to the metal catalysts particles used during the synthesis. We
noticed that, the highest adsorption capacity for the removal of potassium by SWCNTs
is obtained at pH=2 suggesting that the ion exchange can be assigned to the adsorption
mechanism. Including other methods, the infrared spectroscopy shows that the functional
groups involved in the adsorption process are OH—, C=0 and C=C. XANES spectroscopy has
identified two intrinsic peaks corresponding, respectively to the adsorbates associated to the
7' C=C—OH or —(C=C—m*C=0) and 7*C=0. Our results also show that adsorbates were
found to have different sensitivities to the thermal annealing. The desorption of potassium
on MWCNTs was almost 70 % greater after the thermal annealing, and for SWCNTs, 41
% of gas molecules still adsorbed against 75 % of potassium. In addition, for 75 % of the
potassium adsorbates on the surface of SWCNTs, the contribution of the adsorbates gas
molecules increases by 17.3 %. The studies carried out on the annealed samples also showed
that, thermal annealing during the purification process favoured the reaction between the
species of intrinsic origin and the potassium contaminants, and controlled the conductivity
with the desorption process. The performance of these depends on the good knowledge
of the types of adsorbates or functional groups present on the surface. Our studies have
shown that, depending on the type of adsorbates and the functions present on the surface,
the impacts are different. We first observed the increase in electrical conductivity in the
presence of potassium. Then, we found that these adsorbates interacted with each other
through several mechanisms. We also showed that SWCNTs could be used as an adsorbent
for applications in the field of water purification. In practice, carbon nanotubes can be doped
in different ways, including intercalation of electron donors like alkali-metal or acceptors like
halogen, subtitutional doping, molecular adsorption, covalent sidewall functionalization. The
characterization of carbon nanostructures after synthesis is mandatory because the properties

of these materials must be well understood to optimize their use in various applications.
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Perspectives

Designing nanotubes-based nanoscale materials and devices requires the control of physical
properties of carbon nanotubes. In particular, it is desirable to design the electronic band
structures of the nanotubes. As part of our future works, we will focus on the photophysics
of excitons in SWCNTs. Understanding exciton dynamics in carbon nanotubes is essential to
unlocking the many potential applications of these materials. From a fundamental point of
view, studies of exciton diffusion can provide valuable information on microscopic interactions
between excitons and their environment in nanotubes [154]. Noted that, excitons are essential
for explaining optical processes in SWCNTs, such as optical absorption, photoluminescence
(PL), and resonance Raman spectroscopy [155]. The performance of CNTs needs for a deep

understanding of excited states and their dynamics.
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Abstract

Carbon nanotubes (CNTs) show exceptional properties which make them extremely attractive for
many applications. The electronic structure of potassium adsorbed single-walled carbon nanotubes
(SWCNTs) is investigated by x-ray near edge structure (XANES) spectroscopy. Gas molecules (H,O,
0,, CO,, CO) and potassium (K) adsorbates showed non negligible sensitivity to the geometry,
thermal annealing treatment, and hybridization. The SWCNT type is shown by transmission electron
microscopy (TEM) whereas an aleatory arrangement of SWCNTs and the spherical iron particles
along carbon nanotubes are observed by scanning electron microscopy (SEM). XANES shows that the
charge transfer effect in K-doping SWCNTs increases the conductivity to 62.7%. The adsorption study
demonstrates that the adsorption mechanism to remove potassium from aqueous solutions using
SWCNTs is assimilated to the ion exchange process. The functional groups OH ™, C=0 and C=C are
involved in the adsorption process. They are correlated to the assignment of the adsorbates given by
XANES.

1. Introduction

The ever-growing demand for portable, compact, and energy efficient technologies has driven scientists to
challenge the boundaries of bulk material science. Small scale devices can be created with the existing material
and utilized for various applications. Since the discovery of carbon nanotubes (CNTs) in 1991 by Iijima [1], the
intensive research activity around carbon nanotubes is favored by their unique combination of physical and
chemical properties, which originates from their molecular structure. They exhibit excellent mechanical and
electronic properties [2].

Recent studies on possible nanodevice applications have recognized that the surface functionalization of
nanotubes and fullerenes would play an important role in nanodevice development [3]. To functionalize
nanotubes and fullerenes, the chemical reactivity of carbon atoms needs to be understood with quantitative
accuracy. One significant way in which carbon materials differ from other materials is that carbon atoms have
many possible electron states by hybridization of an atomic orbital. In carbon, there are three possible
hybridizations: sp, sp” and sp’. The bonding in the CN'Ts is primarily of sp> and may sometimes be sp> when the
curvature is high [4, 5]. The rehybridization between the 7 orbitals and o bonds can occur when the graphite
sheet rolls into CNTs since the 7 orbitals are no more orthogonal to the surface [5]. The curvature of the CNTs is
affected by the hybridization. As a result, the bandgap of the tubes can be reduced, and the energies of the
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electronic states modified. The properties of carbon nanotubes are highly dependent on the morphology, size,
and diameter [6].

The remarkable electronic and transport properties of doped carbon nanotubes make them important
building blocks in nanoelectronics, which may speed up the development of molecular circuits and related
devices. In particular, the controlled p/n doping and reversible adsorption /desorption of gas molecules strongly
coupled with nanotube electronic states, are key issues in obtaining nanotube-based devices with desirable and
tunable conductance.

