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Abstract

This thesis describes the synthesis and charaatierisof 1-dimensional nanometric phases
using simple preparative reactions and a varietghafracterisation methods. Comparison of
properties between the bulk and nanomorphologypeged a large part and is a common
theme throughout.

High aspect ratio tantalum disulfide, BLaSanofibres were prepared from a 1:2
stoichiometric mixture of elemental powders in &-@tep synthesis utilising silica ampoules.
A surface assisted growth phenomena was investigatd found to significantly increase the
yield, both in quality and quantity. The resultingnofibres were seen to retain and indeed
enhance some of the bulk properties, e.g. a 50 ifadcease in observed superconducting
transition temperature.

Changing the stoichiometry of the reactants to Jduced tantalum trisulfide
nanofibres. Tantalum trisulfide is of interest akas pseudo 1-dimensional crystal structure
and properties in the bulk. TEM and SAED have shivat the Tagunit cell is oriented with
the b direction parallel to the long axis of the nandédy indicating the potential for the
transfer of the low dimensional properties of thalkb material into the nanophase
morphology. (Low dimensional properties of bulk Fa&sult from chains of tantalum atoms
propagating along thie direction of the unit cell). Although the structlof the TaSremains
illusive the preliminary investigations show thesanofibres to be metallic along their
lengths, potentially leading to many applicatiomsi@noscale electrical devices.

The concept of pseudomorphic change from the dikulhanomaterials into more
functional materials such as 3Ng and TaOs was investigated. Nanofibres were initially
formed and can reversibly be inter-converted betwthe three different nanometric phases
(TaS, TaNs and TaOs) using simple solid-gas reaction, without sigrafit loss of

nanofibrous morphology. Further this series ottieas shows potential for the formation of



other related and potentially applicable nanomgihiases such as TaN, Taé@nd TaON as

well as opening the door to countless other anal®gystems.



Quotes

“These nanotubes are so amazing that they may beafsl to

everybody”

Nobel laureate R. Smalley

Nanotechnology “will bring revolutionary changes toall branches of
industry, beginning with the production of antibiotics and ending with new

weapons”

E. Drexler

"Nanotechnology is the base technology of an indusl revolution in the

21st century. Those who control nanotechnology wilead the industry"

Michiharu Nakamura, Executive VP at Hitachi
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Glossary of Abbreviations

1T-TaS— 1T polytype of Tas

2H-TaS— 2H Polytype of TaS

3R-Ta$S — 3R polytype of TasS

AFM — Atomic Force Microscope

BET- Brunauer Emmett Teller (Theory used to caliuturface area)
BF — Bright Field (TEM imaging)

BFP — Back Focal Plane

CDW - Charge Density Wave

CNT — Carbon Nanotube

EDX — Energy Dispersive X-ray Analysis

DF — Dark Field (TEM imaging)

DRS - Diffuse Reflectance Spectroscopy

JEOL - Japanese Electron Optics Laboratory

m-TaS — Monoclynic form of Tag

Mhe-TaS — High pressure form of TaS

m;i-TaS — Indexed form of TasS

PLD — Peierls Lattice Distortion (Periodic LattiDéstortion)
PMMA — Polymethyl Methacrylate

PXD - Powder X-Ray Diffraction

RT — Room Temperature

SAED - Selected Area Electron Diffraction

SAG - Surface Assisted Growth experimental setup
SEM - Scanning Electron Microscope

SQUID - Super Conducting Quantum Interference Devic
STD — Standard experimental setup

TEM — Transmission Electron Microscope

TGA — Thermal Gravimetric Analysis
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Chapter 1: General Introduction and Theory

1.1 Introduction

Nanotechnology is widely thought to be the drivifogce behind the next revolution in
technology, similar to the coal/steam relationstigt drove the industrial revolution of the
1900’s or the silicon chip that slowly changed faee of modern life from the 1950's.
Increasingly nanotech is moving from the fictioroks into the scientific papers and indeed
more importantly from the scientific papers inte gbroducts that we the general public; see,
choose to buy and use as we use to go about dyiigas.

Before long the concept of technology on the naamlesevill be so thoroughly
incorporated into everyday things that we will lskiag ourselves questions like, “How did
we ever live without it?” Much like the itchingding of being, “Not quite whole,” that
many people get these days when they leave theiehwithout their mobile telephones, life
without nanotechnology will soon be inconceivable.

As with many of these newfound technologies, mwlolves around the definition.
If you define nanomaterials and indeed nanotechMaterials or technology with typical
dimensions in the nanometre region,” then a fewresting observations can be made. Most
notably, that nanotech has already been arounduinliges for many years, the obvious
example being cleaning products that contain addlbsuspensions of nano-sized particles,
and in fact originates in science back in the dafyMichael Faraday. It is becoming
increasingly hard to find modern creams and ointsiémat contain no traces of “nano” sized
additives. For instance it is the UV absorbingaparticles of zinc oxide that give sunscreens
their sun screening properties.

Traditionally however we ignore the colloid side péanoparticles research and
concentrate more on new structures such as quaddtsy fibres, (tubes, rods, ribbons and

wires), particles and films that have nanoscaleedisions. It is these nanoscale dimensions
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that lead to interesting material properties traat ¢ary drastically when compared to either
the atomic or the bulk scale materials. An exanaplthis is the size effect of elemental gold
and silver. Both these metals are well known awgéd often used for their reluctance to be
involved in any sort of chemistry. However as nartiples they become extremely reactive
with application in many fields, such as catalysisThe reason for the dramatic change in
behaviour is the often considered to result from thanging ratio of surface area to total
number of atoms; as the particle size decreasgwtiportion of the atoms that are on, or near
to, the surface drastically increases.

The concept of “Nanoscience” was first mentionebligly on December 281959,
by Richard Feynman in his talk at the Californiastitute of Technology entitled, “There’s
Plenty of Room at the Bottom.” This was in many wagen as the birth of “Nanoscience” or
at least the first direction towards nanoscalears$e but was delivered from a very physics
based point of view. Nano-scale research in chemistry did not realketoff until 1985
when Nobel Laureate Sir Harry Kroto discovered Buuister Fullerene, the cage structure
and & allotrope of carbofi.Nano-scale research became much more prevalemégvieo, in
1991 when lijima discovered carbon nanotubesd further still in 1992 when Tenne
discovered the first “non-carbon” nanotubes of A#She term “Nano” was now beginning to
attract funding and consequentially appear in masgarch proposals thus delving further
into the scientific domain. It is interesting tote however that the first reference to any sort
of inorganic (Non-carbon) nanofibre in the scidatifterature, was in 1979 when Chianelli
describes “Rag like tubular structures” of MOSThese predate the discovery of carbon
nanofibres and indeed Kroto’s “Bucky Balls”, makimgthe first reference to inorganic
nanofibres as we now know them. The first referancany sort of nanofibrous material was
however in 1952 when a Russian scientist publis$iell images in a paper detailing carbon

nanotubes? predating even Feynman’s lecture. This could bens&s an example of the



unfairness of history as lijima and Tenne are latiely recognised as having made the first

discoveries.

1.1.1 Current Uses of Nanotechnology

The first use of nanotechnology is likely the irmanmation of gold nanoparticles into glass.
Medieval artisans made red stained glass by migold chloride into molten glass creating
tiny gold nanospheres, which absorb and refleclighinin a way that produces a rich ruby
colour. This sort of glass has been widely usedHerproduction of stained glass for more
than 2000 years-

It was well known in the 1500’s that Damascus ste&$ unlike any European steel
and had extraordinary mechanical properties inolyid@in exceptional cutting edge. The secret
recipe, however, was lost hundreds of years agotla@djuality of the blades remained a
mystery. Recent studies utilising TEM have shoh presence of carbon nanotubes in an
ancient Damascus sabfesuggesting that the probable source of the enbammerties was
the formation of carbon nanotubes within the stieging the forging process. This therefore
is likely to be the first practical use of nanotibs technology. It is also a fantastic example
of how futuristic technology can be implemented ardd to great effect, far in advance of its
full scientific understanding.

More recently, a company based in Boston, (USAloisig something similar, though
with far more understanding of the mechanics ofgieeess. Hyperion use carbon nanotubes
called FIBRILS to enhance the conducting propemiepolymers forming plastics that rival
and indeed surpass the electrical properties opedp These plastics have found many
applications in the motor vehicle industry. Renauidts the first car company to incorporate
this technology into the “Megane” with a fuel tattkat has the corrosion resistance and
longevity of plastic with the earthing potentiap&sk prevention) of metal. The replacement

of copper wires with conducting plastic reduceswiegght significantly whilst improving the



lifetime and reliability leading to possible usewright sensitive applications in fields such as
aeronautics and F1 racing.

Other technologies are slowly emerging into all kgabf life including medical
surgery, space technology and household items. téNotention the possible advances in
computing.

Research and especially application is howevdrdsiihinated by the carbon system,
but increasingly the inorganic nanomaterials arehiag up and indeed surpassing. The
scope and range of different compounds with comedmg ability to tune the physical
properties of the resultant products will inevitallush the balance in the favour of the
inorganic compounds. As yet few examples existactual “real life” applications for
inorganic nanosystems, however many applicatioms keing proposed in the literature:
Tenneet al. have shown fullerene structures of Wiging used as solid state lubricafits?
overcoming the problems associated with the effettaoisture and vacuum. Graphite loses
its ability to act as an effective lubricant in acuum because of the loss of adsorbed gas
between the layet3which aids the important sheering process necgssalubrication. Bulk
phase metal chalcogenide materials can act as lgboidating materials as a result of the
inter-crystalline slip between the layéPdowever are not suitable for use in moist or oxyge
rich atmospheres. The movement of the layers esedaingling bonds on the edges and
indeed between the layers leading to the formatibmxides in the presence of water or
oxygen, rendering the lubrication ineffective. Tbemation of closed cage like structures of
WS, that can roll over each other and the surfaceseadisas elastically deform to lubricate
with good efficiency, overcomes both of these dragks and allows for use over a good
temperature rangé: ° Other proposed examples include nanoelectrdficatalysis’ and
gas storagég, to name just a few.

