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ELECTRON MICROSCOPY AND SPECTROSCOPY STUDY OF MODIFIED
TITANATE NANOWIRES AND NANOTUBES

ABSTRACT

One dimensional titanate nanostructures, such as titanate nanowires (TNWs) and
nanotubes (TNTs), are promising alternatives to TiOs in various applications including
photocatalysis. They combine the properties of TiOy nanoparticles with the properties
of layered titanates such as ion exchange ability and higher specific surface area, due to
their open mesoporous morphology.

In this thesis, investigations on cobalt doped and intercalated titanate nanowires
and nanotubes using various characterization techniques are presented. Aberration
corrected electron microscopy along with energy dispersive x-ray spectroscopy (EDX), is
employed to ascertain the morphology, structure and chemical composition of the titanate
nanostructures. In order to minimize electron beam induced damage, electron microscopy
was carried out at 80 kV. EDX mapping revealed the distribution of the various elements
including the dopant intercalant cobalt in both nanotubes and nanowires. Ls/ Ly white
line ratio in energy loss spectroscopy (EELS) is used to determine the oxidation state
of cobalt in the modified titanate nanostructures, from single nanowire/nanotube. This
analysis indicates the presence of cobalt in mixed oxidation state (24 and 3+) in doped
samples and 24 oxidation state in intercalated samples. These findings were further
confirmed by X-ray photoelectron spectroscopy (XPS) measurements. Raman analysis
showed notable changes in the characteristic Raman peaks in the case of cobalt doped
and intercalated titanate nanowires and nanotubes in comparison to the reference titanate
nanowires and nanotubes. Cobalt incorporation was better achieved in the intercalated
TNT and TNW samples in comparison to that of doped TNTs and TNWs.

The findings in this work are very relevant because they can contribute to better
understand, and even anticipate, the performance of such metal modified nanostructures,
since they make possible to relate the performance with the amount, position and

oxidation state of the metal in the nanostructure.
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ESsTUDO DE MICROSCOPIA ELETRONICA E ESPECTROSCOPIA DE
NANOFIOS E NANOTUBOS DE TITANATO MODIFICADO

RESuUMO

As nanoestruturas unidimensionais de titanato, ou seja, nanofios (TNWs) e nanotubos
(TNTs), apresentam-se como alternativas muito promissoras ao TiO, em vérias aplicagoes,
em particular como fotocatalisadores. Estas estruturas combinam as propriedades e
aplicagoes, das nanoparticulas de TiO,, como por exemplo atividade (foto)catalitica com
as propriedades dos titanatos lamelares, como a capacidade de troca idnica e elevada
area superficial, decorrente da morfologia mesoporosa que apresentam. Nesta tese, sao
apresentados estudos de caracterizacao, de nanofios e nanotubos de titanato dopados
e intercalados com cobalto, usando diferentes técnicas instrumentais. Neste ambito, a
microscopia eletronica de aberragao corrigida juntamente com a espectroscopia de energia
dispersiva de raios X(EDX), foram utilizadas para averiguar a morfologia, estrutura
e composicao quimica das nanoestruturas de titanato. Nos estudos de microscopia
eletrénica, e de forma a minimizar os danos criados pelo feixe de eletroes, foram aplicadas
tensoes na ordem dos 80 kV. O mapeamento de EDX revelou a distribuicao dos varios
elementos, incluindo o cobalto utilizado como dopante/intercalante nos nanotubos e
nanofios. A razao L3/ Ly da linha branca na espectroscopia de perda de energia
(EELS) foi usada para determinar o estado de oxidagao do cobalto nas nanoestruturas
elongadas de titanato modificado. As andlises efetuadas em particulas isoladas de TNT's
e TNWs modificados indicam a presenca de cobalto com estado de oxidagao misto (2+
e 34) nas amostras dopadas e com estado de oxidacao (2+) nas amostras intercaladas.
Estes resultados foram confirmados por medidas de espetroscopia fotoeletronica de raios
X (XPS). Por espectrosocopia Raman verificaram-se mudangas significativas nos picos
caracteristicos para os casos dos nanofios e nanotubos de titanato dopados ou intercalados
com cobalto, quando comparados com os obtidos para as estruturas de referéncia, TNTs
e TNWs. A incorporagao de cobalto foi melhor conseguida nas amostras intercaladas de
TNTs e TNWs quando comparadas com os TN'Ts e TNWs dopados.

Os resultados obtidos no decorrer deste trabalho sao muito relevantes pois permitem
compreender melhor, e mesmo antecipar, o desempenho destas estruturas modificadas,
pois torna possivel relacionar o desempenho de um determinado material, modificado por
incorporacao de um metal, com a quantidade, a posicao e o estado de oxidacao desse

mesmo metal na estrutura.
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Chapter 1

Introduction

1.1 An overview

Nanostructures have been the focus of research in the past few decades due to their
unique properties. An important application which nanomaterials could find is in the
field of catalysis. The high surface area unique to nanomaterials is the main reason
behind this. Among various catalysis, photocatalysis for degradation of organic pollutants
holds an important position in the current era as it is important to maintain a clean
environment Matsuoka and Anpo (2010). Titanium oxide, TiO,, is the most extensively
used semiconducting catalyst for this application due to its properties such as low toxicity,
earth abundance and strong oxidizing abilities for the decomposition of organic pollutants
Schneider et al. (2014) Nakata and Fujishima (2012). The photocatalytic properties
of TiOs are derived from the formation of photogenerated charge carriers (hole and
electron) which occurs upon the absorption of ultraviolet light corresponding to the band
gap. The photocatalytically active polymorphs, anatase and rutile, have a band gap
of 3.2 eV and 3 eV, respectively. In addition to the photocatalytic decomposition of
organic pollutants, it is an important material in the field of energy production, viz.,
photocatalytic water splitting, dye sensitized/quantum dot sensitized solar cells and
batteries Hashimoto et al. (2005)McDaniel et al. (2013)Li et al. (2015). Nanotubular
TiO, is an important morphology as it reduces the recombination of holes and electrons
generated by photo-absorption as the half-thickness of the nanotube wall is less than
the carrier diffusion length in TiOy Bavykin and Walsh (2009). The TiOy nanotube
arrays consequently have the potential to achieve higher photocatalytic activity for the
decomposition of organic pollutants. The general approaches to the synthesis of TiO,

nanotubes are chemical (template) synthesis, electrochemical approaches (e.g., anodizing

1



1.1. AN OVERVIEW

of Ti), and the alkaline hydrothermal method Bavykin and Walsh (2009)Sergiu P. Albu
et al. (2007). Titanate nanotubes (TNTs), such as that of NayTi3O7, are investigated
as alternatives to TiO,, as they combine the properties of TiOs nanoparticles with the
properties of layered titanates such as cation exchange ability and open mesoporous
morphology with higher specific surface area Bavykin and Walsh (2009). The most
common synthesis method for titanate nanotubes involve alkaline hydrothermal synthesis
with Ti precursors, for example, TiO, nanoparticles. This has the benefit that it is a
single step synthesis method and relatively low hydrothermal temperatures are sufficient
to achieve an essentially complete conversion of the initial raw materials to titanate
nanotubes. Titanates consist of sheets of TiOg octahedra with H™ or cations such as Na™
in the interlayer space as shown in Figure 1.1. Figure 1.2 shows a schematic representation

of the scrolling of the layered titanate to form nanotube.

Figure 1.1: The crystal structure of sodium titanate; the black framed area shows the

unit cell of the structure. This model is made using VESTA.

Since TNTs have good ion-exchange properties, one method of catalyst deposition
involves preliminary ion-exchange of catalyst precursor in the cationic form with protons
within nanotubular titanates. This allows atomic-scale distribution of metal cations in
the titanate lattice, achieving higher metal loading relative to adsorption of the precursor

on the surface.
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—
TNTs e s/

HYNa* _* . - °  Crystal structure

Figure 1.2: Schematic showing the scrolling of the layered titanates to form nanotubes

Liu et al. (2016)

1.2 Outline of the thesis

In the case of titanate nanotubes and nanowires, the main challenge is the precise
determination of structure. The exact determination of crystal structures of nanotubes as
well as their exact stoichiometry is still incomplete because of several intrinsic difficulties
posed by the nanostructures, including their small crystallite size and the wrapping
of the structures along a certain crystallographic axis, both resulting in broadening of
the diffraction signals. The low weight of hydrogen atoms also results in difficulties in
locating their precise positions and population inside the crystals. The introduction of
additional cations to generate catalytic properties results in an increase in the level of
complexity. The structure, composition and morphology of the material play a significant
role in their catalytic activity. In this context, this study is aimed at employing a
combination of techniques including electron microscopy, Raman and X-ray photoelectron
spectroscopy (XPS) to determine the morphology, composition and structure of the
titanate nanostructures and also to estimate the various aspects of transition metal
dopant/intercalant in the titanate nanostructures. The samples under consideration
are cobalt modified TNTs and TNWs which are prepared by cation exchange of the
hydrothermally synthesized TNTs and TNWs as well as doped TNTs and TNWs.
Recently spectroscopic investigations using XPS and Raman spectroscopy on cobalt

modified TNT samples showed that the presence of the Co cations and its concentration



1.2. OUTLINE OF THE THESIS

influences the optical and photocatalytic properties (Barrocas et al., 2016). Photocatalytic
experiments using a mixture of three organic pollutants showed that Co doped TNTs
and ion exchanged TNTs are better catalysts compared to pristine TNTs although the
catalytic activities were different for the cation exchanged and doped TNTs.

In the present project it is expected that a detailed experimental study using such
techniques would provide new insights into the structural and compositional aspects which

influences the catalytic properties.



Chapter 2

Synthesis and Characterization of

Samples

2.1 Synthesis

The samples for this study were provided by Dr. Beatriz Barrocas and Prof. Olinda
C. Monteiro from Center for Chemistry and Biochemistry and Center for Structural
Chemistry, Faculty of Sciences, University of Lisbon, Portugal. The synthesis methods

employed are given below.