In the past decades, the sorption behavior of carbon nanotubes has been intensively studied [7—10].
Adsorption of the molecules and functionalization of covalent sidewall onto carbon nanotube (CNT) constitute
another method of doping CNT nanomaterial. The molecules can be adsorbed on the CNT either by weak Van
der Waals-like interaction or a covalent bond formed between molecules and nanotubes. Many works have been
focused on the chemical modification of CNTs surface, which can facilitate the manipulation by improving the
solubility in an aqueous solvent and can give the possibility to control the nature of binding between CNTs and
adsorbed molecules [11]. In addition, carbon nanotubes are also a potential adsorbent for the removal of
pollutants in aqueous solutions such as contaminated water. Currently, there is concern about a global water
crisis mainly because about 4% of water available in the groundwater reserves, which supply about 80% of the
human population [12], is contaminated by agents such as cadmium, chromium, lead, zinc, potassium,
fluorides, and pharmaceutical waste, all of which continue to deteriorate water quality. Among those agents,
potassium is a very abundant element and is the seventh among all elements of the Earth’s crust. As
environmental effects, high levels of potassium soluble in water can cause damage to seeds in germination,
inhibit the intake of other minerals and reduce the quality of the crop. Furthermore, in damage to health, a side
effect of a malfunction of the kidneys can generate a buildup of potassium, thus causing a disturbance in the
heart rate. It is clearly understood that it is of great interest to investigate different ways of removing
contaminants in aqueous solutions. It was shown that potassium doping brings superconductivity in single
walled CNTs (SWCNTSs) [13, 14].

In the previous works, the investigation of binding energies, the intensity of CNTs annealed and unannealed
in grazing incidence angle obtained by x-ray absorption near edge structure (XANES) show two categories of
adsorbates [10, 15]. On the one hand, the intrinsic adsorbates A’, A”, A", A"" corresponding to gas molecules
(H,0, CO, CO,, O,), and on the other hand the extrinsic adsorbates named P, P’ and P’ which are assigned to
potassium (K) element [ 10, 15]. These results are at the origin of our curiosity consisting of studying the
adsorption capability of the SWCNT's to adsorb potassium and the electronic properties of the SWCNTs
adsorbent materials. Then, we performed the adsorption measurements in aqueous solutions with the
potassium as adsorbate and SWCNTSs as an adsorbent in addition to XANES experiments on SWCNTs and
potassium adsorbed SWCNTs. The hybridization is first investigated through thermal annealing treatment onto
the adsorbates on the surface of CNT's using XANES spectroscopy. The potassium adsorption behavior of
SWCNTs is also studied.

2. Methodology

2.1. Materials

Single-walled carbon nanotubes grown by chemical vapor deposition (CVD) method were purchased from
Sigma-Aldrich company and used as received. The characteristics are carbon content (>85%), carbon
nanotubes (>75% + /—5%), diameter (1.4 + /—0.1 nm) length (>5 mm) and specific surface (450-550 m*g ).
The potassium nitrate (KNOj3) reagent grade (>98%) was supplied by CTR company (in Mexico) and used for
adsorption experiments.

2.2. Adsorption experiments and characterization procedure

Data on the adsorption balance of pollutants described on single-walled carbon nanotubes were obtained in
batch adsorbents according to the following methodology: In 50 ml vials, an initial volume (V) of 40 ml of an
initial concentration (Cy) of 100 mg 1~ of potassium (K), was adjusted to different pH with solutions 0.01 and
0.1 N of HNO; and NaOH. A mass (m) of 0.01 g of SWCNTs was added. Each sample was made in triplicate. The
vials were placed inside a bath at a constant temperature of 25 °C for 3 days, regulating the pH and registering for
a final volume (Vy), until the balance was reached. After that, the equilibrium concentration of K (C¢) was
determined as well as the adsorption capacity. The adsorption capacity (q) was calculated by means of a mass
balance according to the following equation:
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Figure 1. Charge distribution of SWCNTs.

Table 1. Textural properties of SWCNTs.

Surface area Pore volume Pore
Material BET (m? gfl) (cm? g D) size (nm)
SWCNTs 582 1.625 1.18
SWCNTs[18] 700 ND ND

WGy — ViCy
1 m

()

where:

Cy s an initial pollutant concentration in mg1~", Cyis a final pollutant concentration also inmgl~', misa
mass of adsorbent material in g, q is an adsorbed pollutant mass per unit of adsorbent massinmgg ™', Vyisan
initial volume in L and Vis a final volume in L.

The surface charge and zero point charge pH (pHzpc) were assessed using a potentiometric titration method
proposed by Castillo et al [16]. This technique makes it possible to determine the acidic and basic properties of
adsorbents and the nature of their functional groups.

SWCNT was analyzed by Transmission Electron Microscopy (TEM) using a JEM-2100-Jeol microscope
with Oxford brand EDS probe. The surface of the carbon nanotubes was analyzed by Scanning Electron
Microscopy (SEM) using a FIB/SEM FEI Helios Nanolab 600-FEI scanning electron microscope with EDAX
brand EDS probe equipped with a dispersed energy micro-analysis system for elemental qualitative analysis of
the surface. The elements present on the surface were identified according to the spectral positions of their
characteristic peaks. This determined the point elemental chemical composition of the surface of the adsorbent
particles. Surface details of SWCNT s were observed using secondary electrons (SE). Backscattered electrons
(BSE) were used to visualize contrasts of shades of gray due to differences in chemical composition on the surface
of particles.

The identification of the functional groups in the VA samples has been investigated by Fourier transform
Infrared (FTIR) spectroscopy. The FTIR measurements were performed using OMNIC smart ITR diamond
ATR (Thermo scientific Nicolet iSIO) spectrophotometer in a frequency range of 4000 to 500 cm ™~ '. For sample
preparation, 200 mg of KBr has been mixed with about 2 mg of the samples to collect the FTIR spectra. KBris
used because it transmits 100% in the recorded wavenumber range and the fact that it does not show any
absorption spectrum in the IR region.

2.3. XANES experiments
XANES measurements were performed at Carbon K-edge on the SWCNTs in the SACEMOR beamline [17] at
the Laboratoire pour I’ Utilisation du Rayonnement Electromagnétique (LURE, ORSAY, France). A high-energy

3
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Figure 2. TEM micrographs of the SWCNTs showing a) the distorted distribution and b) the graphitical single wall.