Perhaps the best-known current application for ganic nanotechnology is the

concept of self cleaning glass. Marketed by a number of leading glass manufauguri
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companies, the application of a thin monolayer ofatase structure titanium oxide
nanoparticles to the outer surface of a sheetasfsghas allowed for “intelligent” self cleaning
properties. The photo-catalytic Ti®reaks down carbon based deposits in the pressEnce
UV light. It is these deposits that allow for tballection of dirt and residue along with water
droplets that lead to the adhesion of dirt to tin¢age of the glass. The same can be applied
to increase the wetability of glass and prevendeosation droplets from forming on mirror
surface or to brickwork and paint leading to “ultrahite surfaces that self clean in the
presence of UV light. In Japan for instance ther street made of paving stones containing
TiO, nanoparticles that is supposed to photo-cataliicgean itself and carbon based
deposits from the air caused by motor vehicle piolilu Other examples of this sort of

technology use are buildings that stay clean ariddhact as air cleaning agents (Figure 1.1).

Figure 1.1: Images of (a) the TX Millennium

path in Japan. Both were made usingJl@®atings that photo-catalytically clean themselves
and the surrounding air.

Another current use of inorganic nanotubes is iagneement of the energy of protein folding
using atomic force microscopy. W®anotubes can be used as tips in an atomic force
microscope and used to grip the individual strasfdsrotein in DNA. The energy required to
unfold proteins can then be measured by manipgiatie DNA using an atomic force

microscope?



1.1.2 Inorganic Compounds Known to Form Nanofibres

Since the discovery of the first inorganic nanog;b&S by Tenne in 1992 a plethora of
new inorganic systems have been announced in ibatific press. RemsSkar grouped the
different inorganic compounds that are known torforanofibres into 6 families in her review
of inorganic nanosystems in 2664ut it has since been prudent to reorganise tidsaald a

7" family along with updating with more recently diseved systems. Nitrides are a new and
upcoming family of inorganic nanosystems, of relem&ato this thesis with many examples
appearing in the literature since Remskar’s revidwable 1.1 shows a recent table of some of
the presently existing inorganic nanofibrous systefivided into the 7 families as discussed

above. In a continuing theme throughout the réste project, the term nanofibre is defined

as any nanostructure with 1-dimensional charatigrise. tube, rod, wire, ribbon etc.

Oxides Chalcogenides| Halides | Nitrides | Mixed metal | Metals | Others
compounds
Sio* WS? MoS™ | NiClL®® |BCN® | PbNRhS.1"° Au® | S
TiO,”> VO, NbSe* WO.Cl,* | BN® WxMo,C,S,"* | Co® | Sic®
V2057 Tas*cds” AIN®® | Au-MoS,"2Ag- | F€® | LaBg™®
W15046°° M0Os? | CdSéE® ZnS'® GaN® | Ws,? Bi%° GaP’
RuQG?’ NiS* NbS* InN®’ Ag-M0S,"? cut | wc®
Al,05% MoSe* WSe® W(NO)*® | Nb-wSs," Ni°* | MnP*®
In,052° TiS,,*° SiN©® CussFeSs Te”? | Inp
Ga05%° HfS,>° LisN WS,-carbor® | SB*°
ZnO* 2rS,° ReS*? TiN M01WS,"®
BaTiO:™! CS*? TagNs NbS,-carbori’
PbTiOs*! Bi,Se>? SrBi,Ta0y'®
Er, Tm, Yb, Lu | CdTe* NbSe>® CouoPts;”°
Oxides? Zn0O*® | CuSs™® Zn,SnQ°
Ta0s>* 2Zr0,*° | PhSé’ AuCl®!
Gao, cud®® Ag,S>® AuCu3?
CuOH® Tas™® CoPf?
sSnG* 1ro,® Clp,Se° LiMo3Se®
CeO*® Ga0s™ ZnGa0,*
8l\élngGal\l)5/GaN
LaMnO,%®
BaTip.sMno.s03
InGaA<’

Table 1.1: A comprehensive list of many of the gaic compounds known to form
nanofibres, shown with respect to the 7 familieakéih and updated from Remskar.
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1.1.3 Conventional Definitions for Inorganic Nanofibres

Following an early publication by Thorne in 198Betgenerally accepted definition for a
nanoribbon is a nanoscale structure that has shwafiat least 5 times the thickne$s. A
nanobelt therefore is a “thick ribbon” or nanostwe with width less than 5 times the
thickness*? as used by Waet al.>® and Maet al.'® Nanowires are a little controversial as the
term seems to be used to describe long fibresattgatlose to round in cross sectional area
regardless of whether they conduct electricity asld/ be expected from a macro-scale wire.
Ideally however nanowires should conduct electrieibd have higher aspect ratios than rod
like formations. Nanorods tend to have low aspatibs and straighter compositions, i.e. no
bends and twist which are common in wires and misbaimilar to those discussed by Zhu
and Kroto'® As their name would suggest, nanotubes shouldobiew. For the remainder
of this thesis accurate representation of the dibvigh respect to the definitions above will be

attempted.

1.2 Basic Crystallography

Many of the properties of materials, including thodescribed in this thesis are directly
related to the crystal structures. Some understgndf basic crystallography is therefore

required.

1.21 Unit Cells, Crystal Systems and the Bravais Lattice

Crystals are built up of repeating units of atomghree dimensions. The repeating unit or
motif is known as the unit cell and is defined byek lattice parameters; a, b and ¢, and three
corresponding angles;, f andy. Unit cells fit together in three dimensions twegthe
crystal. There are 7 geometrical representatioas ¢an fit together in three dimensions to
give a perfectly filled space and are known asftloeystal systems (Table 1.2). The 7 crystal

systems are defined by symmetry and can only aodtaipecific lattices; primitive, (P), face



centred, (F), body centred, (I) or side centred, @epending on the allowed lattices the
combinations of the above leads to the 14 Bravaisides. The missing combinations are
either not allowed, due to symmetry requirementsame represented by an alternative

combination in a more simplified way. The latticasd essential symmetry are outlined in

Table 1.2.
Crystal system Example Defining Essential Possible
Parameters symmetry lattices
Cubic a=b=c 3 x 4 fold P, F I
a= :8 zy= o0 axes
c
B a
Tetragonal a=b#c 1 x 4 fold P,
a:ﬁ:y:gO’ axlIs
c
=R
Orthorhombic azb#c 3 x 2 fold P,C, F I,
a:ﬂ:y:90° axes
Cc
Hexagonal a=b#c 1 x 6 fold P
a=pB=90 axis
y =120
Rhombohedra 1 x 3fold P
‘ a=b=c axis
a=LF=y#90
c
a
Monoclinic azb#c 1 x 2 fold P, C
“ a=y=90 axis
Triclinic azb#c none P
aryepeoo

Table 1.2: The 14 Bravais lattices for crystals.
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1.2.2 Point Groups

A crystallographic point group is a set of symmeaiperations, like reflections or rotations,
that leave a point fixed while moving each atonthef crystal to the position of an atom of the
same kind. An infinite crystal would therefore loekactly the same before and after any of
the operations in its point group. There are dimite number of 3D point groups; however,
they are restricted by having to be compatible withdiscrete translational symmetries of the

crystal lattice. This restriction results in 3¥stallographic point groups.

1.2.3 Space Groups

The space group of a crystal is a mathematicalrgien of the symmetry inherent in the
structure. The space groups in three dimensionsmarée from combinations of the 14
Bravais lattices (Section 1.2.1) with the 32 criystgaphic point groups (Section 1.2.2)
which belong to one of 7 crystal systems (Secti@1). This results in a space group being
some combination of the translational symmetry ohd cell including lattice centering, and
the point group symmetry operations: reflectionation, screw axes and glide planes. The
combination of all these symmetry operations resuita total of 230 unique space groups
describing all possible crystal symmetries.

Space groups can be defined using the interndtiootation or Hermann-Mauguin
notation by combining the point group identifiethvthe uppercase P, C (often noted as R), |,
or F for primitive, side-centred, body-centredfae-centred lattices. Translations within the
lattice in the form of screw axes and glide plames also noted, giving a complete

crystallographic space group.
. .. 360
The screw axis is noted by a number, n, where tigdeaof rotation is—— . The
n

degree of translation is added as a subscript stgpow far along the axis the translation is,



as a portion of the parallel lattice vector. E.g; B a primitive lattice with a 180° (two-fold)
rotation followed by a translation of ¥ of the iedtvector.

Glide planes are noted by a, b, or ¢ depending lichnexis the glide is along. There
is also the n glide, which is a glide along thef lndla diagonal of a face, and the d glide,
which is along a quarter of either a face or spghiagonal of the unit cell. The latter is often

called the diamond glide plane as it features éndiamond structure.

124 Miller Indices

Lattice planes can be defined within the crystahstihat the planes are equally spaced with
all lattice points lying on members of the set. eTplanes cut the cell axes at fractions or
infinity, if they are parallel to cell axes and trexiprocal of these are the Miller indices. In

three dimensions these are defined by three indicdsand I. The space between the planes

is the ¢l spacing. An example of this in 2 dimensions isgihan Figure 1.1.2.

Taking Reciprocal
gives 1, 2

) a
Unit cell axe

Ya
Figure 1.1.2: Miller indices for a 2-dimensionatilze with unit cell &,b).
The Miller indices are related to th@qdspacing using formulae that are specific to ctysta
types. For instance for orthogonal crystals @.e.5 =)y =90), the d spacing for any set of
planes is given by Equation (1.1).

1 _h k* 17
PO —
hkl

This is simplified in a cubic system as;
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a=b=c (1.2)
Therefore combining Equation (1.1) and Equatiog)(gjives:

1 h*+k*+12
@ a (3)
hkl

In other systems the relationship is more com@idand shown in Table 1.3.

Crystal Interplanar spacing
System
Cubic 2 4 k2+]2
L Sl
drg a
Tetragonal 24K2 |2
L ST
dry a c
Orthorhombic R E:
2=l D we
d, a b° c
Hexagonal 2 2 2
izzi‘(—h +hk+k J+'_2 (1.7)
d, 3 a c
Monoclinic 2 2
N (h_2+ sitf 1”& Coﬂ (1.8)
dy, sin“Bla a c ac
Triclinic 1 lris002 .2 2 i 2 2 i >
—- =5 Pb’c’sin’a +kat’sin’B+1 @b *sin’y
dhkl V
+ 2hkabc’ (cosr cof— cog 4§ Ka’bc (cg® cps  aps
+ 2hlab’c(cosr cog’— cof ])
(1.9)
1
V =abc[1-cosa~ codf~ cdy+ 2cas cfs gop

Table 1.3: Table showing the interplanar spaciogstfe different crystal systems.