2.1.1 Synthesis of the TNT/TNW amorphous precursor

Titanate nanotubes (TNT) and titanate nanowires (TNW) samples were prepared from an
amorphous precursor. This amorphous precursor was prepared using a reported procedure
Bem et al. (2012), Barrocas et al. (2016). In short, TiCly solution (20 wt.% in 20—30
wt.% HCI) diluted in a ratio of 1:2 in 2 M HCI solution was prepared. To this solution,
a 4 M NH4OH solution was added drop-by-drop under vigorous stirring, until complete
precipitation of a white solid. This suspension was kept overnight at room temperature.
The product was filtered and washed with distilled water several times. The white
precursor thus obtained was used to directly produce the TNW sample. This precursor

was also utilized to prepare TiO, nanoparticles that were further used for TN'T synthesis.

2.1.2 Synthesis of Co doped TNT/TNW amorphous precursor

To synthesize a Co doped TNT precursor, the required molar amount (5%) of cobalt

is added to the titanium trichloride solution using the following procedure: 0.170 g of

bt
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metallic cobalt powder was dissolved in ca. 1 mL of conc. HNOj3. The deep purple
solution obtained was heated to evaporate the solvent and ca. 2mL of HCI (37%) solution
was added to evaporate the residual nitrates formed. Then the solution was diluted with
2 M HCI to obtain a 100 mL of final volume. This solution was added to the 50 mL of
the titanium trichloride solution. This on precipitation with the 4M ammonia solution

gives the CoTNT precursor as a greenish grey solid.

2.1.3 TiO3 and Co-TiO; Nanoparticle Synthesis

As previously reported (Barrocas et al., 2016), the crystallization of the precursor to
obtain TiO, nanoparticles was performed in an autoclave at 200°C, for 6 h in an aqueous
suspension. After being washed, the TiO5 nanoparticles or the CoTiO nanoparticles were

dried and stored.

2.1.4 TNW and Co-TNW synthesis

The samples were synthesized using a hydrothermal approach. The syntheses was
performed in an autoclave system (160°C , 24 hours) using 10 g of amorphous precursor
in ca. 70 mL of a NaOH 10 M aqueous solution. After cooling until room temperature,
the powders were washed several times with water until the pH of the filtrate solution

was 7, and afterwards dried at 60°C

2.1.5 TNT and Co-TNT synthesis

The samples were synthesized using a hydrothermal approach. The syntheses were
performed in an autoclave system (160°C , 24 hours) using 10 g of the previously prepared
TiOs sample (for the TNT) and 10 g of the previously prepared Co-TiOy (for CoTNT
synthesis) in ca. 70 mL of a NaOH 10 M aqueous solution. After cooling until room
temperature, the powders were washed several times with water until the pH of the

filtrate solution was 7, and afterwards dried at 60°C Ferreira et al. (2013)

2.1.6 Co-intercalated TNW and TNT synthesis

The Co-intercalated titanate nanotubes were synthesized by adding the required amount
of Coto 1 g of TNT or TNW in 60 mL of cobalt nitrate aqueous solution. The resulting

suspension was stirred for 7 h at room temperature. Further, the suspensions were
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Figure 2.1: Schematic representation of the synthesis of the Co doped TNT and TNW

thoroughly rinsed with deionized water to remove the remaining cobalt ions. The obtained
Co intercalated sample was identified as TNT/Co(5%) or TNW /Co(5%). Afterwards, the

solids were dried and stored Barrocas et al. (2016)
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Figure 2.2: Schematic representation of the synthesis of the Co intercalated TNT and
TNW



2.2. CHARACTERIZATION DETAILS

2.1.7 Samples analysed in this study

The samples which were analysed in this study are shown in the table below in figure 2.3.
The samples include, reference titanate nanowires and titanate nanotubes , cobalt doped

titanate nanowires and titanate nanotubes, and intercalated cobalt titanate nanotubes

and titanate nanowires.

15t Set

2" Set

3rd Set

4th Set

5th et

TNT

Co(5%)-TNT

TNW-Co(1%)

TNT

Co(5%)-TNT

Co(1%)-TNT

TNW

TNW-Co(2.5%)

TNT-Co(1%)

Co(5%)-TNW

Co(5%)-TNT

Co(1%)-TNW

TNW-Co(5%)

TNT-Co(2.5%)

Co(2.5%)-TNT

TNT-Co(5%)

Co(5%)-TNW

TNW-Co(7.5%)

TNT-Co(5%)

TNW-Co(5%)

TNW-Co(10%)

TNT-Co(7.5%)

TNT-Co(10%)
Co(1%)-TNT
Co(5%)-TNT

TNT : Titanate nanotubes  Co-TNT : Co doped titanate nanotubes

TNW : Titanate nanowires TNT-Co: Co intercalated titanate nanotubes

Co-TNW : Co doped titanate nanowires
TNW-Co : Co intercalated titanate nanowires

Figure 2.3: The list of samples analysed in this study

2.2 Characterization details

2.2.1 Electron Microscopy

Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscopy (STEM) were performed on a Titan ChemiSTEM with probe Cs corrector and
Titan Themis 80-300 microscopes with probe and image Cs corrector and monochromator.
Samples for electron microscopy were prepared by dispersing the powder in distilled water
by ultrasonication and drying a drop of this dispersion onto a lacey carbon supported Cu
grid. Necessary measures were taken to minimise the contamination during imaging,
including heating the samples ( > 120 min ) under controlled temperature ( > 45°C-60°C
) in a vacuum chamber, followed by plasma cleaning to remove any left out hydrocarbons
and also by carrying out electron microscopy work at a lower accelerating voltage. All
the electron microscopy work reported were carried out at 80 kV.

Scanning Transmission Electron Microscopy (STEM) was performed using spot size 7
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with a probe current of ~ 130 pA at a convergence angle, o of 21 mrad.

Electron Energy Loss Spectroscopy(EELS) was performed in STEM mode using the
same experimental conditions on a GIF quantum spectrometer with a collection angle, 3
of ~ 5 mrad. The EELS spectrum was acquired with an exposure of 0.2s, summed to
200 frames with a total sum time of 40s with gain normalisation.

EDX was acquired on a SuperX EDX detector attached to this microscope. The
EDX maps in STEM mode were acquired by recording the spectrum at each pixels while
scanning a region of interest. The total times for acquiring maps was approximately 5

min. Bruker Esprit software was used for acquisition and analysis.

2.2.2 XPS

XPS spectra were recorded on a Kratos axis ultra HSA using monochromatic Al X-ray
(1486.6 eV). The high voltage used is 15kV(90W). Charge neutralizer was on during
the acquisition. The spectra were analysed with integral peak measurements, without
modelling the structure, and with a simple background model (Shirley). This facility is
part of CEMUP, University of Porto.

XPS spectra were also recorded on a ESCALAB 250Xi X-ray Photoelectron
Spectrometer (XPS) Microprobe with a monochromated micro-focused Al K-Alpha at
INL.

2.2.3 Raman

Jobin-Yvon T64000 has a triple-monochromator spectrometer and has the possibility of
using micro and macroanalysis systems. In the microanalysis system the laser beam is
focused on the surface of the sample through a microscope lens (Olympus BH2-UMA), in
an area of the order of 3-4 um? and in backscattering geometry (the incident and scattered
beams make an angle of ~ 180° between each other) screen (AH-SPS) which allows
visualization of the micro-region of the sample which was focussed. Raman scattered
spectra were obtained using the most intense stripes of Argon laser (Coherent Innova 92
Ar +) of wavelength 514 nm. When the laser was on the sample surface, to avoid increase
in temperature, laser power was kept below 0.5 to 5 mW. All the spectra were obtained
in micro-Raman and at room temperature (T = 21°C), and under the conditions used,
the resolution is approximately 1 cm™.

Raman measurements was also done in backscattering configuration at room

9
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temperature with a Horiba Jobin-Yvon HR800 UV spectrometer at the Department of
Physic and i3N, University of Aveiro.

10



Chapter 3

Characterization Techniques

3.1 Transmission Electron Microscopy

Transmission electron microscopy is a powerful tool to characterize nanostructures. In this
section, an overview of the transmission electron microscope is described, with emphasis
on various imaging modes and spectroscopy techniques used in this study.

One of the reasons for characterizing materials by transmission electron microscopy
(TEM) is because of the high spatial resolution as well as analytical resolution. This is
a unique technique where structural, morphological and chemical information from the

same region can be obtained with high spatial resolution down to atomic scale.

3.1.1 Overview of Transmission Electron Microscopy

A transmission electron microscope (TEM) is an instrument for imaging specimens at
high resolutions. It uses a beam of electrons accelerated to sufficient energy so that
when incident on a very thin sample(<100nm), electrons are transmitted through it.
Conventional TEM work on the same principle as light microscopes but utilise a beam of
electrons, rather than using a light source. The first TEM was built by Ernst Ruska and
Max Knoll in 1931 (Williams and Carter, 2009). The invention of the TEM resulted in
superior resolution in imaging beyond that could be achieved by optical microscope. Due
to the limitations of using light for imaging, optical microscopes are constrained by the
resolution and diffraction limits of the wavelengths of visible light.

For any optical system, the theoretical diffraction limited resolution, dy, is given by
Rayleigh’s criterion 3.1. This criterion describes the smallest resolvable distance between

two points. A is the wavelength of the illuminating source and NA is the numerical
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aperture(N A = nsinf) where n is the refractive index of the medium and € is the collection

semiangle).

dy = % (3.1)
From equation (3.1), it can be seen that dy is proportional to wavelength and therefore
to improve the resolution an illumination source with a shorter wavelength can be
employed, such as electrons. de Broglies relation gives the relation between the wavelength
of the electron and its momentum as given below.
S (3.2)
p

mu

where A is the de Broglie wavelength, h is Plancks constant, p is the momentum,
m is the mass and v is the velocity. Therefore, by increasing the momentum of an
electron beam its wavelength can be decreased. Thus by employing electrons accelerated
by high potential difference a resolution limit above that attainable by visible light can
be achieved. In the TEM, when an electron (with charge e) passes through a potential
difference V', its kinetic energy will be equal to the energy of the field i.e. eV (energy in
electron volts)

ey (3.3)

Substituting a rearranged version of (3.2) into (3.3), gives:

1 9

And rearranging (3.4) gives the non-relativistic electron wavelength:
h h

A= = e (3.5)

However, relativistic effects cannot be ignored because at an accelerating voltage of
100 £V, the velocity of electrons is greater than half the speed of light. To account for

this, we consider the relativistic form of the kinetic energy, F:

Ey, = mc® — myc? (3.6)

where my is the rest mass of an electron and c is the speed of light. As the kinetic

energy is determined by the accelerating voltage (Fy = eV') m can be given by:
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2
m = &Y+ moc” (3.7)

c2

Substituting (3.7) for m in (3.5) gives the relativistic electron wavelength:

h
A BV 1+ ) .