Table 2. SWCNT's point zero

charge.

Material pHzpc
SWCNTs 6.79
NO-SWCNTs[19] 7.5
COOH-SWCNTs [19] 1.2

TGM monochromator with a resolution greater than 0.2 eV at the carbon K-edge was used. The spectra were
recorded in the total-electron-yield (TEY) detection and partial-electron-yield (PEY) with the energy step of
0.1 eV and normalized to the spectrum of a copper grid freshly coated with gold. The calibration of the spectra
was done using the carbon ionization potential.

3. Results and discussions

3.1. Textural properties of SWCNT's

The textural properties of single-walled carbon nanotubes determined in this study, which include the specific
area, pore volume, and average pore diameter, are shown in table 1. The value of our specific area BET 582 m?
g~ ' is smaller than the reported by Dehghani et al [ 18], the difference can be justified by the CNTs growth,
preparation, or functionalization conditions.

The pHzpc has been defined as pH, to which the net surface charge of an adsorbent in an aqueous solution is
neutral. At this value, acidic or basic active groups are no longer contribute to the pH of the solution. The pHpc
value was determined by the graph in figure 1 and is mentioned in table 2 along with data from another work in
which the SWCNT's were doped with NO and COOH molecules. Its surface is almost neutral. Note that the
introduction of carboxylic groups to CNTs made CNTs electron acceptors [19], by increasing the adsorption of
electron donors and decreasing the adsorption of electron acceptors. The difference in pHzpc values from those
reported by other authors is mainly due to the origin of the material and preparation or functionalization
conditions. For ionizable organic chemicals, the variation in pH can result in a change in chemical speciation,
consequently altering their adsorption characteristics [19]. Increased pH generally leads to increased ionization,
solubility, and hydrophilicity, and thus decreased adsorption of natural organic matter on CNTs [20, 21].
According to the results of figure 1, it is observed that its surface is almost neutral (6.79). On the other hand, at
pH < pHzpc, the surface of the SWCNTs is positive and attractive to the anions in solution, and at
pH > pHyzpc the surface is negative with greater attraction to the cations.
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Figure 4. SEM micrographs of SWCNTs by (a) SE detector showing morphological details and (b) BSE detector, evidencing Iron
homogeneous presence.

3.2. Morphological characterization by transmissionand scanning electron microscopy

The surface and morphology of single-walled carbon nanotubes were observed by TEM and SEM. Figure 2(b)
shows the TEM micrographs of the carbon nanotubes that allow to confirm that they are single wall type
(SWCNTs) and particles onto their surface can be observed. Samples present rough surfaces and filaments of
elongated and straight tubular or cylindrical shapes of a few nanometers (1.3—1.8 nm), with a distorted
distribution. The diameter given by TEM is in good agreement with the value (1.4 nm) given by the supplier (see
section 2.1).

In figure 3(b) spherical particles with a noticeably short size (3.0-10.0 nm) can be observed onto the tubes.
Those particles may be attributed to the metal catalysts particles utilized to synthesize SWCNTSs using CVD
method. In addition, the elemental analysis of the chemical composition of the surface of SWCNT's was
performed using Energy Dispersive Spectroscopy (EDS) coupled with TEM. Figure 3(a) shows the microanalysis
by EDS in SWCNTs, the region of the chemical analysis is marked with the green square of the Figure 3(b). The
analysis revealed elements as Carbon (89.87%), followed by Oxygen (5.81%), and in small proportions Iron
(4.15%) and Sulphur (0.21%). The presence of Copper and Silicon is attributed to the secondary signals
generated by the grid used to support the sample. The intensity of the sulfur peak is relatively too low (almost
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Figure 5. SEM micrographs of SWCNTs by (a) SE detector, indicating in the green rectangle the (b) microanalysis by EDS and the
respective BSE micrograph.
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Figure 6. Adsorption capacity of SWCNTSs for the removal of K™ from aqueous solution.

non visible) in the EDS spectrum because of its very low concentration. This can be explained by the weaker
interaction between SWCNTs wall with the sulfur. Our findings are complemented by the results of Li et al [22]
who reported that for the SWCNTs synthetised by Electric Arc (EA) denoted as S@EA-SWCNTs, the response of
the Raman spectra to the presence of encapsulated sulfur is relatively modest. Thus, to provide direct
information on the effect of sulfur incorporation on the electronic structure of the SWNTs, Li et al [22] have also
examined the near-infrared and Visible (NIR/VIS) spectra of the samples and the results show that the features
due to the SWCNT interband electronic transition regions have little change in the NIR/VIS spectrum of S@EA-
SWCNTs.

The presence of iron can be justified by the CVD growth method used to produce the SWCNTs. In this
method, metallic particles such as iron, cobalt, copper, etc, are generally used as catalysts during the synthesis
procedure. Thus, some residue might remain on the surface or inside the tubes during the growth of the
SWCNTs.

SEM was performed as well to enrich the SWCNT's surface characterization. Figure 4 shows a general area of
the sample using SE and BSE. In figure 4(a), an aleatory arrangement can be observed as well as the presence of
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Figure 7. Infrared spectrum of SWCNTSs and potassium adsorbed SWCNTs.

the spherical iron particles along carbon nanotubes. Figure 4(b) was acquired with BSE detector where the Iron
particles high contrast can be appreciated, denoting a homogeneous distribution of iron.

EDS coupled with SEM was carried out in a bulk sample to confirm the elements detected by TEM-EDS.
Figure 5(b) shows the microanalysis spectrum of the region marked with the green rectangle of figure 5(a). The
analyses done by quintupled revealed the same elements reported previously: Carbon (87.89%), Oxygen
(6.72%), Iron (5.15%) and Sulphur (0.24%), averaged values.