Also of note is that in a hexagonal system it ifconsidered more practical to split the

three indices into four as a result of the symmagiving hki in the plane of the hexagon with

angle 120 ° and | perpendicular to it. This natatis known as hexagonal indices notation

and often given as [hkil]. With the use of hexaglandices the d-spacing formulae given in

Equation (1.7) can be represented by Equation 1.10
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3
—a
2

h? +k2+i%+(

Ohpiy = (1.10)

)2

2cC

3a

Using the above formula, it is possible to assigrk,h(i,) and | values to d-spacings in a
hexagonal system and vice versa. The d-spacinygeba atom layers can be seen using
diffraction techniques. This project has utilideath powder X-ray diffraction (Section 2.4.1)

and electron diffraction (Section 2.4.3.2).

1.2.5 Bragg’'s Law

When irradiated by radiation with frequency closé¢hat of the atomic spacing, (X-rays) the
hkl planes of atoms within the lattice can be cdestd semi transparent mirrors as shown in

Figure 1.3.

yy A
d Planes of atoms

Figure 1.3: Derivation of Bragg’s law, showing gbRays, 1 and 2 incident on a surface
consisting of semi transparent planes of atoms.

Some of the X-rays are reflected off the atom Han#éh the angle of incidence equal to the
angle of reflection whilst the majority are transtied through, to be reflected off the lower
planes. If two parallel rays are incident, 1 and@d reflect off adjacent planes, A and B,
then the reflected rays will either constructivelydestructively interfere depending on their
phase. The conditions in which the two reflectéahes will constructively interfere, with

one and other, is when they reunite with the sahas@. This can only occur when the extra

distance travelled by Ray 2 is equal to an integuahber of wavelengths. Hence:
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Xyz =nA (2.11)
From Figure 1.3 we can see, from basic trigopnometry
xyz = 2d siné (1.12)
Combining Equations (1.11) and (1.12) gives:
2d sind=nA (1.13)
Strong reflections are therefore only observedifspacings that satisfy Equation (1.13). The
diffractometer scans through angle®aécording the intensity of the diffracted radiatias a

measure of counts per unit time.

1.3 Charge-Density-Waves

When metals are cooled, they often undergo a pinassition leading to a different state with
different types of order. These different typesoader can have dramatic consequences on
the electronic structures and thus the electromitraagnetic properties. For instance, metals
such as lead, mercury and aluminium become supeuctors at low temperatures as a result
of electrons teaming up in Cooper pafts. These pairs of opposite spin and momentum
electrons can propagate through the new low tenyrerdattice order in a cooperative way
with no loss of energy leading to superconductingpprties. (See Section 1.4.4)
Alternatively metals like iron and nickel becomerfanagnetic as their unpaired electrons
align leading to net magnetisation without the prneg of a field. Resulting as a consequence
of the temperature dependent phase transitionutiterlying phase transition occurs at a
specific temperature leading to critical valuefeathan general temperature trends.

In the mid 1970’s a wide range of materials werscovered that showed quasi 1-
dimensional properties. This class of materiaks structurally unique and as such show
unique physical properties. Examples of the unigueperties are anisotropic electrical

conduction, gigantic dielectric constants, unuselakctronic properties and rich dynamical
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behaviour. Perhaps the most striking of the uniguaperties is that of the formation of
Charge-Density-Waves (CDWJ?

The simplest explanation for what a CDW is thatclaarge-density-wave is a
modulation of the conduction electron density imatal and an associated modulation of the
lattice atom position®* As with many interesting phenomena the ideastaedries needed
to understand properties span many disciplinesiadded much of our understanding of

condensed matter.

1.3.1 Formation of Charge-Density-Waves

In a metal the uniform separation of the perioditice with the atoms in their equilibrium
positions leads to a highly uniform electron dgnsis shown in Figure 1.4. This highly
regular electron density is held in place by thghlgost in coulomb energy for localised areas
of high or low electron density. These local vaoias are highly suppressed resulting in a
uniform electron density over the lattice. Some ldimensional materials at temperatures
below a critical temperaturepTknown as the Peierls temperature can under goiexl¥e
transition. This transition leads to a periodictalison in the lattice (PLD) and results in a
modulation of the electron density across thedattirhis is shown in the lower part of Figure

1.4. Itis this periodic electron density thaki®wn as a charge-density-waie. %

Atom positions

before Peierls
‘ ‘ . . . . ‘ ‘ distortion

Charge Density

Atom positions
after Peierls

‘ ... ... . distortion

Figure 1.4: Diagram to show the origins of CDWs.
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The periodic distortion of the ion lattice (~1%tbé inter-atomic spacing) creates a super-unit
cell which through quantum mechanics slightly reziu¢he kinetic energy of the highest
energy electrons. In a chicken and egg type sdoathe reduction of kinetic energy can in
certain circumstances compensate for the elasécggmeeded for the lattice distortion that
caused the change in kinetic energy in the firat@l In quasi 1-dimensional metals at low
temperatures, belowpI'the elastic energy cost to modulate the atomsitipas is less than
the gain in conduction energy associated with lthss in kinetic energy of the electrons. The
CDW state is thus preferable as the ground staitevah high temperatures, above, The
electronic energy gain is reduced by thermal etoitaso the metallic undistorted state is

most stableg'%41%®

1.3.2 Conduction in Charge-Density-Wave Systems

The mechanism of conduction is unlike that of semdéuctors and metals (which conduct
electricity by moving electrons through partialifleld bands,) as it is involves collective
charge transfer. Since the trough of the wave {Eidu4) can be placed anywhere within the
lattice without changing the total energy of thestseyn, the CDW may slide freely thus
allowing the conduction of charge in an electreddi The full band below the Fermi energy
doesn’t need any thermal excitation to promotetsdes to the higher unoccupied band as the
band itself can simply slide with respect to thtida in the presence of an electric field.
Lattice atoms oscillate back and forth producingravelling potential. The conducting
electrons then move with this potential to prodacirrent®

The CDW is pinned to the underlying lattice buefte move at the same time leading
to two main characteristics. If the CDW'’s waveldnit is an integral multiple of the lattice
parameter “a” then the CDW is said to be “commeaistiras it has preferred positions

relative to the lattice and it's energy will osat with a periodc. In most cases however the

CDW'’s wavelength is pinned weakly to the underlylatiice and strongly to impurities and
15



lattice dislocations. In the presence of a singh@urity the system can lower the overall
coulomb energy part of the Hamiltonian by positi@nthe trough or crest of a wave over the
impurity in the lattice depending crudely on theadto-negativity of the impurity with respect
to the lattice as a whole. In the presence of mampurities the CDW elastically deforms to
optimise the impurity interaction energy. A simitaing happens with lattice distortions and
dislocations. The wavelength of the CDW is nowctimmensurate” with respect to the
lattice. These interactions interfere with theefraotion of the CDW and thus interfere with
the conduction properties. In low fields both coemsurate and incommensurate CDW will
remain pinned to the lattice until the field excedige pinning strength of the interactions and
will therefore exhibit a threshold fieldtBoelow which no conduction will occur. CDW
theories have for a while shaped the theories péwonductivity. In theory CDW materials
should superconduct as the commensurate waveeigdrenove with no resistance; however,

the impurities and lattice distortions prevent thisany temperature above absolute z&b.

104-106

1.3.3 Measurable Properties of Charge-Density-Wave Systesn

Whilst the CDWs are particularly hard to actualge&,” given the equipment available, the
effect they have are potentially noticeable. Thefects include the pinning potential, the
Peierls transition and the resistivity measuremeAt®mic resolution STM can see the PLD,
while variable temperature electronic measuremeatsobserve the change in resistivity of

the materials at low temperature.

1.4 Magnetic Materials

The magnetic properties of materials are contrdiiedhe presence of unpaired electrons. If
there are no unpaired electrons the materials ith tsabe diamagnetic. If a material has
unpaired electrons then it can be characterised mumber of ways. The major types of

magnetic materials are as shown in Table 1.4.
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Diamagnetic

No unpaired electrons.

Paramagnetic

Random orientation of electrons deréifit atoms.

Ferromagnetic

Alignment of electrons on all thenago

Antiferromagnetic

Antiparallel alignment of electrons on all the a®m

Antiparallel arrangement with anqua number of electrons in each
direction.

Ferrimagnetism

Antiferromagnetic array, which is digeapor frustrated by
ferromagnetic coupling in localised domains.

Spin glass

Table 1.4: Table showing different types of magnetaterials

These different classifications lead to differeragerties and different traits. To understand
the differences in these types of magnetic materiah understanding of the interactions
between the material and the magnetic field necgssa

Although convention dictates that Sl units shobédused; cm, gram, seconds (cgs)
units are more convenient for these sorts of measents and are used as standard in the
literature and have therefore been used througthisithesis. The difference in the two sets
of units occurs as a result of different choicesthia definition of the magnitude of the

magnetic field, H, at a distance, r, from a magnetionopole, q, (Equations (1.14) and

(1.15)).
_ 9
H_4nr2 S) (1.14)
H :% (cos) (1.15)

H = Magnetic field
g = Magnetic monopole

r = Distance
There are four fundamental terms used to descobeehmaterial is “magnetised.” These are;
magnetic field, (H), magnetic induction, (B), matoeolarisation or magnetisation (J), and
magnetic moment per unit volume (M). Their rolesl aslationships are described below.

The units for magnetic related measurements aravrshio Table 1.5, along with their

conversion factors from cgs to Sl units.
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Quantity cgs unit | Conversion

cgs to SI
Magnetic field H Oe 104n
Magnetic induction B Gauss 10
Magnetisation M Oe 10
Molar magnetisation J| Oe mol | 10°
Magnetic momeng emu 10°

Magnetic susceptibility | emu cn Idn
Molar susceptibilityy, | emu mof" | 4nx10°

Gram Susceptibility; | emu @ 4nx10°
Magnetic flux ¢ Geni® 10°
Magnetic moment 9.274 x10’

Bohr Magnetons emu

Table 1.5: Units of magnetic measurements and tugiversion table to Sl.

If a substance is placed in a magnetic field H,rtfagnetic flux density, B will be related to
the field by its permeability. This can be rewritten using the permeabilitfre spaceyo
and the magnetisation, M.
B = uH (1.16)

B=yH+ M (1.17)
It follows from this thatuoH is the induction contribution generated by thediandueM is
the induction generated by the material. The m@égseasceptibility of the material is defined
as the ratio between the two contributions andviergasy.