2moc?

For a TEM operating with an accelerating voltage of 200 kV, the theoretical wavelength of
the electrons will be 2.51 pm, much smaller than the wavelength of visible light (400 nm
for blue light). Hence, the electron beam can reach a theoretical resolution limit smaller
than atoms themselves. However, due to the aberrations which are present in the optics
of a TEM, the resolution obtained in TEM is much lower than that of the theoretical
resolution.

The main components of the TEM are shown schematically, along with the ray
diagram, in figure 3.1. The main components are: the electron gun (source of electrons);
condenser lenses (electromagnetic lenses to collimate the beam); objective lens (to focus
and initially magnify the image); apertures (to limit the diameter of the electron beam);
intermediate lens; projector lens; viewing screen and detectors to collect the signals.
The important parameters which determine the nature and the quality of the image or
spectrum obtained with a TEM, are the probe size, convergent angle, electron energy and

the electron probe current Williams and Carter (2009).

3.1.2 Electron Optics in the TEM

In a TEM, the first set of electromagnetic lenses that the electrons pass through after
emission from the gun are the condenser lenses, C1 and C2. The C1 lens controls the
spot size of the beam, creating a crossover of the electrons from the gun lens. The C2
lens controls the convergence angle of the beam and can be used to create a parallel
or a convergent beam depending on the mode of operating the TEM. The next set of
electromagnetic lenses that the electrons pass through in the TEM are the objective
lenses. The sample is located in between the upper and lower pole pieces of the objective
lens. The purpose of the objective lens is to focus the beam onto the sample and to form
an initial inverted image of the sample.

The intermediate lens further down the TEM column is used to magnify the initial

image formed by the objective lens onto the viewing screen (imaging mode), or project
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Figure 3.1: Ray diagram of a conventional TEM Holsgrove (2017)

the diffraction pattern formed on the back focal plane (BFP) of the objective lens onto

the viewing screen (diffraction mode), shown schematically in figure 3.2

3.1.3 Aberrations

There are many kinds of lens defects affecting the performance of the TEM. The most
significant are spherical aberration, chromatic aberration and astigmatism. In an ideal
TEM (or any optical system) every point on the object will be reproduced in the image,
but in reality the electrons which are closer to the optical axis are not focused to the same
point as electrons further from the optical axis. This defect within the electromagnetic
lenses is known as spherical aberration (Cs). The diameter of the spherically distorted
disk of intensity dspn in terms of the collection semiangle of the lens, 3, and the spherical

aberration coefficient, Cs, of the lens can be written as Williams and Carter (2009):

1
doph = 3 33 (3.9)

Chromatic aberration Cc, arises due to the electron beam not being monochromatic.

This spread of energies in the electrons may be due to fluctuations in the gun voltage
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Figure 3.2: Varying the strength of the intermediate lens can either form a diffraction

pattern or an image Williams and Carter (2009)

causing an energy spread in the electrons leaving the source, or, different energy losses due
to interactions with the sample. Like spherical aberration, the diameter of the chromatic

disc of least confusion, du,,, can be expressed as:

AFE

dch'r - C1c ( F{)

)5 (3.10)

Where AFE is the energy loss, Ej the incident energy and Cc is the chromatic aberration
coefficient of the lens Williams and Carter (2009). Chromatic aberrations in a lens results
in electrons of different energies being brought to focus at different points along the optic
axis. Astigmatism is another type of aberration in the TEM which occurs when electrons
sense a non-uniform magnetic field as they spiral down the electron column. Astigmatism
arises due to defects in the soft-iron pole pieces, which is practically impossible to machine
to be of perfectly cylindrically symmetric, or due to contamination on apertures causing
charge build up which deflect the beam Williams and Carter (2009). Astigmatism can

distort the image by an amount d,s given by:
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dast = 6Af (311)

Where Af is the maximum difference in focus induced by the astigmatism.
Astigmatism is easily corrected by using stigmators, which are small octupoles that
introduce a compensating field to balance out the in homogeneities in the magnetic field.

The effect of Cs and C.. can be overcome by using aberration correctors which will be

discussed later.

3.1.4 Beam Sample Interactions

As the accelerated electrons are passed through the sample various interactions can occur.
Firstly, an electron may pass through the sample unchanged. However, most likely the
electrons will be scattered by the Coulomb forces generated by the nuclei and orbiting
electrons of the sample. These electrons can either be scattered elastically (meaning that
the energy lost by the primary electron is either zero or too small to be detected) or
inelastically (meaning the energy loss of the primary electron big enough to be detected
in the microscope). Elastic scattering occurs mainly from interactions with atomic nuclei
(or the whole electrostatic field of the atom) and is responsible for diffraction from
crystalline samples, used to extract structural information of a specimen. Meanwhile,
inelastic scattering mainly involves electron-electron interactions and can be exploited for
chemical analysis, for example by electron energy loss spectroscopy (EELS). The inelastic
scattering of a primary electron also leads to the generation of X-rays which can be
detected using energy dispersive X-ray (EDX) detectors to obtain the composition of a

specimen.

3.1.5 Electron Diffraction

Electron diffraction is the result of Bragg scattering as the electron beam passes through
a crystalline sample. Crystals act as three-dimensional gratings allowing the waves
(electrons) to be scattered from the lattice planes separated by lattice constant, d. When
the scattered waves interfere constructively, they remain in phase and the path difference

between the two waves undergoing interference is given by Braggs law:

2dhkl sin @ ~ nA (312)
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where 6 is the scattering angle of the wave and n is the integer multiple of the
wavelength (or order of reflection). The collective effect of scattering from successive
crystallographic planes of the crystal lattice (described by Miller notation, hkl) increases
the amount of constructive interference and intensifies the resultant reflections in the
diffraction pattern (DP). DP is angular distribution of scattered electrons. In TEM, an
aperture (metal strip with holes to limit the beam size) can be inserted to generate a DP
from a selected area of the sample (called selected area electron diffraction, SAED). The
distance in reciprocal space, r,i;, between a particular reflection and the reflection from

the direct beam (000) is related to the interplanar distance as:

% — tan 26 (3.13)

Selected Area Electron Diffraction

Most of the forward scattering signals can be used to form a selected area diffraction
pattern in screen or CCD by using a selected area aperture in the TEM. Based on the
selected area diffraction pattern (SAEDP) obtained in the TEM, we can identify the
crystalline nature (single crystal, polycrystalline, amorphous) of the specimen, figure
3.3. SAED can be used to obtain the crystallographic information of the specimen.
However, there are two severe limitations when we try to use the SAEDP. One is that
we have to be very cautious in interpreting SADPs from areas which are <~500 nm in
diameter because the information in the pattern may not be limited to that region. For an
intermediate-voltage high resolution TEM with a very low spherical aberration (Cs), the
region analyzed by SAED may be limited to <~100 nm in diameter, which is still too large
for examining many nanoscale systems, such as, nanoscale particles, defects in crystal,
thin films as well as secondary phase precipitates which have an important influence on
the properties of materials. Another limitation is that the SADPs contain only rather
imprecise 2D crystallographic information because the Bragg condition is relaxed for thin

specimens Williams and Carter (2009)Deepak et al. (2018).

3.1.6 Image

The spacial distribution of scattered electron is seen as contrast in images. The electron
wave can change both its amplitude and its phase as it passes through the specimen

and this can give rise to image contrast. Generally, two kinds of images can be
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Figure 3.3: SAED pattern from single crystalline, polycrystalline and amorphous specimen

(Ammrf)

obtained from electron microscopy, one is amplitude contrast image and the other is phase
contrast image. The amplitude contrast includes mass-thickness contrast, Z-contrast and
diffraction contrast and usually it is used for the imaging of secondary phase in matrix,
defects in materials and low magnification morphology. The phase contrast is used mainly
for atomic resolution imaging. When the SADP is projected on to the viewing screen or
CCD, it will contain a bright central spot that contains the direct beam electrons and
some scattered electrons. Two most basic imaging operations: bright-field and dark-field

imaging can be performed by using these patterns in the TEM.

3.1.7 Bright Field and Dark Field Imaging

In order to view an image, an aperture called the objective aperture is inserted into the
back-focal plane (BFP) of the objective lens. The bright field (BF) image is formed from
the direct electron beam whereas the dark field (DF) image is formed with a specific
off-axis scattered beam. The more off-axis the electrons are, the greater the aberrations
and astigmatism they suffer. In order to reduce the aberrations and astigmatism as much
as possible, a special DF image called centered dark-field (CDF) is employed, where the
incident beam is tilted and the scattered beam emerges on the optic axis. Figure 3.4 is the
schematic showing how the objective lens and objective aperture are used in combination
to produce BF image, DF image and CDF image. The images can be magnified by the

intermediate lenses of the microscope.
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Figure 3.4: Schematic showing how the objective lens and objective aperture are used in

combination to produce BF image, DF image and CDF image. (Deepak et al., 2018)

3.1.8 High Resolution Transmission Electron Microscopy
(HRTEM)

HRTEM is one of the most important aspects of TEM. It is used to obtain the
crystallographic detail of the specimen at atomic scale. From the atomic-scale HRTEM
image, atomic arrangement in the crystal, crystal orientation and defects can be obtained.
(Spence and Crewe, 1981) While the mass-thickness contrast and diffraction contrast can
be seen in BF and DF images, the image contrast of HRTEM can be attributed to the
phase contrast. The electron beam interacts with the electrostatic potential of the crystal
and an exit wave q(r) is produced from the bottom surface of the specimen. The exit
wave ¢(r) contains the information of crystal projection potential (r) and it is used as
an object wave for the following objective lens. After the exit wave ¢(r) passes through
the objective lens, it experiences a Fourier transformation and a diffracted wave Q(H) is
formed on the back focal plane of the objective lens. Now, we enter the reciprocal space.
After that, the diffracted wave Q(H) experiences the Fourier transformation once again
through multiplying by the contrast transfer function 7'(H) and the object wave (r) is
obtained for imaging. It is worthy to note that the contrast transfer function T'(H) is
related to chromatic aberration, spherical aberration, focal shift and the divergence of
electron beam. It is an oscillating function and vary between +1 and -1. When T'(H) is
negative, positive phase contrast results, meaning that atoms would appear dark against
a bright background. When T'(H) is positive, negative phase contrast results, meaning
that atoms would appear bright against a dark background. When T'(H) = 0, there is no

detail in the image for this value of u.This is applicable when Cs is positive. Therefore, the
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biggest challenge for HRTEM is the interpretation of image. In order to identify the atoms
in most of the HRTEM image, image simulation based on atomic model, thickness, focus,
stigmation and coma is carried out. From the matched results between the experimental
and simulated images, the atom species in HRTEM image can be confirmed Williams and

Carter (2009).