3.3. Adsorption capacity of K+ contaminant with SWCNTs
The adsorption capacities of the contaminants studied at C, = 100 mg1~', and 0.01 g of SWCNTs adsorbent at
different pH (2, 3,5, 7,9, 10, and 11) were obtained by triplicate and are shown in figure 6. The results revealed
that the experiments using potassium as a contaminant lead to considerable adsorption capacity at the lowest
and highest pH taken from the acidic and basic regions. The highest value 10.35 mg g~ is obtained at pH 2. On
the contrary, the adsorption capacity corresponding to neutral pH 7 was minimal. These results suggest that
SWCNTs have a great capacity to remove potassium in the lower acidic pH and basic region. The adsorbent
surface is known to be positively charged at pH < pHyzpc [20, 21], favoring electrostatic attraction with anions
on the adsorbent surface. In contrast, the electrostatic repulsion of anions is dominant at pH > pHypc, where
the adsorbent surface is negatively charged. Potassium in an aqueous solution is a cation and its adsorption on
SWCNTs could be decreased at pH < pHypc if the predominant mechanism was by electrostatic attraction;
however, the maximum adsorption capacity is obtained at pH 2. This can be explained by considering that K
could be exchanged with another cation such as Fe** on the surface of SWCNTs. The EDS analysis shown in
figures 3(a) and 5(b) reveals the presence of Fe on the surface of SWCNTs so that the ion exchange mechanism
can be considered. According to Yueh et al [23], Fe in carbon nanotubes exits in the forms of clusters and a thin
layer and presented two kinds of Fe-C bonding. The bonding between the Fe cluster and the C atoms on the tube
wall will be more like that of iron carbide with strong chemical bonds. While the bonding between the Fe thin
layer and the graphite sheet is more like bonding between two metallic layers. Thus, the Fe cluster should interact
strongly with the carbon tube.

On the other hand, the increase in K adsorption capacity at pH > pH_pc can be attributed to the increase
in the negative charge of the surface with increasing solution pH. Thus, it can be considered that K™ is adsorbed
by a mechanism of ion exchange and surface electrostatic attractions depending on the pH of the solution.

3.4. Functional groups by infrared spectroscopy analysis

Figure 7 shows the infrared spectra of SWCNT's samples compared to the potassium adsorbed SWCNT's spectra
(SWCNTs-K). In these spectra, are distinguished the specific peaks corresponding to the vibrations of the OH™
group which are between the bands 2475 to 2625 cm ™' [24]. The Li* ion solvation structures in the electrolytes
were characterized with electrospray ionization mass spectrometry (ESI-MS) [25]. The authors show that the

7
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Figure 8. Experimental XANES spectrum of annealed SWCNTs non adsorbed with potassium.

Table 3. XANES adsorbates parameters for annealed SWCNTs non adsorbed with potassium.
The intensity is in units of counts per second. BE stands for binding energy.

Peaks BE (eV) Intensity (c sh Final states
A/ 269.69 0.82 7"'C=C-OH/-(C= -7*C=0)-
A" 271.34 0.86 "C=0

small peaks in the spectra can be attributed to the small amount of impurities with one -OH group instead of H
in the solvent molecules. In addition, the peaks of 1980, 2015, 2040, 2175, and 2190 cm ! bands are attributed to
C=C. As well, the peak 1730 cm ' is assigned to the C=0 band. It can be observed that in the adsorbed samples,
the bands corresponding to C=0 and C=C are attenuated while that of OH—is almost identical. This may
suggest that the bands C=0 and C=C are those mostly interfering in the adsorption process. The work of [25]
using the operand Raman spectra near the radial breathing mode (RBM) show that peak diminishment in EA-
SWCNTs resulting in bleaching of the optical interband transitions in the SWCNTs and suppressing the
resonance character of the Raman scattering. Otherwise, the ex situ XPS C 1 s spectra of the lithiated and
delithiated S@EA of the pristine indicate the existence of C-C bond, C-O, and isolated carbonyl C=0 bonds.
The latter two may arise from the impurity of the pristine SWCNTs or impurities introduced during the sulfur
encapsulation. During lithiation, both C-O and C=0 peaks become much more pronounced [25].

3.5. XANES results of potassium adsorbed SWCNT's

Figure 8 sketches the XANES spectrum at the carbon K (C(K))-edge of annealed SWCNTs non adsorbed with
potassium and the assignment of the resolved peaks. The energies and assignments of the main peaks in the C(K)
edge of annealed SWCNTs non adsorbed with potassium are summarized in table 3.

The effect of the gaseous environment on the electronic properties of CNTs has recently attracted a lot of
attention [22, 26]. Because the adsorption of molecules constitutes another type of doping of CNTs. It is good to
remind that the identified intrinsic adsorbates H,O, CO, CO,, O,, are impurities specific to the surface of the
CNTs[15,27]. Most molecules adsorb weakly on SWCNTs and can be either charge donors or acceptors [23].
Charge donor molecules (H,0, CO,) interaction between the nanotubes is weak and does not have a significant
influence on the electronic structures of SWCNTs [23]. Santucci et al [28] have proven both by theoretical and
experimental methods that CO adsorb weakly on the tube wall with essentially no charge transfer between the
tube and molecule. Moreover, Sankar et al [ 25] performed first-principle density functional theory (DFT)
studies on the adsorption of gas molecules on (10, 0) SWCNT. Their results showed that for the adsorbed
molecules (H,O and CO), no charge transfer exists between the tube and molecule. This can also be correlated
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Figure 10. Experimental XANES spectra of annealed SWCNTs adsorbed with potassium.

with the adsorbate A’ in figure 8, which corresponds to the final states 7*C=C-OH/—(C=C~7"C=0)— and is
due to water molecules. It is not also sensitive enough to the thermal treatment suggesting the negligible charge
transfer between the surface of CNTs and water molecules. The charge transfer is not negligible for O, and NO,
which are both charge acceptors [23]. The bond length of C-C after adsorption of oxygen molecule on the
external surface of nanotube increases since oxygen is more electronegative than carbon [29]. The interaction
between O, molecules and SWCNT is much more pronounced, and SWCNT can be turned into a p-type
conductor after NO, or O, adsorption [23] as it can be observed for the adsorbate A” (7*C=0) affected mainly
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Table 4. XANES adsorbates parameters for unannealed SWCNTSs adsorbed
by potassium. The intensity is in units of counts per second. BE stands for

Binding energy.