M
= 1.18
X H (1.18)

Substituting B Equation (1.16) into Equation (1.f@jik)es:

H=uH+yM
HA =R+ [ (1.19)
H = p(L+ X)
The ratio ofu:pg is known as the relative permeability
=t =14y (1.20)

Ho
It is usual when looking at magnetic propertiesctmsider the susceptibility. This is a

measure of the response of a sample to an appbeaetic field. The susceptibility depends
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on the amount of sample in the field, and is oftemdered more useful by reference to the
gram susceptibility,y; or molar susceptibilityym. These are measures of the total
susceptibility given either per gram of substancpey mole respectively.

The different magnetic behaviours of materials barcharacterised with respectyo
andy, values and their dependence on the applied firedck@mperature.

Diamagnetic materials have small negative valdeg while paramagnetic materials
have small positive values ¢f Hence, the flux density of diamagnetic materagdsreases
when in magnetic fields while the flux density aframagnetic materials will increase. This
leads to diamagnetic materials experiencing repuoldio the field while paramagnetic
materials are attracted. Superconductors showimntiple, perfect diamagnetism withyg
value of -1 emu mél. Thus, the magnetic field is completely expelled.

In ferromagnetic materialg is >>1 and hence there is a great attraction ¢ofigid,

while in antiferromagnetic materigtgs positive but small.

Material Expectedyw Reaction to a| Dependence| Dependence
values magnetic on a field H on
field temperature
Diamagnetic Small —ve Repelled Independent None
-(1 to 600)x10
Perfect -1 Entirely Dependent on
diamagnet, repelled Tc.
superconductor
Paramagnet Small +ive Attracted Independent Decreases
0 t00.1
Ferromagnet 1to 10 Strongly Dependent Decreases
attracted
Antiferromagnet 0to 0.1 Attracted May be Increases
Dependent
Pauli 10° Attracted Independent None
paramagnet

Table 1.6: Table to show the different types of n&gm, their expecteg, values and their
characteristic behaviours and properties.
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141 Types of Magnetic Material

1.4.2 Paramagnetic Materials

Many paramagnetic materials obey Curie law behayiobich states that the susceptibility is

inversely proportional to the temperature, (Equatib21)).

C
== 1.21
X T (1.21)

x = Susceptibility
C= Curie Constant

T= Temperature K

The relationship assumes no spontaneous interdotitwmeen adjacent unpaired electrons. If
an interaction between adjacent electrons occues th is likely that ferromagnetic or
antiferromagnetic behaviour is occurring at low pemature. The high temperature
paramagnetic behaviour can be modelled using thiee ®QVeiss law§ is the Weiss constant.

C

X

0 = Ferromagnetic Curie temperature F Weiss constant

Ferromagnetic behavioub & -ive) moves the Curie fit to the right while é@tromagnetic
behaviour § = +ive) moves the Curie fit to the left. The temgiare T obviously cannot be
reached but the material departs from the Curiese/@CW) behaviour at temperatures below
the Neel temperaturenT

Ferromagnetic materials at low temperature havg tegh y values, which fall off
increasingly fast as the temperature rises. Howeéker only occurs belowd Above Tc the
material displays CW behaviour so plotsydf T give straight lines with a curved section at
temperatures below cI' The cold region can be examined further by pigttrelative
magnetism against T{T  The effective magnetic moment can be calculégdhe upper

region of this plot where the fit to the CW lawbisst.
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Antiferromagnetic materials have very small valoég, in well-ordered structures,

which rises as the temperature increases as & oédhlermally introduced disorder into the

antiferromagnetic statey increases through a maximum at dnhd then decreases at higher

temperature still, following the CW behaviour.

The effective magnetic moment. relates directly to the number of unpaired

electrons and is only a valid measure if the umghielectrons on the different atoms are

isolated, as is the case when dealing with paraetagmaterials that show CW behaviour.

Nl 1

M 3KT

xm = Molar susceptibility. (Mmol™)

Na = Avagadro’s number 6.02x10

1o = Permeability of free space, 1.62%10
i = Magnetic moment in JT

k = Boltzmann constant 1.38065035%0
us = Bohr Magneton = 9.274x¥0

It therefore follows that the magnetic moment igegi by:

_ | XuSKT

2

(BM per formula unit
T Nttty

Ug =T9T.8R x0T (BM)

As =797.81

3K
N Lokl

Converting for cgs units we see tip@g is given by
Uy =2.820 X 0°T

By applying the Curie law to thjgs value we obtain:

Uy =NCx2.827 agy,, =

=0

(1.23)

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)

Linear regression of thgy™ against T plots gives an accurate value forthein specific

regions of the graph, i.e. the high temperatur@reghere the CW behaviour is most likely.
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The linear regression gives the gradient which/@ dllowing the use in Equation (1.28) for
Leff calculation. As the magnetic moment relates éorthmber of unpaired electrons, (upe), it
is possible to use the value qfs as a measure of the number of unpaired electrons.

Theoretical values qf can be calculated from quantum theory.

4= 9yS(S+1) == (1.29)

Us IS the spin only value for the magnetic moment
S is the total spin quantum number of the atoms
g is a gyromagnetic ratio that for a free electnan the value 2.00023 BM

Number of unpaired electrongviagnetic momeniis BM
1 1.73
2 2.83
3 3.87
4 4.9
5 5.92

Table 1.7: Table to show the theoretical valueBMfthat correspond to the number of
unpaired electrons.

Deviations from these values are caused by anabdmigular momentum contribution, which

is dependent on the orbital angular momentum quamumber, L.

Hso =JAS(S+D)+L(L+1) (1.30)
Both of these theoretical values are applicablizde electrons but the LS coupling tends to
be less reliable unless heavy metal atoms are mirdike the lanthanides. In practice the
latter is less reliable as the orbital angular motmen is partially or wholly quenched as
electric fields on surrounding atoms restrict thieital motion of the electrons. Hence these

values overestimate thes.

1.4.3 Ferromagnetic Materials

Ferromagnetic materials show a cooperative intenacbetween the spins on the atoms,
which align with an applied magnetic field. An tiease ing with temperature is observed,

up to a specific temperature, Bt which point the thermal energy is such thatalignment of
22



the spins is disrupted breaking down the ferromagme Paramagnetic behaviour follows
with a decrease gy with temperature.

In ferromagnetic materials the magnetic momenieisl fdependent and it is often a
useful way of characterising the material by way tfysteresis curve at different

temperatures. Here the temperature is set arfietlescanned (Figure 1.5).

Magnetism, M
MS ——>

Hc\/ Hc

<— Mg

Field

<— Mg

Figure 1.5: Schematic of a hysteresis curve.
Ms = Saturation magnetisation.
Mg = Remnant magnetisation.

Hc = Coercive Field.

Ferromagnetic materials can be characterised into dategories, hard and soft. This is
referring to the cyclability in the hysteresis. mfagnetically soft material has smalknd
Hc values, indicating that little energy is requitedreach the saturation magnetism. A hard
material has large Mand H values, indicating that more energy is needed e@ach

saturation. The energy lost in the cycle is givgriHe area between the hysteresis curves.

1.4.4 Superconducting Materials

Superconductivity was first discovered by Heike & Dutch scientist in 19®1when he
noticed that there was a dramatic decrease in ébsstance of mercury at liquid helium

temperatures, 2 K. Since this discovery, supercomdty has been found in a number of
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metals, alloys and compounds. So-called high teatper superconductivity was discovered
in 1986 in the ceramic oxides 4BaCuQ;**® and YBaCw07.'® The latter was the first
example of superconducting state that was accedsjbliquid nitrogen (above 77 K), and has
brought superconductivity into the realms of passdpplication. Currently superconductors
have applications in many fields: medical imagi(MRI scanners), analytical science, (NMR
characterisation and SQUID, see Section 2.4.5spaun; (Tokyo trains that hover), power
storage; (superconducting magnetic energy storageliums), and power production
(superconducting alternators) to name but a'f8wMany of the current restrictions between
theoretical possibilities and actual applicatiomoive limits of critical temperature cTand
critical field Hec. As yet, the highest temperature supercondustatill a far cry from the
target of room temperature superconduction at afr@00 K.

Superconductors have many characteristics; on¢hese is the concept of zero
resistance in the superconducting state. Normahlmeshow a rise in resistance with
temperature as a result of phonon scattering asekbetrons pass through the material.
Superconductors however experience a sudden dealiresistance as the temperature falls
below a specific point. This is known as the T

Traditionally superconductivity has been explaibgdhe use of “Cooper pairs.” The
theory is called BCS theory, named after Bardeemp@r and Schrieffer who were awarded
the Nobel Prize in 1972 for their findingsCooper pairs are pairs of electrons that couple
together and travel through the material in a comjpee way as a superfluid, transferring
charge as an exchange of phonthis.

When a material has zero resistance belgwt Will expel a magnetic field up to a
critical field strength, J (Hc is temperature dependant) and the material therdfecomes
perfect diamagnet. This gives rise to the Meisseiect, as demonstrated when a
superconductor levitates above a magnet. The uhusather uninteresting property of

diamagnetism, which is experienced as a weak reepuiffect shown by all materials, now
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becomes a major effect with enormous applicablggntees, such as levitation. It is this
perfect diamagnetism that allows us to charactessgperconductors using SQUID

magnetometry (Section 2.4.5.)

1.5 MX > Compounds (Bulk)

Much interest in this thesis concerns the layetedoogenides that fit the formula MXM =
Group 1V, V, VI transition metal and X = S, Se, J&€hese materials have been studied over
many years and much is known about their bulk stres. In general the structures consist of
two types of three atom thick sandwiches or trelay both involving a close packed array of
chalcogen atoms with the metal ion either in amloetiral or trigonal prismatic coordination
with the chalcogens. On the basis of these twodination layers, many polytypes have so
far been proposed mainly from the study of powdesauiples. These polytypes depend on
the compound under observation. For example, i&,TR. Jellinek has proposed structure
models for the 1T, 2H, 3R and 6R pha’é%trom X-ray diffraction while F. J. DiSalvo has
proposed an extra 4Hype structuré’

The majority of the MX compounds have the fully octahedral structurehashigh
temperature phase, though Mdfs the trigonal prismatic phaSé.

Formal oxidation states can be assigned to the ilorthe structures with the metal
having a 4 charge and the chalcogen having &l?arge however there will be a degree of
non stoichiometry and metal to metal bonding thak wterfere with the formal oxidation
states.