3.1.9 Scanning Transmission Electron Microscopy (STEM)

In STEM imaging, a fine probe of electron (converged beam) is scanned over the specimen
in contrast to the use of parallel beam in TEM. Figure 3.5 shows a simplified schematic
of the STEM optical configuration. The condenser lenses focuses a beam to form a fine
probe, and then the scan coils are used to scan the probe over a thin electron-transparent
specimen in a raster and the scattered signals can be detected using various detectors and
plotted as a function of probe position to form magnified images in STEM. The STEM
image quality depends on the probe; the important parameters are the probe current,

probe size and the convergence semiangle.
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Figure 3.5: A schematic diagram of the optical path for STEM. Deepak et al. (2018)

The most significant advantage for STEM is that, the influence of chromatic aberration
observed in TEM is absent in STEM images. This advantage makes STEM ideal to deal
with thicker samples in comparison to TEM. The reason is the fact that STEM doesnt
use lenses to form the image. The resolution in STEM is limited by the beam dimensions,
which is affected by the aberrations. By using a probe corrected electron microscope,

resolution that can be attained is up to ~0.08 nm at 200 kV and ~0.06 nm at 300 kV.
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Another potential advantage is that there is a wide range of possible signals available
in the STEM, especially the annular bright field (ABF) Ishikawa et al. (2011)(Huang
et al., 2011) and high annular angle dark field (HAADF) Pennycook and Jesson (1991)
techniques. Figure 3.6 show the schematic diagram of HAADF-STEM and ABF-STEM

techniques.

The HAADF-STEM imaging technique utilizes the electrons scattered to relatively
high angles (>50 mrad). It can help in distinguishing the composition of an atomic
column as the contrast in HAADF-STEM images are directly proportional to ~Z'* (Z:
atomic number) Pennycook and Jesson (1991). On the other hand, the ABF-STEM
imaging technique utilizes the scattered electrons collected from the sample at relatively
low collection angles and it is very sensitive to light elements, even to the lightest element,
hydrogen. The combination of the atomic-number sensitivity, light-element sensitivity and
high resolution, makes advanced STEM an extremely useful tool to the comprehensive

study of many different kinds of materials.
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Figure 3.6: A schematic diagram of HAADF-STEM and ABF-STEM techniques Deepak
et al. (2018)
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3.1.10 Aberration Corrected TEM /STEM

One major goal of electron microscopy is to be able to acquire images that are directly
interpretable and provide new important information about the materials under study.
However, because of unavoidable imperfections in the manufacture of electromagnetic
lenses, most conventional TEMs suffer from a variety of aberrations that diminish the
obtainable resolution. A few of the major ones are spherical aberration, chromatic
aberration, and astigmatism. The most severe is spherical aberration (Cs), which
causes image delocalization, or an inability to define the specific location of a feature,
where the image of a point is represented as a blurred disk. This is due to the
inhomogeneous forces that the lens (objective for conventional TEM and condenser for
STEM) transfers to off-axis electron beams, and the extent of blurring depends on both
the magnitude of the spherical aberration coefficient (Cs) and the objective lens strength.
The smearing/delocalization limits the resolution of the TEM and the ability to interpret
an image properly. To minimize the effects of delocalization, it is critical to image as close
to the Scherzer defocus as possible. The Scherzer defocus is the optimal objective lens

condition for a given microscope and limits the effect of delocalization:

Spherical aberration correction was first theorised by Scherzer in 1947 and made
possible in the TEM in 1997 Haider et al. (2009). A C§ corrector can compensate for the
distortion in the lens by using multi-pole lenses in series with the objective lens. There are
two types of C correctors: the quadrupole-octupole corrector and the hexapole corrector.
By producing a negative C§, the corrector compensates for the positive C; in the objective
lens, resulting in zero C. In the case of chromatic aberrations, the defocus spread due
to chromatic aberration is given by C. = dE/E,, where C, is the chromatic-aberration
coefficient of the lens, dE is the energy loss of the electrons and E, is the initial beam
energy. In order to overcome C, and achieve an information limit better than (0.1 nm)™,
TEMs are additionally equipped with a monochromator. The ability to correct C,. has
also been made possible within the last decade with the design of C. correctors Krivanek
et al. (2009). At present, aberration-corrected electron microscopes obtain sub-Angstrom
resolution. Figure 3.7 shows an FEI Titan ChemiSTEM transmission electron microscope,

which is a state of the art electron microscope capable of doing this.
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Figure 3.7: Titan ChemiSTEM

3.1.11 Spectroscopic Techniques in TEM

In TEM, the most common spectroscopic techniques include energy dispersive X-ray
spectroscopy and electron energy loss spectroscopy. These transform electron microscopy

to analytical electron microscopy.

Energy-Dispersive X-ray Spectroscopy (XEDS/EDX/EDS)

Characteristic X-rays are generated from the elements present in the specimen when the
electron beam strikes the specimen. These X-rays can be detected by a semiconductor
detector and identified as to which elements they belong to. The X-ray counts as
a function of the energy (in keV) form an EDX spectrum as shown in figure 3.8.
EDX can be used to find the chemical composition of materials, quantify the specific
elements and show element composition distribution over a region of interest. However
in some cases the peaks due to different elements overlap resulting in difficulty in
identification/quantification and also the lightest elements cannot be detected, which
sometimes limits the application of EDX. However, EDX can provide fundamental
compositional information for a wide variety of materials and it is routinely used along
with TEM/STEM imaging.

EDX in STEM mode can be used for mapping the composition of a region of interest.
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Figure 3.8: a). Schematic representation of X-ray generation by e beam irradiation.

Deepak et al. (2018) b) A typical EDX spectrum
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In this technique of spectrum imaging, a complete spectrum is collected at every pixel and

the various X-ray peaks could be used for obtaining chemical maps during post processing.

Electron Energy Loss Spectroscopy (EELS)

When the electrons pass through the specimen, the transmitted electrons will lose a
measurable amount of energy. These electrons as a function of the energy lost form a
spectrum. This spectrum is referred to as EELS spectrum. Compared with EDX, EELS
is particularly sensitive to lighter elements and it is useful for thinner TEM samples. EELS
is a more difficult technique, but is a useful tool to measure the thickness of specimen,
chemical bonding, electronic structure and atomic composition. EELS involves the
energy analysis of inelastically scattered electrons from a nearly monochromatic electron
beam due to interaction with electron-transparent specimen. Typically a magnetic prism
disperses these electrons according to energy, subsequent to which a spectrometer located
at the correct position can collect electrons of a specific energy as shown in figure
3.9 Egerton (2011) Williams and Carter (2009). Electron energy loss occurs due to
excitations of various internal energy modes-typically electronic (with AE in the UV-vis
region) and vibrational (IR region)-in the nanoparticle or in molecular adsorbates on the
specimen surface. For example, EELS can be used to measure surface plasmon spectra for
nanoparticles and vibrational spectra of molecules adsorbed on nanoparticles. The high
spatial resolution of EELS can be used to map out surface plasmons across a nanoparticle.
High resolution EELS (HREELS) is a variant of EELS with energy resolution in the 100
meV range. As in the case of EDX, spectrum imaging can be achieved using various

features in EELS spectrum when EELS is carried out in the STEM mode.

3.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique useful
to obtain elemental composition, chemical state and electronic state of the constituent
elements in a material. Kai Siegbahn, won the Nobel Prize in physics in 1981 for
developing XPS in the 1960s, which used to be known as Electron Spectroscopy for
Chemical Analysis (ESCA). XPS works based on the principle of photoelectric effect.
XPS spectra are obtained by irradiating a material with a beam of X-rays of known
energy and measuring the kinetic energy and number of electrons that escape from the

top few nm of the material being analysed. The core electron present in the atom are held
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Figure 3.9: Schematic showing how an EELS spectrometer is coupled with a TEM with
its components along with the ray diagram showing how a magnetic prism spectrometer
disperses and focusses the no-loss and energy-loss electrons in the image plane of the

spectrometer Williams and Carter (2009)

by the characteristic binding energy. When an Xray beam of sufficient energy hits on the
sample surface, the core electron will escape from the atom and emit out of the surface
as shown in Figure 3.10. The excess energy counts for the kinetic energy of the electrons
emitted. As the energy of an X-ray used is known, and the XPS measures the kinetic
energy of emitted electrons, the electron binding energy of each of the emitted electrons

can be determined by using an equation that is based on the work of Einstein:

Ebinding — Lphoton — (Ekinetic + Cb) (314)

where Epinging is the binding energy (BE) of the electron, Eppoton is the energy of
the X-ray photons being used, Eyinetic i the kinetic energy of the electron as measured
by the instrument and ¢ is the work function dependent on both the spectrometer and
the material. A typical XPS spectrum is a plot of the number of electrons detected
versus the binding energy of those electrons. Each element produces a characteristic set
of XPS peaks at binding energy values that directly identify each element that exists on
the surface of the material being analysed. The number of detected electrons in each
of the characteristic peaks is directly related to the amount of element within the XPS
sampling volume. To generate atomic percentage values, each of the XPS signal must be
corrected by dividing its signal intensity by a relative sensitivity factor and normalized
over all of the elements detected. XPS detects only those electrons that have actually
escaped from the sample into the vacuum of the instrument, and reach the detector. In

order to escape from the sample into vacuum, a photoelectron must travel through the
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Oxygen atom

O45 photoejected electron o°

Figure 3.10: A schematic of electron generation by X ray

sample. This causes the surface sensitivity of XPS. The ability to extract chemical state
information from the topmost few nm of any surface makes XPS a unique and valuable
tool for understanding the chemistry of any surface. In this context, chemical state refers
to the local bonding environment of a species under study. The local bonding environment
of a species is affected by its formal oxidation state, its nearest-neighbour atom and its
bonding hybridization to the nearest-neighbour. For example, while the nominal binding
energy of the Cls electron is 284.6 eV, subtle shifts in the actual binding energy, the
so-called chemical shift, provide the chemical state information. A simple representation
of the operation of XPS is shown in Figure 3.11. An XPS spectrometer is shown in Figure

3.12

3.3 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic techniques used to provide information
on molecular vibrations and crystal structures. In this technique, the sample is irradiated
with a laser light source, and the Raman scattered light is recorded on a CCD camera. A
schematic of the Raman instrumentation is shown in Figure 3.13.