Peaks BE(eV) Intensity(c s Final states

A 268.36 L12 7*C=C~OH /~(C=C~1"C=0)~
A/ 270.37 1.22 " C=0

P’ 283.48 2.37 Potassium L,-L,;

P’ 288.21 2.28 Potassium L,

Table 5. XANES adsorbates parameters for annealed SWCNTs adsorbed by
potassium. The intensity is in units of counts per second. BE stands for

Binding energy.

Peaks  BE(eV) Intensity (cs™ ) Final states

A 268.64 1.31 7*C=C-OH/~(C=C-7"C=0)-
A/ 271.26 1.93 7C=0

P’ 284.66 3.09 Potassium L,—L;

P’ 288.52 2.97 Potassium L,

by thermal annealing. This suggests that the curvature affects the physical, electronic, and chemical properties of
the CNTs and has a significant effect on the desorption process [23, 30, 31]. Itis revealed that the contribution of
gas molecules is 23.7% in SWCNTs. This observation can be assigned to the electronic behavior of gas molecules
and especially to the strong interaction of O, with the surface of CNTs. This can be correlated with some results,
including nuclear magnetic resonance (NMR), which proved the increase of density of states at the Fermi level of
SWCNTs after exposure to oxygen [32]. More to that, Collins et al [26] found that oxygen gas has dramatic
effects on conductivity. The FTIR also showed that the functional groups at the surface of SWCNT's are
principally OH™, C=0 and C=C.

According to our previous results [10, 15], the two dominant peaks near 265.94 ¢V (A) and 277.54 ¢V (B)
were associated with an unoccupied 7* and o™ band, respectively. The features corresponding to Cand D
respectively at 284,43 eV and 293.05 eV were associated with o-symmetry while Ex. at 276.14 eV was correlated
to o™ exciton (C—H"* bond resonance).

Similar dominant peaks (A) and (B) are observed in the work of Zhong et al [33] on a SWCNT treated with
the LiOH water. After a fitting process of their data (using the Igor package), they obtained two other picks like A’
and A” of the present work. According to the reported XANES data, the first one A’ has been assigned to 7* (C-OH)
and the second one A” to 7 (C = O). Zhong et al [33] have also found a third pick attributed to o™ (C-O) when the
SWCNT material was treated by immersion in a 1 M LiOH water solution at pH = 12 for five days. Of all the
above, the appearance of the peaks A’ and A” clearly demonstrates the involvement of functional groups in the
adsorption process; which will affect the atomic and electronic structures of SWCNTs. Let us stress that the heat
exchange through the annealed process has been shown to cause changes in the binding energy and the intensity of
the adsorbates. Compared to our previous results [ 10, 15], we note that the peaks A"/, A”" and P are not observed
in our present spectra due to their extremelylow resolution. Thus, we will focus only on the visible peaks in the
following.

Figures 8 and 9 show XANES spectra of the carbon K (C(K)) edge of unannealed and annealed SWCNTs
adsorbed with potassium and the assignment of the resolved peaks. The energies and assignments of the main
peaks in the C(K) edge of unannealed and annealed SWCNTs adsorbed with potassium are summarized in
tables 4 and 5. Itis observed that the intensities of different adsorbates are superior for the annealed samples
suggesting that the thermal treatment can affect the adsorbates whatever their origin. For annealed samples, the
disappearance of peak A’ and the resolution of peak A” can be noticed. The increase in the peaks P’ and P” can
also be seen. However, no change is seen in the shape of the peaks P’ and P”. These results showed that in the
SWCNTs, the intrinsic adsorbates are less sensitive than the extrinsic adsorbates. Thus, the hybridization of the
nanotubes can be affected.

Concerning the non adsorbed (figure 8 and table 3) and the adsorbed annealed samples (figure 10 and
table 5), one can observe that the labeled main peaks in the spectrum of the latter are better resolved. Peak A’ is
sharper and peak A” is more intense in the adsorbed annealed samples (figure 10). The two intense peaks P’ and
P” which are due to potassium are in the position of peaks C and D in the non adsorbed spectrum. The
adsorption process has brought a great change in the spectrum suggesting that the electronic properties of the
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samples as well as the hybridization, can be modified by means of adsorption or doping. They can vary
depending on the nature and the type of adsorbates utilized to remove the pollutants when using SWCNTs.

Our results also show that the conductivity of the SWCNTs is first modified and then improved by 75%.
After thermal annealing, 41% of gas molecules still adsorbed against 75% of potassium. In addition, for 75% of
the potassium adsorbates on the surface of SWCNTs, the contribution of the adsorbates gas molecules increases
by 17.3%. Thus, the performance of SWCNTs depends on a better understanding of the functionalities at the
CNTs’s surface. The tube molecules’ interaction may substantially affect the carbon nanotubes and lead to the
applications like chemical sensors.

Intensities of adsorbates are directly correlated to carbon hybridization since the reactivity is connected to
the diameter and type of hybridization in CNTs. It is seen that the values of the binding energy change from
unannealed to annealed samples due to the thermal annealing treatment. The intensities of all adsorbates are
decreasing from unannealed to annealed samples in SWCNTs. These results suggest that the binding energy, as
well as the intensity of the intrinsic adsorbates, strongly depend on the diameter (curvature) of the CNTs. It can
be understood that the adsorbates bonding can be affected by the thermal annealing process. They can either be
shrunk or lengthened depending on the degree of thermal treatment. This could somehow affect the
hybridization of the CNTs. The results are in good agreement with Ref. [34], where the SWCNTs are stated to be
more reactive than multi walled CNTs (MWCNT5s). Indeed, the great chemical reactivity of the SWCNTs is the
consequence of the external arrangement of the pyramidized carbon atoms sp” arranged correctly for the
formation of chemical bonds with the reactive species. Thus, CNTs having large curvature require less geometric
deformation and hybridization change to accept an adsorbate. In addition, the effects of heat exchange have
been shown to cause changes in the binding energy and the intensity of the adsorbates.