For the clarity of the text, the individual polygpf MX, structures will largely
hereon be referred to in the noun form, with thprefix” and “-TaS", e.g. the 2H polytype

of TaS will be known simply as 2H-TaS
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15.1 Tantalum Disulfide

Tantalum disulfide is a typical member of the dicbgenide group, and has been know for
many years with the crystal structures first puigis by Jellinek in 19622 Its initial
discovery as one of the layered dichalcogenideddthto much interest in its electronic and
physical properties including a wealth of researcbvering superconductivity and
intercalation. It is known to have many polytypesthese the conventionally labelled 1F,
2HM1% 1153R12 16510 the most common but there is also the preseingedR™> 1741,
structure as well as others that either do notyctlre conventional labelling or are non
stoichiometric. The difference between the polgtgtructures is due both to the coordination
of the tantalum atoms with respect to the sulfamres within the try-layer sandwiches, and
indeed the alignment of the sandwiches themselvEser example, the 1T polytype has
octahedral coordination within the try layers, whithe 2H and 3R polytypes both have
trigonal prismatic coordination. The 4ldnd 6R polytypes consist of alternate octahedrdl a
trigonal prismatic layers'®

For the sake of this thesis | will concentrate loa 1T, 2H and 3R structures as these
are most relevant. The crystal structures are showigure 1.6.

Of the three polytype structures the octahedmdigrdinated 1T structure is the high
temperature phase stable at temperatures aboveKlbOOmeta stable at temperatures below
550 K upon quench cooliflf and appears golden in colour. The stacking seguean be
related to the identical layers of atoms in terrh$ABC” notation where the corresponding
letters align in phase with one and other. Thepdljtype structure can therefore be denoted
as a simple ABC repeating unit see Figure 1.6. ZHeand 3R polytype structures both have
trigonal prismatic coordination between the tantaltoms and the sulfur atoms, and can be
denoted by the ABACBC and ABACDCEFE stacking segeerespectively. Both the 2H
and 3R structures appear as a fine blue / blackdpgvare stable at room temperature and are

considered to be common phases. 2H;T@® be synthesised by annealing the 1T polytype
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at 823 K though perfect crystallinity is rarely achievedgdas interesting as along with the
4H, phase, displays superconductivity. The 3R strectan again be made by annealing at
800 K for longer periods of time? The initial production of TaSfrom elemental powders
tends to produce a number of different polytyped produce poor quality polytype phases
with many lattice distortions, largely as a resaflthe energy of formation for the different
phases being very simil&¥ Some work in this thesis involved trying to reguoe reliable

syntheses for the production of individual polytgpe the bulk phases, see Section 3.2.1.4.
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Figure 1.6: Pictorial representation of the streetof the 1T, 2H and 3R polytypes of TaS
showing the origins of the ABC notation.

152 Properties of TaS

The dichalcogenide materials of the group VI, V, ®ments are perfectly suited to
intercalation given their layered structures. Thealkvvan der Waals forces that hold the tri-
layers together, allow the layers to separate ioigapace with which to accommodate the
guest species within the host structure. A commnatf the elongation of the c-axis and the
changing of the band structure of the host spdeaass to in some cases dramatic changes in
the properties of the host. These have been axédpsnvestigated during the late 1980’s
and early 1990'4?"' *2 Changes in physical properties can result fromitercalation of
alkali metals, late transition metals and inorgaiorganic molecules within the structure of
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these layered dichalcogenid®s. ' These intercalations can induce metal to semiimeta
transitions, alter the charge-density-waves ancghdhe superconducting properties as they
change the structure of the host matefiaft>

Tantalum disulfide undergoes extensive intercattetif many species, consequentially
changing its physical and electrical propertiealinthree of the above mentioned polytypes as
they all contain the layered structures with weak der Waals forces between the tri-layers.
An example of this is the intercalation of 2H-Fa8lith organic molecules like methylene
blue has been seen to raise the superconductifrgrii 0.6 K to between 2 and 5.5'&.The
intercalation of Li and Sn into 2H-Ta®as also led to changes in crystal structure and t
changes in electronic properti&s.

Of the three polytypes above, only the 2H structise known to exhibit
superconductivit)},21 though the little known 6R and 4Halso show a tendency towards
superconductivity at low temperature. The densitgtates diagrams for the 1T and the 2H
polytypes are shown in Figure 1.7 and leads tatdmelusion that both 1T and 2H structures
are metallic. The Fermi-surface in the 2H strucligse close to the boarder between metallic
and semiconductor behaviour as it is very clostaéctop of a conducting band and near to a
small band gap in the trigonal prismatic configimatand is believed to be the source of the
superconductivity. There is likely an interactioetween the electrons in the Fermi-surface
and the top of the partially filled band. The fotioa of Cooper pairs can lower the overall
energy of two electrons (with respect to two indefent electrons) as they are constrained by
the band gap in near proximity. Cooper pairs caoperatively propagate through the

structure leading to superconduction.
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1T TaS

Figure 1.7: Density of states diagram for the 1d@ aH polytype of Tag"**

Bulk 2H-Ta$ is known to superconduct at 0.6%Ror 0.8 K** depending on the source. It
has been found that the intercalation can leat in@ease in dfrom the 0.6 K/ 0.8 K of the
empty bulk material to between 2 and 5.5 K depandin the size of the intercalated
species?! The cause of this increase has been put dowrtherei suppression of structural
instability* or the formation of metal-metal bontf8. It is most likely due to both these
factors and the formation of the commensurate CDWs.

The layered structure and atomic positioning of tdetalum atoms within the tri-
layers of all three polytypes leads to metal-matiractions and electrical conduction only
along the planes of the layers. The sulfur atontstha inter layer region lead to significant
insulation between the layers giving quasi two-disienal conduction or low dimensional
behaviour.

All three of the polytypes of TaSonsidered above can undergo a Peierls distortion
and therefore exhibit CDWs. Section 1.3 outlirestheory behind what CDWs are and how
they form. Much work has been done during the 80tscerning the phenomena of CDW in
TaS as significant similarities between CDWSs and sopeductivity theory exist. The two
phenomena are closely related and dichalcogenideerima provided a suitable and

convenient basis for the research in these fiéids.
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1.6 MX ; Compounds

Much interest in this thesis concerns the non kgelow dimensional chalcogenides that fit
the formula MX, (M = Group 1V, V, VI transition metal and X = Sg, Te.) These materials
have been studied over many years and much is katwuat their bulk structures. In general
the structures consist of infinite chains of [MXctohedra that extend parallel to thexis
and share upper and lower faces. The chains asrated by relatively large distances and
weak interchain bond$® It is these chains that give the MXompounds their pseudo 1
dimensional properties. Formal oxidation states lba assigned though there is a high level
of metal-metal interaction occurring. In the sidfiand selenide system it is possible to
form X,> species as well as*Xspecies leading to the formal oxidation statel!8fand %2

+ X2-l102

1.6.1 Tantalum Trisulfide

Tantalum trisulfide (Ta§ is a similar compound to the tantalum disulfidecdssed in
Section 1.5.1 with a few structural differences. it highly significant in that the
dimensionality has been lowered from a pseudo Zdsional system to a pseudo 1-
dimensional system, now with infinite chains of ttdam atoms propagating throughout
structure as shown in Figure 1.8 rather tantalusmatextending through the 3 atom thick
sheets in TaS The monoclinic structure (m-TgSwas published in 1981 by Meerschatt
al.'* with space grougP2, /m and unit cell parametees= 9.515(2) Ab = 3.3412(4) Ac =
14.92(2) A, andd =109.99(2) °. The bonding shows 2 distinct S-Scbdistances, (~2.05 A
and ~2.8 A) in the base of the trigonal prism chafrat make up the structure corresponding
to the expected values of S-S bonds in tfespecies and in compounds containing a pair of
S ions e.g. Tag This indicates that the structure likely consalrd*, > and $ species as

shown in blue and yellow in Figure 1.8.
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Figure 1.8: Crystal structure of Ta@-TaS) showing 4 unit cells stacked along the
direction of the unit ceft*®

First observed in 1938 by Blitz and Koch®mnd then reconfirmed by Jellinek in 1982its
presence and properties have interested physieists chemists alike. There are two
commonly referred to structures, the orthorhomhicd @he monoclinic. To differentiate
between the different structures of Fathe structures have been referred to with a yrefi
denoting whether the structure is monoclinic orhorbhombic followed by a subscript
indicating the specific information about the phaseere necessary. It is possible to prepare
m-TaS from elemental powders at 750 °C with a slightesscof sulfur over a 15 day

d*3! The orthorhombic structure (o-TgSvith space group£222, has yet to have atom

perio
positions published. There is also a high presswoaoclinic form, of Ta$ published by
Kikkawa in 1981;*? hereon referred to as,\piTaS.

The properties of both m-TaSand o-Ta$ have subsequently been thoroughly
investigated>***® Ambiguity about the crystal structure has causeshyrproblems during

the course of this project with PXD data not bedfigufficient quality for the full refinement

of the crystal structure.

31



The structure has an analogy of bundles of metahli@ins, each with an insulating
sheeth* leading to quasi 1-dimensional conduction throtigh Ta-Ta bonds in the chains
along the b” axis of the monoclinic unit cell, as shown in &ig 1.8.

At temperatures around 270 K the Fa&®ystal structure undergoes a PLD leading to
the formation of CDWSs, (Section 1.3) as is appanerthe phase change between metallic
above and semiconducting below at this temperaffir@here is also another semiconducting
phase transition at 160 ¥° Tag has been thoroughly studied along with Bb&s it was
considered for a long time that that 1D materialsynhold the key to high temperature
superconductors, alas this was not the ¢Hse.

TaS is resistant to both hydrochloric acid and sodlwdroxide but oxidises readily

under nitric acid. It decomposes when heated uvalenum at 650 °C into Ta@nd sulfur:?®

1.7 Oxides

Oxide chemistry has been well established for cezdwand has been the focus of the majority
of traditional solid state chemistry research. geanumbers of compounds have been found
to form as oxides principally due to their highbslidy and the ease of synthesis with

applications covering many fields including: batsr paints and catalysts to name but a few.

1.8 Tantalum Oxide

There are many forms of tantalum oxide includin@dand TaOs, however the common and
most stable form is tantalum (v) oxide or,Da sometimes known as tantite. The structure
has been known since 1964 when published by Lefi#t/and is orthorhombic with space
group C222 and unit cell parameters a = 6.2000 A,306600 A and ¢ = 3.8900 A as shown
in Figure 1.9. Tantalum oxide is a white semiconihgcsolid with application including:
hard scratch resistant surfaces, UV lasers anatasimgsulators for multi-component circuits.