The characteristic pattern in a Raman spectrum is used as fingerprints to obtain
various details of the sample, including polymorphs, local crystallinity, orientation and
stress.

When light is scattered by matter, almost all of the scattering is an elastic process (no
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Figure 3.11: A schematic of XPS instrumentation

Figure 3.12: An XPS spectrometer - KRATOS

28



CHAPTER 3. CHARACTERIZATION TECHNIQUES

Video
monitor

Spectrograph

Laser

Microscope

Filter

=y

Motonzed XYZ stage

Computer

Figure 3.13: A schematic of Raman spectroscopy instrumentation Gouadec and Colomban

(2007).

energy loss) and it is called as Rayleigh scattering. However, a very small percentage of
inelestic scattering can occur resulting in a scattered light with different energy than that
of the incident light. This inelastic scattering of light was first observed experimentally by
C V Raman in 1928, and it is named after him as Raman scattering (Raman effect). The
Raman spectrum is expressed in a form of intensity of scattered light versus wavenumber

(the reciprocal of wavelength).

In Raman spectroscopy, wavenumber is commonly used because it is linearly related
with energy and makes the Raman spectrum independent of excitation wavelength. For
example, the Raman peak of crystalline silicon appears at a wavenumber of 520 cm™*
independent of the excitation wavelength used. However, if you use wavelength as the
horizontal axis, the measured Raman shift of silicon appears at 547.14 nm when 532
nm excitation is used and 818.41 nm when 785 nm excitation is used Nanophoton. To
understand the Raman effect, consider what happens to a molecule when it is placed in
a static electric field. The molecule will be distorted, the positive nuclei being attracted
towards the negative pole of the field while the electrons will be attracted towards the
positive pole of the field. This separation of charge causes an induced electric dipole
moment to be set up in the molecule. The molecule is said to be polarised. The size of

this induced dipole, u, depends on both the magnitude of the applied field, E, and on the
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ease with which the molecule can be distorted. It therefore is the case that
p=ak (3.15)

where « is the polarizability of the molecule. When a molecule is subjected to a beam
of electromagnetic radiation of frequency , the electric field experienced by each molecule

varies according to the equation

E = Eysin2nvt (3.16)

The induced dipole also undergoes oscillations of frequency :

u=aF = aEysin2nvt (3.17)

Such an oscillating dipole emits radiation of its own oscillation frequency, the classical
explanation of Rayleigh scattering. If, in addition, however, the molecule undergoes
some internal motion, such as vibration or rotation which changes the polarizibility
periodically, then the oscillating dipole will have superimposed on it the vibrational or
rotational oscillation. For example consider a vibration of frequency v, which changes the

polarizibility.

a = ag + Bsin2n,t (3.18)

where «gp is the equilibrium polarizability and [ represents the rate of change of

polarizability with the vibration. Therefore

u=aF = (ag+ fsin2nv,t)Eysin2nvt (3.19)

The above equation can be written as
1
= agEpsin2nvt + §BE0{00527T(1/ — Upu )t — €OS2T(V 4 V) T} (3.20)

From this equation it can be seen that the dipole not only oscillates at the exciting
frequency , but also has frequency components v + v, .These frequency components are
the origin of the Stokes and anti-Stokes shifted Raman scattering. Radiation scattered
with a frequency lower than that of the incident beam is referred to as Stokes radiation
while that at a higher frequency is referred to as anti-Stokes radiation. It should be noted
that if the vibration (or rotation) does not alter the polarizability, then § = 0 and the

dipole oscillates only at the frequency of the incident radiation. So in order to be Raman
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active a molecular rotation or vibration must cause some change in the component of the
molecular polarizability.

This means that intense Raman scattering occurs from vibrations which induce a large
distortion of the electron cloud around the molecule. A peak appearing in the Raman
spectrum is due to a specific molecular vibration or lattice vibration. Peak position
shows the specific vibrational mode of each molecular functional group of the material.
The same vibrational modes for each functional group will show a shift in peak position
due to the environment of the functional group, thus it is said the Raman spectrum shows
the molecular fingerprint of the target.

In addition to the position, the shape of the Raman peak is also important as it
can give information on the crystallanity of the sample. Whether there is much or little
crystallinity can be read from the width of the peak. Any residual stress present in the
crystal can be evaluated from the direction and amount of shift of the Raman peak. A

photo of Raman spectrometer is shown in Figure

|

Figure 3.14: Raman spectrometer - Jobin-Yvon T64000
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Chapter 4

Results and Discussions

4.1 Electron Microscopy of TNW and TNT

4.1.1 TNW

Figure 4.1 shows the STEM images of the reference sodium titanate nanowire sample
without any modification confirming the wire-like morphology of the TNW sample. Figure
4.2 shows the high magnification STEM images of the sample with average interplanar
distance of 0.73 nm. The (001) d spacing of monoclinic NayTizO7; (PDF number:
00-031-1329) is expected to be 0.84 nm. The decrease in interplanar spacing could be
due the presence of some amount of H" instead of Na™, as in the case of Na,H, ,Ti3O7
previously reported Bem et al. (2012).The amount of H' depends on the pH of the
synthesis. EDX maps showing the distribution of Ti, O and Na are shown in Figure
4.3. The corresponding spectrum and quantification obtained from it are shown in Figure

4.4.

4.1.2 TNT

The morphology and composition of the TNT sample was observed under STEM. Figure
4.5 shows the low magnification images confirming the tube morphology. The high
magnification images of the sample is shown in Figure 4.6 revealing the multilayered
tube walls with a interlayer spacing of 0.76 nm. The d spacing is smaller compared to
(001) of NayTizO7 (PDF number: 00-031-1329). Figure 4.7 shows the EDX mapping
on a single TNT showing the distribution of Ti, O and Na. The EDX spectrum and

quantification are shown in Figure 4.8.
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Figure 4.1: STEM BF image (left) and HAADF image (right) showing the morphology
of TNW

Figure 4.2: STEM BF image (left) and HAADF image (right) of TNW showing the layers
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4.1. ELECTRON MICROSCOPY OF TNW AND TNT
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Figure 4.3: EDX mapping of TNW
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Figure 4.4: EDX spectrum and quantification results of TNW
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Figure 4.5: STEM HAADF image (left) and BF image (right) showing morphology of
TNT

Figure 4.6: STEM HAADF image (left) and BF image (right) showing interlayers of TN'T

— —

Figure 4.7: EDX mapping of TNT
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4.2. ELECTRON MICROSCOPY OF CO DOPED TITANATE NANOWIRES

Element Net unn. C norm. C Atom. C

[wt.%] [wt.%] [at.%]
Sodium 65 2.48 2.48 3.07
Titanium 1137 64.55 64.55 38.34
Oxygen 745 32.96 32.96 58.59
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Figure 4.8: EDX spectrum and quantification results of TNT

4.2 Electron microscopy of Co doped titanate

nanowires

Modification of titanate nanowires was carried out by doping different quantities of Co.
Results of the electron microscopy study on the various doped samples are discussed

below.

4.2.1 Co(1%)-TNW

Electron microscopy investigations using STEM imaging and EDX analysis is shown
below. Figure 4.9 and Figure 4.10 show the low magnification and high magnification
images of the Co(5%) TNW sample. From the images, it can be seen that the morpholgy
is of a nanowire. From the EDX map in Figure4.11 it can be seen that Co intensity is low.
This is due to the small amount of Co present and can be observed as a small peak in the
spectrum shown in Figure4.12. The quantification gives Co as 0.43 at%. The interlayer
spacings obtained from HRTEM and STEM are between 0.71 nm and 0.76 nm as shown
in 4.13, similar to that of TNW. The diameter of the wires are 3-10 nm.

4.2.2 Co(5%)-TNW

Figure4.14 and Figure4.15 shows the low magnification and high magnification images of
the Co(5%) TNW sample. From the images, it can be seen that the morphology is of a
nanotube rather than of the expected nanowire morphology. From the EDX maps 4.16

and spectrum 4.17 it can be seen that Co is present in the sample. The quantification
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Figure 4.10: STEM BF image (left) and HAADF image (right) showing the layered
structure of Co(1%) TNW.

Figure 4.11: EDX mapping of Co(1%) TNW.

37



4.2. ELECTRON MICROSCOPY OF CO DOPED TITANATE NANOWIRES
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Figure 4.12: EDX spectrum and quantification of Co(1%) TNW.
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Figure 4.13: Interlayer spacing and diamter distribution of Co(1%) TNW.
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gives Co as 1.48 at%.

Figure 4.14: Low magnification images of the Co(5%) TNW sample.

In the two samples of Co doped TNW analyzed, Co(1%) TNW and Co(5%) TNW,
Co was detected in EDX though the quantities were less than that of the expected values.
The nanowire morphology was observed as expected in the case of Co(1%) TNW whereas

nanotube morphology was observed for Co(5%) TNW .

4.3 Co Intercalated titanate nanowires

The TNW samples modified by intercalation with cobalt are discussed below.