As shown earlier, the adsorbates are more sensitive in SWCNTs. The intensity of adsorbates A’
corresponding to the final states 7*C=0 is strongly affected in SWCNTs by thermal annealing treatment, as well
as that of peaks P’ and P” which are assigned to the final potassium states L2-L1 and L2. This suggests that the
height of these adsorbates can be considerably reduced by heat treatment. This can be explained since it is known
that one of the main objectives of thermal annealing is to minimize impurities. Other adsorbates are less
sensitive to thermal treatment. All adsorbates are affected differently by interaction with each CNT’s surface,
creating a different environment that can alter molecular reactivity. These results show that the adsorbates are
influenced by thermal annealing leading to the changes in the curvature and hybridization in SWCNT's
nanomaterials. A thorough XANES study needs to be done to understand the process better.

4, Conclusion

In this paper, the electronic structure of potassium adsorbed single-walled carbon nanotubes has been
investigated by x-ray near edge structure spectroscopy. We noticed that: the highest adsorption capacity for the
removal of potassium by SWCNTs is obtained at pH 2 suggesting that the ion exchange can be assigned to the
adsorption mechanism. Also, electrostatic attractions are involved during the potassium adsorption, mainly at
pH > pHpzc. TEM and SEM micrographs confirmed the single wall type of carbon nanotubes and an aleatory
arrangement of SWCNTs, as well as the presence of the spherical iron particles along carbon nanotubes. The
Carbon, Oxygen, Iron, and Sulphur elements are detected at the surface of SWCNTs and Iron may be attributed
to the metal catalysts particles used during the synthesis. The infrared spectroscopy shows that the functional
groups involved in the adsorption process are OH ™, C=0 and C=C. XANES spectroscopy has identified two
intrinsic peaks corresponding respectively to the adsorbates associated to the 7" C=C-OH/—(C=C~n"C=0)
and 7*C=0. The non-intrinsics peaks are attributed to potassium L2-L1 and L2 bands. XANES spectra show the
difference between the adsorbates of non adsorbed and potassium adsorbed SWCNTs, suggesting that the
sample’s surface has been modified due to the adsorption process. The effect of thermal annealing on the
interaction between adsorbates and SWCNTSs was investigated. The conductivity of SWCNTs is increasing by
62.7%. The oxygen molecule has a significant effect on the conductivity of SWCNTSs. The adsorbates are affected
by thermal annealing treatment leading to the changes in curvature and hybridization in CNTs.
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The multi-walled carbon nanotubes (MWCNTs) studied in this work were synthesized by the catalytic chemical
vapor deposition (CCVD) process, and were thermally annealed by the hot filament plasma enhanced (HF PE) method at
550 °C for two hours. The x-ray absorption near edge structure (XANES) technique was used to investigate the adsorption
and desorption phenomena of the MWCNTs at normal and grazing incidence angles. The adsorbates were found to have
different sensitivities to the thermal annealing. The geometry of the incident beam consistently gave information about the
adsorption and desorption phenomena. In addition, the adsorption of non-intrinsic potassium quantitatively affected the
intrinsic adsorbates and contributed to increase the conductivity of the MWCNTs. The desorption of potassium was almost
70% greater after the thermal annealing. The potassium non-intrinsic adsorbates are from a physisorption mechanism

whereas the intrinsic adsorbates result from chemisorption.

Keywords: multi-walled carbon nanotubes, thermal annealing, adsorption, desorption

PACS: 31.10.4z, 31.15.ae, 32.30.Rj, 82.80.Dx

1. Introduction

The theoretical and experimental knowledge of the struc-
ture of a system is required to elucidate new materials with
novel properties. Carbon nanotubes (CNTs) have intensively
undergone theoretical and experimental studies because of
their versatilities. During the first decade of the discovery
of CNTs by Sumio lijima, they were usually obtained at
high temperature (about 3500 °C) using graphite electrodes
by the electric discharge process.!!! Nowadays, they are pro-
duced in industries at intermediate temperatures (between
700-950 °C) by the well-known catalytic chemical vapor de-
position (CCVD) process, >3] electric discharge,!' or laser
ablation. ! Among these, CCVD is one of the most suitable
methods for synthesizing aligned CNTs since it can be car-
ried out at low temperatures and pressures.>! However, CCVD
synthesized CNTs usually contain catalytic metallics and im-
purities whose nature and proportion depend on the synthesis
parameters. The presence of impurities can significantly affect
the properties of CNTs and consequently the global behavior
of these materials.[®! The samples studied herein are multi-
walled CNTs (MWCNTs) synthesized by the hot filament
plasma enhanced catalytic chemical vapor deposition (HF PE
CCVD) process fully described in Ref. [7]. CNTs are mostly
characterized by scanning electron microscopy (SEM)®! and
transmission electron microscopy (TEM),! which are both
qualitative methods. These techniques do not give enough in-
formation about the electronic and structural properties of the
CNTs. The x-ray absorption near edge structure (XANES)
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technique on the contrary is a powerful tool that provides the
structural and electronic information on the local environment
around the absorber atom in the medium range order due to its
angular dependence of the absorption transition.!”! This tech-
nique is sensitive to the chemical adsorption and impurities,
defects, and orbital rehybridization.[”! MWCNTSs with large
diameter are advantageous for various applications like molec-

U0 infrared

ular compounds for instance, in organic solar cells,
detectors,'! and biological systems.!'?! The adsorption and
desorption phenomena of the MWCNTs are of great interest
since they provide a full understanding of the performance for
water and wastewater treatment applications.