Its melting point is about 1870 °C leading to higimperature applications too. It has a
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bandgap in the UV-vis spectrum with estimated ealof 3.80 e\*****3 Thin films of TaOs

have shown potential applications in many eledtdexices™**

® ¢% 0

Ta+5

138

Figure 1.9: Crystal structure of Xas.

1.9 Nitrides

Nitrides in general are a large group of materiats have been of much interest to many
research groups world wide. In comparison to thides, there are relatively few compound
reported but with many useful and interesting proge, nitrides continue to be of much
interest. Much of the chemistry of nitrides is tolied by the reactivity of the Nspecies
over the & species leading to a plethora of different compisuand properties. However
many of the compounds are air sensitive and invaemplex reactions and chemistry

requiring an inert atmosphere.

1.10 Tantalum Nitride

Tantalum nitride occurs with many different stiammietry. E.g. TaN is a low temperature

superconductor with properties that allow it to umed as high temperature coatings. The
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cubic rocksalt structure was first published byt&ratr et.al*> and forms at high temperatures
>1000 °C, below which it is meta-stable.;Nais a semi conductor with a band gap that is
obtainable by sunlight and has been proposed ademtal photocatalyst in the splitting of
water4? 146147 There are also many other structures each ofhwiéve unique properties
and potential for application. The structure of;N&has been known since 1973 when
published by Straehi® and is shown in Figure 1.10 and has space groumnCamd unit cell

parameters = 3.8862(1) A,b = 10.2118(2) A and = 10.2624(3) A.

Ta+

M-3

Figure 1.10: Crystal structure of \.**

1.11 Inorganic Nanofibre Research

The list of inorganic compounds that are knownanf nanofibres is exhaustive and can be
seen in Table 1.1, however a few structures aspe€ific importance to this thesis as they are
either directly investigated or analogues to systemder investigation. There are now many
different papers in the literature showing manyeddnt types of reaction that ultimately
produces inorganic nanofibres of different compaurihe section below is incorporated so
give a flavour of the current research from a masynthetic point of view and is by no

means an all encompassing view of the subject,sth®ect is simply too large for that.

34



Information from other researchers is summarisee i@ reference from other chapters of

this thesis.

1.11.1 MX, Compounds Nanofibres

MX, compounds have been important in the developmienammomaterials and nanoscience
since a year after the first carbon nanotubes wieovered by ljimd. WS, was the first
inorganic species to be seen in nanofibrous foamd Mo$ the second*

The similarities in crystal structure between tagered chalcogenides and graphite

has led to many analogous structures. (The 2H yjmdyhas the same space grdeg, /mmc

as graphité‘“’) The tri-layer sandwiches are similar in naturegtaphene sheets leading to
similar structures; however some key differencasteesulting in fundamental alterations in
the formation mechanisms. The inability of the Méompounds to form odd membered
rings within the structure is one such differendéhis occurs because each metal atom must
bond directly to chalcogen atoms and vice-versab@ananotubes achieve curvature of the
end structures by incorporating odd membered nvigsn the 6 membered ring network that
is the graphene she@t. It was concluded that the MXhanotubes, like WS achieved end
structures through lattice imperfections such asameies, discontinuous layers and
dislocations’

The most common semiconductor materials, includling and 11-IV semiconductors
as well as silicon and germanium are unstable wikpect to oxidation in afr’
Nanostructures of these therefore need to be pestdoom oxidation, either from a native
oxide of a covalently bonded species that acts gmssivation layer. Transition metal
dichalcogenide materials have semiconductor prigsedften with useful band gaps and are
readily accessible as nanofibres and are resisbivexidation even in moist environments,

making them a very attractive material for nanassaimiconductor devices.

35



1.11.1.1 Tungsten Disulfide Nanofibres

Remskar and Mrzel have shown that AW@&notubes can be made in either single walled or
multi walled bundles and ropes with low structudafects using a CVD reaction of bulk
material and iodine as a transport agéht.

WS, nanotubes were synthesised by Temhel. by the sulfidation of tungsten
suboxide needle like nanoparticles in a horizoht@k furnace at 840 °€”® The WQ.,
nanowhiskers were first produced in large quartitie a fluidised bed reactor at 1100 °C.
Tenne and Rothschild also report the successfulystion of WS nanotubes from tungsten
sub-oxide produced in another fluidised bed redcfoiTenne also has shown the production
of WS, nanotubes by the reaction ot FHwith WG, nanowhiskers under mildly reducing
conditions™>* Kroto and Zhu have produced nanotubes from tHédation of WO,
nanorods again using,&%

Kroto and co-workers investigated W@anotubes produced in a templating reaction
by coating carbon nanotubes with W®efore removing the template using a high
temperature reducing atmosphere angd kh a similar reaction to that above with high

resolution TEM”®

1.11.1.2 Molybdenum Disulfide Nanofibres

Remskar and co workers have shown that Mp&notubes can be made in either single
walled or multi walled bundles and ropes with loinustural defects using a CVD reaction
and iodine as a transport agént:>’ They also noted that the direction of propagatibthe
nanotubes is along the shortest unit cell pararffetérand that the alloying of the Ma®ith
gold can stabilise the nanotubes leading to a mdioai structurd>? The absence of an alloy
always leads to a helical structure by their meshafdsynthesis. Nucleated growth led to “sea

urchin” like structures similar to those seen inestsystems, e.g. Cd%,
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Berntsenet al. produced Mognanostructures using a solvothermal method inuglvi
the decomposition of (NJLM0sS;3-HO in toluene™® The string like morphology resulted
in large surface areas between 50 and 8§'rand synthetic temperature of less than 400 °C
make this one of the lowest temperature synthesasaiofibrous structures so far seen.

Chenet al. have produced MagShanotubes by the sulfidation of M@Qin similar
reactions to those described above for the, Wiotube formatioff These nanotubes were
investigated for electrochemical hydrogen storadeS; fullerene like structures as well as
nanotubes were produced by Terahal. using a similar technique and a specific turbulent
flow regime for the gasé's.

Open ended MaS nanotubes have been synthesised and their pdteagiaa
methanation catalyst investigatdd. The synthesis used was a three step gas-soliticea
involving the production of needles of tetrathiogbmlenum (NH),MoS,, followed by ball
milling and then a sintering process for 10 hourgd@)°C. The research found that MoS
nanotubes provide an extremely effective methanatiatalyst and can potentially have
application in industry concerned with the remowélcarbon oxides from gases and the
prevention of “poisoning” of noble-metal catalysiguel cells*’

MoS; nanoribbons have been produced in a chemical sgistiby the reaction again
of MoO, species with bBX** The interesting thing here is that the Ma@nowires were
electrodeposited onto highly oriented pyrolytic grde using the steps in the graphitic

structure as a template.

1.11.1.3 Niobium Disulfide Nanofibres

Wu et al. have prepared long strands of Nb&anowires by a CVD technique
involving the use of both iodine andefCas transport and nucleating agenfsTheir
nanowires were seen to be brittle, long and lilapsist of the 1T polytype. Krotet al.
have produced NbShanowires using silica tube reactions from elemlepowders in the

presence of iodin€?
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Remskar and Mrzel have shown that silver alloye@&Nianotubes can be made by
the electron irradiation or microwave irradiatiohMbS, nanoparticles. The particles appear
to self assemble into nanotubes with the chainsllmfatoms appearing to act as nucleation
sites for the formatiof? *>°

NbS; nanotubes have been made as described abovethsingduction of Nb$Sin a
hydrogen flow at 1000 °&: **° This closely analogous system to TaSwell studied and
has been shown to display an elongation of thei€{a:8%) on the formation of nanotubiés.
180 It was noted that the [002] axis of the wire igpg@mdicular to the long axis. i.e. the
direction of propagation of the tubes is alongghertest unit cell paramett&’

Kroto et al. have produced NBSnanotubes from a carbon nanotube templating
reaction, similar to the production of W3 he nanotubes were formed by coating CNT with
NbCl, and heating to 500 °C in air. The carbon nanotwbs later removed by heating to

1100 °C under argon anch8l’" 1¢*

1.11.1.4 Tantalum Disulfide Nanofibres

So far there has been very little mention of Ja&nofibres directly in the primary literature.
Other than our publication there have been thrgeensaoutlining the production of TaS
nanofibres.

Raoet al. first proposed the synthesis of nanotubes of BiSnpounds involving the
reduction of M$ in a hydrogen stream as shown in Equation (1*31).

MS,+H, - MS,+H,S (M =W, Mo, Nb, Ta| (1.31)

Whilst MoS and WS had by this time been studied and publicised, s the first
occurrence for both NbSand Tas The reason for this is that the trisulfides ofand Mo
are amorphous while the trisulfides of Ta and Nb arystalline. This leads to added
constraints as the crystalline nature of the tiidalhas to be overcome in the reduction to the

disulfide nanotubes.
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Specifically for the Tagsystem the reduction takes place with Fag1000 °C for
30-60 minutes forming bundles of nanotubes anceffefie like structures. The Nanotubes
have hollow cores and are reported to be betweesnd040 nm in diameter. The ends are
nearly rectangular which is not uncommon for thenegyal group of dichalcogenide
nanostructures. The PXD analysis showed a match structure of TaSwith a small
elongation (~3%) along the c-axis of the unit célhe nanotubes made in this manner were
found to be sensitive to the electron beam leatbndjfficulties in obtaining high resolution
data.

Rao et al. then proceeded to publish a further paper, agascudsing general
dichalcogenide systems of which Tafas one where by the same synthesis the PXD asalys
indicates a 2H polytype structul®.

TaS nanobelts have been prepared by &al. in another two step proceSstHere
again a similar methodology of reducing E&@s been used, but in this case the;Ta8sed
in the form of a nano-precursor. The first steghef synthesis was to form TaSanobelts
from the direct combination of elemental powde8ed Section 1.11.2.1) The resultantsfaS
nanobelts were washed in £8nd dried before being placed in another silidaetand
reheated to 850 °C such that the sulfur was sublimet of the crystal structure and

crystallised on the cooler end of a temperaturdigra leaving Tagnanobelts.

1.11.1.5 Niobium Diselenide Nanofibres

It has been suggested that it should be possibdgrithesise Tagand NbSg nanowires by
the reduction of Tageand NbSgrespectively in a hydrogen atmosph&relowever only the
NbSe nanofibres have so far been synthesised. JJi@&Bgains unique.