Figure 4.15: High magnification images of the Co(5%) TNW sample.
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Figure 4.16: EDX maps on a single nanotube of the Co(5%) TNW sample.

Ti

Na Cu

Co 4
— L B T T T —

1 2 3 4 5 6 7 8

Element Net unn. C norm. C Atom. C

[wt.%] [wt.%] [at.%]
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Titanium 10297 71.90 71.90 48.65
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Figure 4.17: EDX spectrum and quantification form Co(5%) TNW sample.
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4.3.1 TNW-Co(5%)

Electron microscopy investigations using STEM imaging and EDX analysis on
TNW-Co(5%) is shown below. Figure 4.18 and Figure4.19 shows the low magnification
and high magnification images of the TNW Co(5%). From the images, it can be seen that
the morphology is of a nanowire as expected from the synthesis. From the EDX maps 4.20
and spectrum 4.21 it can be seen that Co is present in the sample. The quantification gives
Co as 3.28 at%. The diameter obtained is between 5 nm and 10 nm and the interlayer

spacing obtained is between 0.6 nm and 0.9 nm.

P— T————

Figure 4.19: High magnification STEM BF image (left) and HAADF image (right) of
TNW Co(5%).

The Co intercalated TNW analyzed, TNW Co(5%), shows Co greater than 3%.
Threfore we can conclude that Co intercalation is more efficient than Co doping in the

case of TNW.
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MAG: 640kx

Figure 4.20: EDX map on a single wire of TNW Co(5%).

Element Net unn. C norm. C Atom. C

[wt.%] [wt.%] [at. %]
Sodium 141 1.68 1.68 2.55
Titanium 4197 74.31 74.31 54.03
Cobalt 242 5.55 5.55 3.28
Oxygen 1336 18.45 18.45 40.15
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Figure 4.21: EDX spectrum and quantification of TNW Co(5%).
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Figure 4.22: Diameter and interlayer spacing measured in TNW Co(5%) sample.
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4.4 Co doped titanate nanotubes

The TNT samples modified by doping with cobalt are investigated by electron microscopy

and are discussed below.

4.4.1 Co(1%)-TNT

Electron microscopy investigations using STEM imaging and EDX analysis on Co(1%)
TNT is shown below. Figure 4.23 and Figure4.24 shows the low magnification and high
magnification images of the Co(1%) TNT. From the images, it can be seen that the
morphology is of a nanotube as expected from the synthesis. From the EDX maps 4.25
and spectrum 4.26 it can be seen that Co is present in the sample in small quantities.

The quantification gives Co as 0.50 at%.

Figure 4.23: STEM BF image (left) and HAADF image (right) of Co(1%)-TNT .

4.4.2 Co(2.5%)-TNT

Electron microscopy investigations using STEM imaging and EDX analysis on Co(2.5%)
TNT is shown below. Figure4.27 and Figure4.28 shows the low magnification and high
magnification images of the Co(2.5%) TNT. From the images, it can be seen that the
morphology is of a nanotube as expected from the synthesis. The STEM EDX maps of a
single tube showing the elemental distribution of Co, Ti, O and Na are shown 4.29 and
from spectrum 4.30 it can be seen that Co is present in the sample in small quantities.
The EDX map also confirms the purity of the nanotube sample, as all the peaks observed
were identified to be that of Ti, O, Na and Co. The quantification gives Co as 0.37 at%

although expected composition was Co 2.5 at%. The interlayer spacing and diameter of
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Figure 4.24: High magnification STEM BF image (left) and HAADF image (right) of
Co(1%)-TNT.
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Figure 4.25: EDX map of Co(1%)-TNT.
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Figure 4.26: EDX spectrum and quantification of Co(1%)-TNT.
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nanotubes obtained from HRSTEM and HRTEM image of the specimen are shown in
Figure 4.31. The average spacing obtained is 0.76 nm and varies from 0.7 nm to 0.85 nm.

HRSTEM image analysis show average diameter of nanotubes as ~9 nm.

Figure 4.27: STEM BF image (left) and HAADF image (right) of Co(2.5%)-TNT.

Figure 4.28: High magnification STEM BF image (left) and HAADF image (right) of
Co(2.5%)-TNT.

4.4.3 Co(5%)TNT

Electron microscopy investigations using STEM imaging and EDX analysis on Co(5%)
TNT is shown below. Figure4.32 and Figure4.33 shows the low magnification and high
magnification images of the Co(5%) TNT. From the images, it can be seen that the
morphology is of a nanotube as expected from the synthesis. TEM images are also
shown revealing the (001) planes with average d spacing of 0.69 nm 4.34. From the EDX

maps 4.35 and spectrum 4.36 it can be seen that Co is present in the sample in small
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Figure 4.29: EDX map of Co(2.5%)-TNT.
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Figure 4.30: EDX spectrum and quantification of Co(2.5%)-TNT.
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Figure 4.31: Interlayer spacing, outer diameter and inner diameter of Co(2.5%)-TNT.
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quantities. The quantification gives Co as 0.53 at%. The interlayer spacings obtained and

the diameter distribution are shown in Figure 4.37.

Figure 4.32: STEM BF image (left) and HAADF image (right) of Co(5%)-TNT.

Figure 4.33: High magnification STEM BF image (left) and HAADF image (right) of
Co(5%)-TNT.

From the analysis of Co doped TNT samples, we observe that the doping is not
achieved to the expected level. Co percentage obtained are less than 1% in all the samples

analyzed, including the 5% doped TNT.

4.5 Co intercalated titanate nanotubes

4.5.1 TNT-Co(1%)

Electron microscopy investigations using STEM imaging and EDX analysis on

TNT-Co(1%) is shown below. Figure4.38 and Figure4.39 shows the low magnification
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MAG: 450kx

Figure 4.35: EDX map of Co(5%)-TNT.
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Figure 4.36: EDX spectrum and quantification of Co(5%)-TNT.
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Figure 4.37: Interlayer spacing, outer diameter and inner diameter of Co(5%)-TNT.

and high magnification images of the TNT-Co(1%). From the images, it can be seen that
the morphology is of a nanotube as expected from the synthesis. From the EDX maps

4.40 and spectrum 4.41 it can be seen that Co is present in the sample. The quantification

gives Co as 1.44 at%.

Figure 4.38: STEM BF image (left) and HAADF image (right) of TNT-Co(1%).

4.5.2 TNT-Co(2.5%)

Electron microscopy investigations using STEM imaging and EDX analysis on

TNT-Co(2.5%) is shown below. Figure4.42 and Figure4.43 shows the low magnification
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Figure 4.39: High magnification STEM BF image (left) and HAADF image (right) of
TNT-Co(1%).

5 nm
MAG: 640kx MAG: 640kx MAG: 640kx

Figure 4.40: EDX map of TNT-Co(1%).
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Figure 4.41: EDX spectrum and quantification of TNT-Co(1%).

and high magnification images of the TNT-Co(2.5%). From the images, it can be seen
that the morphology is of a nanotube as expected from the synthesis. From the EDX maps

4.44 and spectrum 4.45 it can be seen that Co is present in the sample. The quantification

gives Co as 1.44 at%.

Figure 4.42: STEM BF and HAADF images of TNT-Co(2.5%).

4.5.3 TNT-Co(5%)

Electron microscopy investigations using STEM imaging and EDX analysis on

TNT-Co(5%) is shown below. Figure4.46 and Figure4.47 shows the low magnification
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4.5. CO INTERCALATED TITANATE NANOTUBES

L __________________—om |

Figure 4.43: High magnification STEM BF image (left) and HAADF image (right) of
TNT-Co(2.5%).

Figure 4.44: EDX map of TNT-Co(2.5%).

Element Net unn. C norm. C Atom. C
[wt.%] [wt.%] [at.5%]
Ti Sodium 291 3.39 3.39 4.77
Titanium 4134 71.54 71.54 48.37
— (e} Cobalt 117 2.62 2.62 1.44
z Oxygen 1665 22.45 22.45  45.42
2 Total: 100.00 100.00 100.00
3
o
Cu
Na
Ti
Co
0+ o | E——— 1 I
0 1 2 3 4 5 6 7 8

Figure 4.45: EDX spectrum and quantification of TNT-Co(2.5%).
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CHAPTER 4. RESULTS AND DISCUSSIONS

and high magnification images of the TNT-Co(5%). From the images, it can be seen that
the morphology is of a nanotube as expected from the synthesis. HRTEM images are
shown in 4.48. From the EDX maps 4.49 and spectrum 4.50 it can be seen that Co is
present in the sample. The quantification gives Co as 3.37 at%. Interlayer spacings, outer

diameter and inner diameter are shown in Figure 4.51

—— 50 nm

Figure 4.47: High magnification STEM BF image (left) and HAADF image (right) of
TNT-Co(5%).

From the analysis of Co intercalated TN'T samples, we observe that Co is incorporated

into TNT in all the samples analyzed. The intercalation of Co is evidently more efficient
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4.5. CO INTERCALATED TITANATE NANOTUBES

Figure 4.48: HRTEM images of TNT-Co(5%).

MAG: 225kx

Figure 4.49: EDX mapping of TNT-Co(5%).
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Counts (a. u.)

20
15
10

Na

Outer Diameter (nm)

Element Net unn. C norm. C Atom. C

[wt.%] [wt.%] [at. %]

Sodium 0 0.00 0.00 0.00

Ti Titanium 1691 61.57 61.57 38.02
Cobalt 141 6.71 6.71 3.37

Oxygen 1117 31.71 31.71 58.61

Total: 100.00 100.00 100.0

Ti Cu

Co Cu

R T R O SR |
Energy (keV)

Figure 4.50: Spectrum and quantification of TNT-Co(5%).

0.8 Interlayer Spacing (nm)

0.75
0.7
0.65
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\/\x\m,/\ °
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Figure 4.51: Interlayer spacing, outer diameter and inner diameter of TNT-Co(5%).
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4.6. COMPARISON BETWEEN THE DOPED AND INTERCALATED
NANOSTRUCTURES

than Co doping in the case of TNT as well, as that of TNW.

4.6 Comparison between the doped and intercalated

nanostructures

The summary of doped Co(2.5%)TNT, doped Co(1%)TNW, intercalated TNT-Co(5%)
and intercalated TNW-Co(5%) is shown in the table in figure 4.52. Figure 4.53 shows

table with the quantification results from EDX and EELS spectroscopy.