In this study, through XANES technique, we investigate
the adsorption and desorption phenomena of MWCNTSs grown
by CCVD process and thermally annealed at 550 °C. The
XANES spectra are collected at normal incidence (NI) and
grazing incidence (GI) angles to evaluate the adsorption per-

centage.

2. Theory

MWCNT is made up of a bundle of single walled CNTs
(SWCNT) arranged such that they all have the same vertical
axis. The external diameter of the MWCNT depends on the
growth process. By the electric arc discharge, the external di-
ameter is about 20 nm, whereas it can reach 100 nm with the
CCVD process. ! In general, as a consequence of the synthe-
sis process, the surfaces of the CNTs are usually covered by
some adsorbates mostly considered as impurities.'>! These

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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adsorbates can affect, in different ways, the structure of the
surfaces since they can be linked physically by van der Waals
forces or chemical covalent bonds.!'3] The former is named
physisorption mechanism while the latter is chemisorption. If
the free bonds are saturated, the strongly linked adsorbates
can either eliminate or favor the restructuring of the free sur-
face, which thus may or may not affect the properties of the
surface.!!3! Tt has been established that the Lennard—Jones in-
teractions prevail in the adsorption mechanism,!'*) suggesting
that the interaction potential V between two species with a dis-
tance r can be written as a sum of the terms of the repulsion
and attraction contributions, as follows:

Ve{(ro)lzz("’ﬂ, (1)
r r
where € and ry are the Lennard—Jones parameters for each
couple of species at the equilibrium distance.

Chemisorption is a dominant process in SWCNTs. %]
On the contrary, physisorption, which is a characteristic of
MWCNTs, is a reversible process that can occur at low
temperatures.(!3] Adsorption capacity depends on the specific
surface area and the number of walls in the MWCNT. The spe-
cific surface area reduces with an increase in diameter and in
the number of walls.!'®] The average specific surface area of
the MWCNTs is between 30 m?/g and 400 m?/g depending on
the mean diameter and the number of walls.['®! The specific
surface area S of a MWCNT is given by!°!

2 ~ 2630

— m2

where R and R, are the external and internal radii, respec-

tively, and n is the number of walls. In the above formula, the
density p = 2.26 g/cm3 and Ry — R, is 3.36 A, which corre-
spond to those of graphite. Physisorption offers the possibility
to modify the electronic properties of the substrate. The ad-
sorbate species can leave the surface, leading to desorption,
their speciation and the determination of their characteristics
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can allow to extract valuable information on the desorption
process. This can be done by breaking the chemical or phys-
ical bonds existing on the surface. XANES spectroscopy is
a powerful tool that can give structural and electronic infor-
mation on the atoms and molecules as well as the local chemi-
cal functionalities.!!”! The experimental details and the CCVD
growth process of our studied MWCNTSs have been fully de-

scribed elsewhere.!7-18]

3. Results and discussion

The XANES spectra collected at the carbon K edge are
shown in Figs. 1 and 2. The data have been collected at nor-
mal incidence angle (6 = 0° with E parallel to the surface)
(Figs. 1(a) and 2(a)) and at grazing incidence angle (8 = 90°
with E normal to the surface) (Figs. 1(b) and 2(b)). Note that
0 is the angle between the axis of the sample and the direc-
tion of the electric field vector E of the x-ray incident beam.
The XANES spectra can be divided into three main regions as
described in Ref. [18]. The first region located at 285.5 eV cor-
responds to peak A. The second region between 286.5 eV and
290.5 eV is assigned to the free electron like interlayer (FELI)
states and the adsorbed or chemisorbed molecular states. The
third region, corresponding to the transitions towards the o*
and 7* empty states is above 291.8 eV. From our XANES
spectra, the intrinsic and non-intrinsic adsorbates can be dis-
tinguished. The intrinsic adsorbates, namely, A’, A”, A", and
A" are the results of the gas, atomic, and/or molecular adsorp-
tion of different species such as oxygen (O,), water (H,0),
and transition metals (TM) during the synthesis process.!”1"]
The non-intrinsic adsorbate observed in our XANES spectra
(Fig. 2) is attributed to the potassium element which appears
accidentally during the synthesis process.[!8]

Tables 1 and 2 show the intrinsic and non-intrinsic adsor-
bates with their corresponding intensities and final states in the
Brilouin zone, for annealed and un-annealed samples contam-
inated with potassium, respectively.

(b)
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e e

Tt Al
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Fig. 1. Experimental and simulated XANES spectra of MWCNTs annealed and without contaminants at (a) normal and (b) grazing incidences.
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Fig. 2. Experimental and simulated XANES spectra of MWCNTSs annealed and contaminated with potassium at (a) normal and (b) grazing incidences.

Table 1. Main feature parameters for annealed and potassium-contaminated MWCNTSs from XANES spectra at normal and grazing

incidence angles. The intensity is in units of counts per second.

Adsorbates Energy/eV Intensity at NI Intensity at GI Final-state band and Brillouin-zone

A 286.53 0.46 0.46 free-electron-like interlayer states + adsorption
A 288.40 1.10 1.02 free-electron-like interlayer states + adsorption
A" 288.70 0.0 0.0 free-electron-like interlayer states + adsorption
A" 290.70 0.52 0.63 free-electron-like interlayer states + adsorption
P’ 297.51 0.0 0.0 potassium L; level

P 296.60 0.19 0.17 potassium Ly, L3 level

P’ 299.83 0.17 0.20 potassium Lp—L; levels

Table 2. Main feature parameters for unannealed and potassium-contaminated MWCNTSs from XANES spectra at grazing and normal

incidence angles. The intensity is in units of counts per second.