1-dimensional structures of NbSkave been synthesised by a high dose of electron
irradiation on a bulk phase of NbS&thermal decomposition of Nb$m a flow of argon at
700 °C®?and have been removed from bulk powders preparedhémical vapour transport

with elemental Nb and Se in an evacuated silicacaries at 800 °C®® They have also been
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produced as nanowires and nanoribbons by the nsinudéive removal of selenium from

NbSe structures®*

1.11.1.6 Molibdenum Diselenide and Tungsten Diselenide Nanibfes

MoSe and WSe have been prepared by Retal. from the reaction of oxide materials in the

bulk form with HSe, H + N,.*8

1.11.1.7 Other Disulfide Nanofibres

HfS, nanotubes were prepared by Rao and Nath by thetiedwf the trisulfide prepared in
bulk form by the reaction of elemental powd&s'®® The tubes had hollow cores and
rectangular closed ends. The 1T structure was fadontde dominant with a slight ~1%
expansion along theaxis of the unit cell (less than found for Y&d MoS ~2-3 %). DRS
measurements of the Hf8anotubes show a slight blue shift with the banset at ~2.1 eV.
180 The nanotubes were found to orientate withcth&is perpendicular to the long axis of the
tube

ZrS, nanotubes were prepared in the same way as thg d#k$ were found to be
extremely similar®°

TiS; nanotubes have again been prepared by Rao andfidattthe reduction of the
trisulfide >°

Closed end multi-walled Rge®anotubes have been produced by Broetah. by the

impregnation of CNT with Reglbefore heating in }$ at 1000 °C to remove the template

and sulfidise the intermediate structtire.

1.11.2 MX3; Compound Nanofibres

At the time of initial investigation there wereagVely few non layered materials such as the
MX3 compounds that were known to form nanofibre likeuttres. Since then a few

examples have arisen, many of which occur througlirect syntheses such as
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grinding/milling or sonicating macro sized partglénto nano-scale structures or using
layered materials such as graphite as a precurs@mplating agert> **> *°Few of the
published methods for the formation of non layereterials consisted of direct syntheses by

chemical reactions.

1.11.2.1 Tantalum Trisulfide Nanofibres

TaS nano belts have been prepared by &v/al. Elemental powders of tantalum and sulfur
were mixed together in a 1:2 stoichiometry andestahder vacuum in silica ampoules along
with a small amount of iodine as a transport agéhé ampoule was heated to 760 °C for 48
hours over a small temperature gradient. The tiaguproducts were nanobelts of §aS
These nanobelts were characterised by PXD whesewleee indexed to the orthorhombic
structure for Tag SEM shows belt like morphology and EDX gives:a.3 ratio Ta:S®

These nanobelts were then converted into, TeaBobelts.

1.11.2.2 Niobium Triselenide Nanofibres

Nanowires and nanoribbons of Nk$®ve been extensively studied for their CDW proesr
and have provided a convenient platform for thesphigts to perfect new techniques for the
manipulation of nanofibres on surfaces for measergm
NbSe nanowires readily form from the bulk elemental pens when sealed in silica

ampoules. Hoet al. used temperatures between 580 and 950 °C with k&mating (3 °C
min™) and cooling (2 °C mif) with a 1 hour dwell time at maximum temperattfreThey
find that the morphology of the products changesrditically with temperature of synthesis
following a rough trend: powders at low temperat(60°C), wires and particulates (610
°C), wires and ribbons (630 °C), ribbons and palétes (750 °C) and just particulates at
(850°C). The nanofibres formed in this processsangle crystalline and have few defects.
Further it is noted that at high temperature thestat structure becomes the diselenide in

particulate form with the triselenide forming naiboés at lower temperature. Polytype
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analysis of the high temperature powder was unsséaieby PXD though a superconducting
Tc of 7.2 K was obtained indicating the likelihoodtbé 2H polytype.

CDW measurements were taken though no informatiogiven about the methods
used to obtain the measurements other than to Bay 4-terminal and 2-terminal
measurements (Section 2.4.8.2) were taken. NixSdowever known to undergo CDW
transitions at about 58 and 154K.

A similar paper by Sloet al.’®® shows that NbSenanowires can made by the
ultrasonic cleaving of particles in pyridine. Thanowires were loaded onto silica plates and
e-beam lithography utilised to define a contactgrat 4-terminal electrical measurements

(Section 2.4.8.2) were then carried out.

1.11.2.3 Titanium Trisulfide Nanofibres

Nanobelts of Tig have been synthesised by Maal. using methods that are extremely
similar to those used in this projéét. These findings show that the belts are alignet thie
001 (Longest unit cell parameter) at ~ 90 ° toltmg axis of the belt, they have the shortest
unit cell parameter and the direction in which ¢hains of titanium atom propagate aligned
with the long axis of the fibre. The synthesis sists of heating elemental powders of 1:3
stoichiometry within evacuated silica ampoules & 6C for 15 days using a temperature
gradient of 80 to 100 °C along the 15 cm lengthis also noted that at high temperatures the
trisulfide breaks down into the disulfide.

The formal oxidation states of the atoms have lesigned as Tiand $* + §.

1.11.3 Nitrides

1.11.3.1 Boron Nitride Nanofibres

BN is a closely analogous system to graphite ansgl evajinally a prime candidate for the

formation of nanotubes by similar mechanisms td tiegraphite. BN forms 6 atom rings
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that are almost identical to those formed by thédaa atoms within graphite except using
alternate boron nitrogen atoms in the 6 memberadsri Since its first appearance in
nanofibrous form, in 1995 found by Choﬁf‘amuch research has been carried out in
attempting to form BN nanostructures using similechniques to those used for CNT
production, (as explained here.)

Like the MX; compounds BN again has mechanistic differencels feitmation into
nanotubes, when compared to carbon, as the 3+3ttingture prohibits the formation of odd
numbered rings and prevents curvature. This leadsighly strained ends involving
dislocations and defects, much like that seenérdibhalcogenide systerfis.

BN nanotubes have been successfully produced byliacharge reactiorfé; 16 17°
laser ablatiort’” 12 CVD technique¥® *"*and in large quantities by mechano-chemical
methods."> Chen, Conway and Williams produced large quastifiel Kg) of multi-walled
BN nanotubes by ball milling boron powder undermammonia atmosphere, before annealing

at 1200 °Ct’®

1.11.3.2 Lithium Nitride Nanofibres

LisN has been known in our group for many years asossible nanofibrous forming
compound. Early research proved successful wiflerdiiit morphologies and crystallographic
orientations possible and good kinetics for hydrogptake. The results have been discussed
at various conferences including the world Hydrogsergy conference in France 2006 but

have yet to be officially published in a scientificirnal.

1.11.4 Oxides

1.11.4.1 Titanium Dioxide Nanofibres

Hoyer produced Ti@nanowires using a moulded growth technique. Poabuminium oxide

was utilised to create the polymethyl methacryl@®®MA) mould. The TiQ was then
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electrochemically adhered to the PMMA mould cregtime nano-tubular structures once the
PMMA was removed® This technique is similar to the templating methatsed to form
nanofibres around carbon nanotubes. Cottam anfie$lnave shown the production of TiO
nanorods / nanowires from the oxidation of simitaorphology TiC structureS? In this
multi-step synthesis easily produced carbon namstuvere reacted with Tiglto form

titanium carbide nanowires before being oxidisetbta TiO, nanotubes.

1.11.4.2 Tantalum Oxide Nanofibres

There have so far been two methods of producingdd aanofibres. Both methods by
Kobashi involve either a complicated hydrothermaitBesis that produced helical nanowire

like structure® or in a very low yield of nanotubes produced bybing precursor sheetg!
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Chapter 2: Experimental

2.1 Introduction

This chapter aims to explain the different expentakpreparations, the specialist equipment
used and the specifications of the characterisaguipment and techniques. Any specific
experimental procedures for individual experimeants explained in the results chapters for
the systems in question but a general overvievn®feixperimental techniques is given here.
As a result of the move from the University of Nogham to the University of
Glasgow, during the course of the project, différmstruments have been used for similar
purposes. Inevitably, the equipment specificatias shown variance between institutions,
however, all due care has been taken when compdatayreceived from different sources.

The source of the data has been given where pedsibtomparison.

2.2 Experimental Methods

Much of the work described herein has been perfdroseng evacuated silica ampoules and
muffle furnaces. A standard preparation has beeheapin addition to an alternative protocol

for surface assisted growth and some flowing gastiens. These are outlined in Section 2.3.
First, however, it is important to consider thehi@ques and methods used in sample

handling and manipulation.

2.2.1 Equipment and Technigues

2.2.2 Fume Hoods

The opening of the silica ampoules (Section 2.2 ak performed in a ventilated fume hood
to minimise contact with hazardous gasses thatpescaipon opening. The possible
formation of HS during the reaction, which has a low LD50 vales\a possible contributors

to the hazardous gas released upon opening. Ptieparanvolving the use of NHand C$
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gases, (Section 2.3.2.1 and 2.3.2.2 respectivedgle also carried out in tube furnaces that
were confined within fume hoods so that toxic extagas or leaking reagents didn’t

contaminate the laboratory.

2.2.3 Nitrogen Generator

The use of nitrogen at Glasgow was facilitated bB$emiSys nitrogen generator and a hard
nitrogen gas ring. The nitrogen generator sup@@® % nitrogen at a flow rate of 15 litres
per minute from a 10 bar supply of compressed raimfa Jun-Air compressor unit. The
nitrogen generator works by passing the compreasdtirough carbon molecular sieves that
absorb oxygen. A 200-litre ballast tank at a pressi five bar provided the lab with 1000
litres of nitrogen at any one time. The nitrogeaswprimarily used to flush out apparatus

before use.

2.2.4 Work Involving Glass

There are three main types of glass that are cotynmed for scientific work, soda glass,
borosilicate and pure silica (quartz):

Soda glass consists of silica (9J@nd soda (NaOH, which acts as a flux, lowering
the softening temperature) and has a green tings.cheap, soft and is the common glass
found in most windows with a green tinge. Its lomnaaling temperature (350 °C) and easy
workability lends it to use in simple low tempen&wapplications such as windows, wine
bottles and basic chemical laboratory apparatul sscstirrer rods, beakers and measuring
cylinders. Its soft nature allows easy etching Yolumetric markings, though nowadays
many of the markings are achieved by transfersa@@heorking costs allow for disposability
making soda glass a useful material in the moddramistry lab. Its low annealing
temperature however prevents it from being usddgh temperature applications.

Borosilicate (Pyrex) consists of silica with a borbux and has a slight green tinge.