Sample Avg Interlayer Avg Dia (nm) Avg Inner Dia(nm)
Spacing (nm)
INW 0.73 6.72
TINT 0.76 9.156 3.79
Co(2.5%)TNT 0.76 9 4.43
Co(5%)TNT 0.69 10.8 4.46
Co(1%)TNW 0.73 6.5 -
Co(5%)TNW 0.81 10.29 5.09
TNT Co(5%) 0.72 10 4.76
TNW Co(5%) 0.78 7 -

Figure 4.52: Comparison between the doped and intercalated nanostructures:Interlayer

spacing and diameter

Sample EDS (At%)

Co Ti (0] Na

TNW 29.38 64.56 6.06
TNT 38.34 58.59 3.07
Co(1%)TNW 0.32 33.16 59.31 7.22
Co(5%)TNW 1.48 48.65 46.26 3.60
Co(1%)TNT 0.50 39.33 58.08 2.09
Co(2.5%)TNT 0.37 37.40 57.43 4.81
Co(5%)TNT 0.53 48.77 46.87 3.84
TNT Co(1%) 0.92 26.52 66.70 5.86
TNT Co(2.5%) 1.44 48.37 45.42 4.77
TNW Co(5%) 3.28 54.03 40.15 2.55
TNT Co(5%) 3.37 38.02 58.61 0.0

Figure 4.53: EDS quantification of doped and intercalated titanate nanostructures

4.7 EELS Analysis

In order to quantify or to extract the edge intensity, we have to fit , extrapolate, and

then subtract the background using an appropriate background model Gatan. Figure
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CHAPTER 4. RESULTS AND DISCUSSIONS

4.54 shows a typical spectrum with the parameters which are used for extracting the edge

Intensity.
g BK NK
L -
.
70001 .
X-section
5000
5000
@ s000
3000
2000
1000
160 180 200 220 240 260 280 300 320 340 360 360 400 420 440 460

Energy-loss (eV)

Figure 4.54: EELS signal extraction: figure shows spectrum background, edge and the

cross section Gatan

Background modelling

As discussed earlier we must determine a background model for the raw spectrum. For
this a pre edge region for fitting must be identified for determining the other parameters
for the fit. This pre edge fit is then extrapolated to estimate the background intensity
below the edge signal Gatan 4.55.

J(E) )
A _ A -
\J'\ Ik \
— I — | S<_
Ib T== =~
Eps Eve Ex E, Energy-loss
Figure 4.55: Background modelling Gatan
where,

I' = background fit window
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4.7. EELS ANALYSIS

A = singnal intensity window
I, = background intensity

I = signal intensity.

A power law is the most common background model which is given by
I =AE"" (4.1)

where I is the intensity in the channel of energy loss E, and A and r are constants.

4.7.1 EELS elemental mapping

Figure 4.56 shows the EELS elemental mapping of cobalt(5%) doped titanate nanowire
(TNW). From the maps we can see that the cobalt is prominent on the wires compared to
its surrounding, which suggests that the cobalt was incorporated in the titanate structures.
From the titanium map, it appears that titanium is present in the wires as well as in the
surrounding matrix. The matrix might be sheets of titanates which did not transform to

wires during the synthesis.

I W PEELS Drift corrected spectrum image

1000

Counts

5004

ditall | hy M

400 800
Energy (eV)

HAADF Ti

Figure 4.56: EELS elemental mapping of Co(5%)-TNW sample.

4.7.2 EELS quantification
Figure 4.57, shows the EELS quantification details of intercalated TNT-Co(5%)
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70
604 Spectrum
504 Background
) — Signal Extraction
P =
=] 401 & Elem. Signal (counts) Integration range (eV)
x Ti 7.61e+006 £ 1473 456.0-480.8
. 304 o} 1.68e+006 + 1255 532.0-572.0
Co 3.32e+005+ 732 778.8-818.8
204
10
s Cross-Section Parameters
[0} T T — T Elem. Edge Type Cross-section (barns) Cross-section model
400 600 800 1000 Ti L 20921 Hartree-Slater
eV (0] K 65+ 6 Hartree-Slater
Co L 75+ 8 Hartree-Slater
Experimental Conditions
Beam Energy: 80 keV
Convergence Semi-Angle: 21 mrad Background Removal
Collection Semi-Angle: 5.03221 mrad Elem. Fittingrange (eV) Model Red. chi**2
Ti 406.8-446.8 Power Law 0.00
Composition Information o 502.0-526.8 PowerLaw  0.00
c 5 5 , W
Elem. Atomicratio (/Ti) Percentcontent Areal density (atoms/nm**2) “o 694.8-7628 Powerlaw 000
Ti 1.00 £ 0.000 54.60 3.65e+014 £ 3.6e+013/ sum(spec)
o] 0.71+0.100 38.78 2.59e+014 + 2.6e+013/ sum(spec)
Co 0.12+0.017 6.62 4.43e+013 + 4.4e+012/ sum(spec)

Figure 4.57: EELS spectrum and quantification details of intercalated TNT-Co(5%)

The qualification results for intercalated TNT-Co(5%) and TNW-Co(5%) are shown
in figure 4.58 and in figure 4.59.

At%
Ti 54.60
S
S 0 38.78
>
o1
172
5
= Co 6.62
Total 100.00

400 500 600 700 800 900 1000 1100
Energy (eV)

Figure 4.58: EELS spectrum and quantification of intercalated TNT-Co(5%)

4.8 Cobalt valence in titanate nanostructures by

EELS

As discussed in the previous chapter electron energy loss spectroscopy (EELS), is a
powerful technique for materials characterization at a nanometer spatial resolution, and
has been widely used in chemical microanalysis.

In EELS, the L ionization edges of transition-metals and rare-earth elements usually
display sharp peaks at the near-edge region, which are known as white lines. For transition

metals with unoccupied 3d states, the transition of an electron from 2p state to 3d levels
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Figure 4.59: EELS spectrum and quantification of intercalated TNW-Co(5%)

leads to the formation of white lines. The L3 and L2 lines are the transitions from 2p®/2

to 3d°/? and from 2p'/? to 3d®?, respectively, and their intensities are related to the
unoccupied states in the 3d bands

For example in figure 4.60 shows EELS spectrum of Co modified Titanate nanostructure
acquired at 80 kV using Titan ChemiSTEM transmission electron microscope. The EELS
spectra were acquired in probe mode at a magnification which depended on the required

spatial resolution and signal intensity.

Intensity (a.u)

400 500 600 700 800 900 1000 1100
Energy (eV)

Figure 4.60: EELS spectra of TNW-Co(5%)
The EELS data must be processed first for signal extraction. In general
multiple-inelastic-scattering effects due to thickness as well as background need to be
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CHAPTER 4. RESULTS AND DISCUSSIONS

removed before extracting the signal.

In this study we assume that the effects from multiple-inelastic-scattering effects due
to thickness is negligible as the samples analysed are less than 10 nm in thickness.

The structure of the EELS spectrum at the Ly 3 edge is due to the excitations to the
bound states and excitations to the continuum. In order to determine the bound states
accurately it is necessary to subtract the continuum contribution.

The background subtraction was done following one of the methods from Pearson et al.
(1988). In this method a straight line was drawn from the base of the Lj white line onset
to the first minimum, and from there to the intersection of the falling edge of the Ly white
line and the background. The total white line intensity was then obtained by integrating

the area under the peaks as shown in figure 4.61.

Intensity

6ol 700 750 BOO 830
Energy Loss {eV)

Figure 4.61: Co Ls/Lj ratio (Pearson et al., 1988).

The table below in figure 4.62 gives L3/ Ly for intercalated TNW-Co(5%) and
doped Co(5%)-TNW.The processed EELS data is shown below in the figure 4.63 for the
intercalated and for the doped titanate nanowires. The Ls/ Lo ratios for a few standard
Co compounds are shown in figure 4.64. EELS spectra of Co Ly 3 ionization edges were
acquired from CoSiy (with Co*"), Coz04(with Co*5™), CoCOj3 (with Co?**) and CoSOy
(with Co?T). Wang et al. (2000)

Comparison with the experimentally measured intensity ratios of Lg/Ly for
intercalated TNW-Co(5%) and doped Co(5%)-TNW with that of the standard compounds
suggests that in the intercalated TNW-Co(5%) sample, cobalt is mostly in 2+ state and
for the doped Co(5%)-TNW, cobalt is mainly in a mixed state of Co®*T and Co3*.
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COBALT VALENCE IN TITANATE NANOSTRUCTURES BY EELS

Sample L3 Intensity L2 Intensity Intensity Ratio
(Area) (Area) L3/L2
TNW-Co(5%) 1.632E+05 4.819E+04 3.38
Co(5%)-TNW 4.442E+04 1.570E+04 2.83
Figure 4.62: Co L3 /L3 ratio
[Coll3.12) sdge- Cols%TNW)
0] Co (L3, L2) edge-TNW-Co(5%) 50004
25000 4000
> 20000 -| ?3000_ ‘\"\
é 15000 4 £ /.'\
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Figure 4.63: Co Ly 3 edge of cobalt(5%) intercalated and doped titanate nanowires
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Figure 4.64: Co Lj/Lgs ratio Wang et al. (2000)
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4.9 X-ray photoelectron spectroscopy

In this study, XPS is used to characterize the doped and intercalated titanate
nanostructures. Omne of the main objective of XPS is to identify the location of Co,
that is whether it is replacing the Ti in the TiOg octahedra or replacing Na between
the TiOg layers. Another objective is to identify the oxidation state of Co in the
titanates. Figure 4.65 shows Co2p XPS spectra of doped (Co5%)-TNT and of doped
(Cob5%)-TNW. Similarly figure 4.66 shows Co2p XPS spectra of intercalated TNT-Co(5%)
and of TNW-Co(7.5%). Previous reports on Co doped titanates show that Co 2p peaks
are accompanied by satellite peaks separated by 6 eV in the case of Co?** in octahedral
environment. In the samples investigated here, the Co 2p satellites are clearly seen which
indicates the presence of Co?*. The presence of Co** will cause a decrease in intensity of
the satellite peaks. This indicates that Co is present as 2+ in the intercalated samples
(TNT-Co(5%) and TNW-Co(7.5%)) but as a mixture of Co?*t and Co®" in the doped
samples (Co(5%)-TNT) and Co(5%)-TNW) Biesinger et al. (2011).