Adsorbates Energy/eV Intensity at NI Intensity at GI Final-state band and Brillouin-zone

A 286.53 0.67 0.86 free-electron-like interlayer states + adsorption
A 288.40 1.57 1.90 free-electron-like interlayer states + adsorption
A" 288.70 0.0 0.29 free-electron-like interlayer states + adsorption
A" 290.70 0.85 1.10 free-electron-like interlayer states + adsorption
P’ 297.51 0.03 0.03 potassium L; level

P 296.60 1.02 1.39 potassium Ly, L3 level

P’ 299.83 1.39 1.55 potassium Lp—L; levels

Each adsorbate corresponds to a specific electronic tran-
sition which is assigned to peaks A’, A”, A", and A" or P,
P/, and P”. These peaks are strongly linked to the height of
the adsorbates. Also, the probability for a chemical species to
be adsorbed depends on the nature of the surface. The types
of bonds and the associated physical properties considerably
depend on the types of the adsorbed atoms.??! The quantity of
the adsorbates on the surface varies as a function of the curva-
ture radius of the CNTs since the adsorption strongly depends
on the specific surface area.!!°]

The individual contributions of the adsorbates present in
our samples exhibit significant differences at normal and graz-
ing incidence angles. During the adsorption process, rehy-
bridization can occur in which the sp?> and sp’ orbitals are
mixed leading to two free hybrid orbitals. Such that, if the
contribution of sp? increases, this will lead to the presence of
more free bonds, resulting in the increase of the reactivity.

Figure 3 presents a comparison of the histogram of the

intensities of the contaminated MWCNTs un-annealed and
annealed for different adsorbates at normal and grazing inci-
dence angles respectively.

# NI un-annealed ® GI un-annealed
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Fig. 3. The trend of the intensities of the adsorbates for the contami-
nated un-annealed and annealed MWCNTs at normal and grazing inci-
dence angles.

Comparing the intensities of the annealed and un-
annealed contaminated MWCNTs shows that the non-intrinsic
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adsorbates A’ and A" almost disappear in the presence of
potassium adsorbates in the two studied angles. The quantity
of the intrinsic adsorbates considerably reduces after the ther-
mal annealing process at normal and grazing incidences. It can
also be seen that the non-intrinsic adsorbates are less sensitive
to the thermal treatment. However, it is shown that when the
potassium is adsorbed at 12%, the intrinsic adsorbates increase
by 2.12 and 1.64 times at normal and grazing incidence angles,
respectively. At normal incidence, the x-ray beam is parallel to
the surface of the sample, hence the 7 states are excited to 7*
and some adsorbed chemical species are masked by others. On
the contrary, at grazing incidence where the x-ray beam is per-
pendicular to the surface, the o states are excited to 6*. These
findings show that the adsorption process is also affected by
the direction of the x-ray beam as demonstrated by Huang et
al.'%1 Tt can be understood that the adsorbates are either af-
fected or desorbed with different sensitivities. This can be ex-
plained by the types of bonds that are formed on the surface
and/or the temperature of the annealing process (which might
not be sufficient). Quantification of the sensitivity of the ad-
sorbates can provide information on the purification method.
Thus, the desorption yield of the adsorbates can be expressed
as

Ry — Jinidal — finat 100%, 3)

initial

where L. and Ig,, are the intensities of the adsorbates be-
fore and after thermal annealing, respectively. The histogram
representing the desorption yield of the adsorbates evaluated
from XANES results is shown in Fig. 4 at normal incidence
and grazing incidence angles.

intensity at GI

’

P P
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Adsorbate peaks

o O O

Desorption yield/%
o

Fig. 4. Desorption yield of the adsorbates at normal incidence and graz-
ing incidence angles.

It can be observed that potassium adsorbates (P, P/, and
P") are more sensitive to thermal annealing compared to the
intrinsic adsorbates (A’, A”, A", and A”"). Also, the geom-
etry at grazing incidence angle is favorable to the desorption
process. On the one hand, the high sensitivity of potassium ad-
sorbates to the thermal annealing demonstrates that the phys-
ical bonds are established on the surface, leading to the ph-
ysisorption mechanism. On the other hand, since the intrinsic
adsorbates are not sensitive enough to the thermal annealing,
suggesting the existence of chemical bonds on the surface, the
chemisorption mechanism can be attributed to these types of

adsorbates. Chemical bonds are more difficult to break. In-
cidentally, the potassium donor species can easily be used to
dope the MWCNTs. Ding et al.!>3! and Dresselhaus et al. >4
showed that doping the SWCNT's with potassium can improve
the conductivity and Fermi energy. The conductivity of our
MWCNT is modified in the presence of potassium and is in-
creased by about 12% after thermal annealing.

4. Conclusion

The characterization of the carbon nanostructures after
synthesis is mandatory since the properties of these materials
can be well understood for applications related to adsorption
and desorption. These nanostructures can then be applied to
solve problems of water, air, and soil purification. XANES
spectroscopy was used to qualitatively and quantitatively eval-
uate the adsorbed species on the MWCNTs. We observed that
the quantity adsorbed on the surface is proportional to the di-
ameter of the multi-walls. In addition, the incident angle of the
incoming beam plays a key role in understanding the adsorp-
tion phenomenon. The results showed that the potassium non-
intrinsic adsorbates are resulted from the physisorption mech-
anism whereas the intrinsic adsorbates are from chemisorp-
tion. Also, the intrinsic adsorbates are less sensitive to the
thermal treatment compared to the non-intrinsic potassium ad-
sorbates. In addition, it is seen that the presence of potassium
increases the conductivity of the MWCNTs after thermal treat-
ment, and the desorption process is mostly affected at grazing
incidence. It is worth noting that the adsorbates are useful for
non-covalent functionalization with potential applications in
electronic, biologic, water treatment, and environmental pro-
tection. Moreover, thermal annealing is one of the efficient
methods for the purification and controlling the conductivity
of the MWCNTs.
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