Co2p - Co(5%)TNT Co2p - Co(5%)TNW

Figure 4.65: Co2p XPS spectra of doped Co(5%)-TNT and Co(5%)-TNW

Titanium binding energies are similar to the binding energies of the 4+ oxidation
state of titanium.The XPS quantification data is shown in figure 4.67 for the intercalated
samples of TNW and TNT. From the data it is clear that the sodium content is decreasing
with increasing cobalt content which validates that cobalt is substituting for sodium in

between the layers of the titanate nanostructures.
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4.9. X-RAY PHOTOELECTRON SPECTROSCOPY

Co2p - TNT-Co(5%)

Co2p - TNW-Co(7.5%)

Figure 4.66: Co2p XPS spectra of intercalated TNT-Co(5%) and TNW-Co(7.5%)

Element TNW-Co(1%) | TNW-Co(2.5%) | TNW-Co(7.5%) | TNW-Co(10%)
Cls 19.4 20.9 18.9 20.8
O 1s 51.8 52.3 53.1 51.9
Na Is 9.0 7.7 4.9 3.7
Ti2p 19.3 18.0 20.4 20.1
Co 2p 0.5 1.1 2.7 3.5

Element TNT-Co(1%) |TNT-Co0(2.5%)| TNT-Co(5%) | TNT-Co(10%)

Cls 14.6 14.7 19.0 26.5

O ls 54.8 54.6 52.3 49.6

Na Is 8.1 7.3 5.8 2.9

Ti2p 22.1 22.5 20.8 18.0

Co 2p 0.37 0.97 2.09 2.95

Figure 4.67: XPS quantification results of intercalated TNW’s and TNT’s
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For the doped samples the doping is relatively less compared to the intercalated samples

of similar nominal cobalt content. Table in figure 4.68 shows the XPS quantification data

for (5% cobalt) doped TNT and TNW.

Element Co(5%)TNT Co(5%)TNW
Cls 9.97 6.55
O1s 50.89 52.14
Na 1s 16.37 15.97
Ti2p 21.75 23.56
Co 2p 1.02 1.78

Figure 4.68: XPS quantification result of (5% cobalt) doped TNT and TNW

4.10 Raman spectroscopy

Raman spectroscopy was used to further investigate the local structure of the samples.
Figure 4.69 shows the Raman spectra for TNT and 5% doped (Co5%TNT) and 5%
intercalated TNT (TNT Co5%) samples.

TNTCo5_4th
TNT_ath
ColTHT_Sth

FRam an intensity, au.

I'1i" T ' 1

e I B e m e o e o
i 200 pilals] 400 500 & 00 744 800 00 1000 1100

-1
Wavenumber, cm

Figure 4.69: Raman spectra of titanate nanotube (TNT) and doped and intercalated

titanate nanotube
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4.10. RAMAN SPECTROSCOPY

A comparison of the Raman spectra of the synthesized samples with those reported
in the literature shows that the set of observed bands agree well with that of titanate
nanotubes (NayTizO7). Barrocas et al. (2016). According to previous studies, Raman
peaks at 155 and 192 em ™! correspond to the Na-O-Ti lattice modes, while those located
at ca. 276, 449, 670 and 693 cm~! are due to the Ti-O-Ti stretching in edge-shared
TiOg.The band at 914 em ™! is attributed to the stretching vibration of the shorter Ti-O
bonds whose oxygen is not shared among the distorted TiOg units. The comparison of
the base TNT sample and the 5% doped TNT and 5% intercalated TNT shows a clear
difference indicating the influence of the Co doping level and the ion position in the
structure of the samples. These spectra show that both the highest frequency mode (914
ecm™ ') and the lowest frequency modes (155 and 192 ¢m™!) have their wavenumbers and
intensities affected either by the higher doping level or by the Co ionic position, in a
similar manner to that reported by Marques et al. for Ce** doping/intercalation within
the titanate nanotubes Marques et al. (2015). Besides, the Co(5%)-TNT sample shows

an increase in the intensity ratio between the modes at 825 em~! and 670 cm ™.

The Raman modes at 825 em™! and 914 em™! are not observed for intercalated

TNT/Co(5%) sample, instead a new mode appeared at about 860 cm ™.

Furthermore,
the spectrum of the Co(5%)-TNT sample presents a clear broadening and shifting of the
wavenumber modes at 449 em ™! and 670 cm™! to 435 em ™! and 693 em ™!, respectively.
The fact that these modes correspond to the Ti-O-Ti stretching in edge-shared TiOg
supports the hypotheses that some ionic cobalt was incorporated between TiOg layers
during the Co(5%)-TNT sample synthesis process, beyond the expected Co doping via the
Ti** /Co?** substitution into the TiOg octahedra. The intercalated TNT/ Co(5%) sample

! shifting to

shows a similar behaviour although less pronounced, the peak at 670 cm™
683 cm~!'. Additionally, the disappearance of the 914 ¢m~! mode and the appearance
of a new mode at 860 cm ™! observed for the intercalated TNT/Co(5%) sample may be
seen as a signature of substitution of Na* by ionic hydrated Co into TNT interlayers.The
TNTs interlayer modification can also be pursued in the low wavenumber range, where the
lattice Raman mode at 192 em ™! shifts to 190 em ™! and the intensity of the mode at 155
em™! decreases (or vanishes) with the substitution of Na™ by ionic hydrated Co. Thus,
the different degrees of structural rearrangement of the prepared samples induced either
by Co doping or by Co intercalation is evident from the Raman modes of the samples.

Similarly, the Figure 4.70 shows the Raman spectra from TNW sample and 5% doped

and intercalated TNW. A similar change in Raman modes are observed in the doped and
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intercalated TNW compared to that of the base TNW sample.

—— T TNWCo5_5th
2000 - ——TNW_3th
Co5TNW_5th

Raman intensity, a .u.

T T

LI 1 L LI I " LI 1 I I L 1 I
100 200 300 400 SO0 600 700 @800 900 1000 1100

Wavenumber, cm™

Figure 4.70: Raman spectra of titanate nanowire(TNW) and doped and intercalated

titanate nanowires

67



Chapter 5

Conclusions

Co doped and Co intercalated sodium titanate nanostructures were investigated using
several characterization techniques including electron microscopy and spectroscopy. The
morphology of the nanotubes and nanowires in the case of doped and intercalated
nanotubes were confirmed by TEM and STEM imaging. In order to minimize electron
beam induced damage to the sample, electron microscopy was carried out at 80 kV.
Electron microscopy studies confirmed that the sample have the multi-wall structure with
the numbers of layers being different along the tube axis. HRTEM imaging and HRSTEM
imaging revealed the crystallographic orientation of the samples. The interplanar spacing
as well as the diameter distribution were obtained from this analysis confirming the
nanostructures to be of less than 10 nm in diameters. The interlayer spacing is found
to be between 0.7 nm - 0.8 nm and the spacing perpendicular to the walls was between
0.35 nm to 0.38 nm. The interplanar distance obtained from imaging is less than that
of expected interplanar spacing from the reported structure of sodium titanate (PDF
00-031-1329). The difference in the lattice parameter could be due to the difference in
sodium content as well as the compression of atomic planes during electron microscopy.
EDX mapping in STEM mode used to analyze the composition distribution showed the
presence of Co in all regions analyzed. However, Co in a single tube/wire is shown to have
a nonhomogeneous distribution from the EDX maps. EDX quantification indicated the
presence of Co in lower quantities than that of the expected composition in the synthesis.
Co incorporation was better achieved in the intercalated TNTs and TNWs than that of
doped TNTs and TNWs. The doping acheived in the TNW and TNT samples analyzed
were less than 1%. One of the primary requirement to carry out high resolution electron
microscopy work is the need of very thin (<100 nm), clean and a stable sample under the

beam Williams and Carter (2009).
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Though the titanate samples which were studied in this work did not have constraints
with respect to the thickness, they were unstable accompanied with carbon build up under
the electron beam. This imposed a condition which made it challenging to carry out part
of the proposed work such as imaging in combination with Exit Wave Reconstruction as
well as atomic resolution Z contrast imaging to distinguish Ti vs Co atoms ( sample was
disintegrating).

Even though the above mentioned effects were minimised compared to samples which were
not heated or plasma cleaned, the stability required was not achievable due to sample
being sensitive to the electron beam. One of the ways to overcome instabilities in such
samples is by carrying out cryo electron microscopy. In this method the sample is loaded
in a specialised holder which can to cooled to cryo temperature by using liquid nitrogen.
Cooling of the titanates nanostructures would effectively reduce irradiation damage caused
by the electron beam Yoshida et al. (2009). However such experiments were beyond the
scope of the current work. EELS analysis was used to obtain the oxidation state of Co
in the doped and modified nanostructures. Results obtained, indicates that, in Co doped
nanostructures, a mixed oxidation of Co?* and Co3*t exist with predominant Co?* with
octahedral coordination. However, in the case of Co intercalated titanate nanostructures,
Co is shown to be in 2+ oxidation state. Due to the use of EELS, the analysis has a high
spatial resolution and the results are from individual tubes. Composition analysis with
micrometer resolution, carried out using XPS and Raman spectroscopy, to complement
the electron microscopy study confirmed the oxidation states as revealed from EELS but
with lesser spatial resolution. XPS analyzis indicates that Co is present as 2+ in the
intercalated samples (TNT-Co(5%) and TNW-(Co7.5%)) but as a mixture of Co*" and
Co*" in the doped samples (Co(5%)-TNT and (Co5%)-TNW) and the results are in
good agreement with the conclusion drawn from EELS analyis. XPS quantification of
intercalated samples of TNT and TNW shows decreased Na content with increase in Co
% confirming the Co incorporation in Na site in the titanate structure. Different degrees
of structural rearrangement of the prepared samples induced either by Co doping or by

Co intercalation was evident from the Raman modes of the samples as well.
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