This glass is much stronger and harder and hagheethflowing temperature (~560 °C) but is
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still quite easy to work. These traits allow farnmalurability within the lab and applicability
to higher temperature methods. Borosilicate termlaneke up the majority of modern
glassware in the lab (e.g. test tubes, boilinggub®mund bottomed flasks, Schlenk lines etc).
Silica or pure quartz (SKpis the purest of silica-based glasses, not coinmigia flux.
This glass has an annealing temperature of 1108ntCis pure white when viewed along a
length. Silica’s high working temperature and beitess limits application but the durability
at high temperature makes it a useful materialsforthetic techniques. At temperatures
above 1200 °C silica begins to move under its oweight and deform with a cloudy
appearance. This leads to an upper limit on tleahle temperature for silica ampoules of

1100°C.

2.2.4.1 Silica Tubes

For many of the preparations performed over thesmof this project, it has been necessary
to seal reagents in silica ampoules under a vaculior these preparations, 12 mm diameter
silica tubes with a wall thickness of 1mm and lésgbf 1 m were obtained from Unilab

(product number QUO064808). These lengths can lbeecut or worked to produce a range of

ampoule size and shapes depending on experimemtfdjaration, (Section 2.2.4.4).

2.2.4.2 Glass Blowing Torch

During the course of this work two different glddswing torches have been used, both work
in the same way but one is bench mounted and ohand held. Both torches run off a gas
(CHy) supply and an oxygen supply at just over 1 Bgy.law both of these supplies have to
be fitted with a non return valve and flash backestor as a premixed supply is being
combusted. Different sizes and shapes of flamebmawrreated by adjusting the gas and
oxygen flow and are used for different applicatio@$ particular note, is a warming / cooling

flame that is used to warm the glass prior to tieekvand cool the glass slowly after the work,

preventing thermal shock and the cracking.
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2.2.4.3 Long Necked Powder Funnels

For many of the reactions described in the theédisas been necessary to redesign or custom
build apparatus, one such example is the makingpr§ necked powder funnels. It is

important when filling the silica tubes, (Sectia.2.4), not to get contaminants on the inside
wall of the tube. Contaminants here will infuséoirthe silica during the sealing process,

(Section 2.2.4.5), as the silica flows inwards undacuum causing weaknesses in the
structure. This leads to ampoules that are urtabldthstand the pressures of heating or the
thermal shock of quenching. Long necked powdendis are therefore used to place the

elemental powders at the bottom of the silica tultbout contaminating the internal surface.

/

Figure 2.1: Schematic showing how a long neckeddessviunnel can deposit reactants at the
bottom of the silica tubes without contaminating thside walls of the silica tube to be
sealed.

A standard powder funnel can be purchased from nsappliers and lengthened using a
length of standard glass tube. The best methgoirahg the glass is to square the end of the
funnel using a tungsten carbide glass knife soithata straight edge and inserting a bung in
the base of the funnel. The newly cut square efitigbing is heated in the warming flame of

a glass blowing torch alongside the similar diamegtass tubing. Once warm, the flame is

set to a medium sized roaring flame and both tavesheated from their tips until glowing
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red. The tubes are now pressed together out dfidhee and set so that the overall tube is
straight. Using a very small flame a hot spot islemalong the seal and a small puff of air is
blown into the end of the tube. This maintains wadl of the tube and brings the hotspot
back out to the diameter of the original tubingjigy a seamless join. Rotating the tube by
180° and repeating the process with another sndilgs air creates a second seamless join
and then on the other two sides. The join should be perfectly clear and of uniform

dimensions with smooth internal and external fadkesound its circumference. After cooling

in the cooling flame and annealing for 2 hours e &nnealing temperature, 550 °C for

borosilicate, the funnel is ready for use.

2.2.4.4 Ampoule Designs

2.24.4.1 Ampoules for Standard Preparations

For a standard preparation ampoule, a 1 m lengthilisf tubing (Section 2.2.4.1) was
bisected using a tungsten carbide glass knife lagn @ach section drawn out and separated in
the middle using a glass blowing torch with a lahge flame. This gives four equal length
tubes, which are closed at one end and ~ 250 niength. The tubes can then be filled using
a long powder funnel and sealed as described itiocBe2.2.4.5 to give ampoules of ~ 150

mm in length.

2.24.4.2 Ampoules for Surface Assisted Growth ConfigurationPreparations

The ampoules used in reactions involving the ingaibn of surface assisted growth of
inorganic nanowires were made from drawing two senko a 500 mm section of silica tube,
(Section 2.2.4.1) ~ 80 mm either side of the cémiaition. The tube can then be drawn out
and separated in the central position leading  gimilar tubes with a neck approximately
one third of the way along constraining the diametiethe tube as shown in Figure 2.2.
Powder reactants can be placed in the lower seaiging a long powder funnel, and a piece

of metal foil in the upper section before beinglegdainder vacuum as described in Section
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2.2.4.5 to give an ampoule of ~ 150 mm in lengfie reduced diameter of the tube restricts
the contact between the foil and the powders withmudering the gas phase reactions that

likely occur.

—

Figure 2.2: Schematic of the tubes used for thiasearassisted growth experiments.

2.2.4.4.3 Long Silica Ampoules

Long tubes were made by drawing and sealing metrgths of silica tube (Section 2.2.4.1) in
the middle leading to two 500 mm long closed tubetaptations for surface assisted growth
(Section 2.3.1.2) can be built into the long tudeequired. The tubes can be filled using a

long powder funnel and sealed as described in @e&ti2.4.5 to give ampoules of ~ 400 mm

in length.

2.2.4.5 Sealing Silica Ampoules Under Vacuum

The powdered reagents were inserted into the tabdssired size and design, before being
attached to a specifically built vacuum line vigiace of thick rubber tubing and a jubilee

clip. A schematic of the vacuum line is shown igufe 2.3.
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Figure 2.3: Schematic of the glass blowing vacuune. |

The vacuum line was attached to both a rotary pangpa diffusion pump, allowing the silica
tube to be evacuated firstly to 1T orr (rotary pump alone) and then to down t&> Trr
(diffusion pump). Once evacuated to the desiredque as measured by the Penning gauge,
the silica tube is sealed using a glass blowinghtdo give an evacuated silica ampoule as
shown in Figure 2.4.

The best method found for sealing the silica tulreder vacuum consists of making
three small dimples, and then collapsing and theosanding silica in upon itself. The
advantage of this method over other methods istiigatealing process thickens the silica at
the point of sealing retaining much of the origiseength. Other methods of sealing silica
tubes such as drawing the silica into a thin neickhe place where the seal is desired and
then collapsing the thin silica in on itself isdly to produced very thin silica where the seal is
situated and leaves the ampoules susceptible &ikége. Spreading the dimples evenly with
the first dimple in a vertically downwards positiatiows the ridge on the right (if right
handed) to be heated strongly while the other fdges are simultaneously heated leading to
easy separation of the ampoule from the unwantetibsewith an anti-clockwise rotation of

the now sealed ampoule. For the sake of resultls discussion the ampoules are each
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divided up into three regions with ’ to indicate ether the ampoule design was inclusive of

the surface assisted designs, (Figure 2.4).

Region Il /\(a) /\(b) Region III
Region I Region I’
Region | Region I’

/) U

Figure 2.4: Schematic of the two basic types of g (a) standard and (b) surface assisted
growth experiments. The notation of the differeegR®ns has been included to aid
discussion.

2.2.4.6 Heating Silica Ampoules

The silica ampoules can be heated using a varfetyrpaces, with different programmable
capabilities (Section 2.2.4.8) for details on thenfces.

An initial step in the heating profile was oftercamporated between the melting and
boiling temperature of any volatile reactants tevent the sudden evolution of gas within the
ampoules at high temperature. Sudden changesemaitpressure could lead to exploding
ampoules and should be avoided for safety congidasa

At temperatures above 1200 °C silica begins to monder its own weight and
deform with a cloudy appearance. This leads taggoer limit on the useable temperature for
silica ampoules of 1100°C. Higher temperature tieas would require significant changes

to the experimental setup leading to incomparadselts, so these have not been considered.
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2.246.1 Pressures within the Silica Ampoules During Heating

As the silica ampoule is heated the more volatilases present will evaporate, changing the
internal pressure of the ampoule. The internabsuee can be estimated by using simple
mole calculations and estimating the volume ofah®oule. The internal pressure of a silica
ampoule can be modelled using ideal gas law bebaa® shown in Equation (2.1).

PxV = nx RxT (2.1)

P = Pressure (Bar)

V = Volume (L)

n = No. Moles

R = Gas constant (8.31451x40barK ™ mol™)

T = Temperature (K)
A standard ampoule, ~15 cm in length and 1 cm githyicontaining approximately 0.32 g of
sulfur at 650 °C therefore has an internal presetisbout 65 bar as shown in Equation (2.2)

The volume of the ampoule is estimated as shoviagimation (2.3) and (2.4).

p= 0.01xRx 924

65bar (2.2)

0.0118
Volume = 77? xlength (2.3)
70.5 x 15= 11.8m° (2.4)

The internal pressure will be critical to the syettb process and will be highly susceptible to
change if the quantities of starting reactantsattered. The pressure will drop drastically as
the feedstock is used in the reaction but theasititist be able to withstand high pressures

prior to reaction.

2.2.4.7 Opening Silica Ampoules

Silica ampoules can be opened by scoring the sitteartungsten carbide knife and snapping

the ampoule in half. The ampoule cleaves easith Wie inward rush of air disturbing the
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lower density products. For safety reasons thisaisied out in a fume hood as hazardous

gasses may be released (Section 2.2.2).

2.2.4.8 Quenching Silica Ampoules

When quenching silica ampoules from temperaturexalb00 °C there was a danger of
exploding ampoules due to thermal shock. A futef@mask, heatproof gloves and a long pair
of tongs were used for these operations. Tubes eigner removed from the furnace (Air
guenched) or allowed to cool slowly inside the &g®. In some cases hot tubes were inserted

into a bucket of 50 % water 50 % ice for fasterlicmp

2.2.5 Furnaces

Elite Thermal Systems muffle furnaces, Vecstar tfireaces and Carbolite tube furnaces

have been used during the course of this research.

2.2.5.1 Elite Thermal Systems Muffle Furnace

The bulk of the silica work was carried out in arfethe two Elite muffle furnaces, which
have been available. These furnaces controlled Buratherm 2416 temperature controller
allow fully programmable temperature control ovemperatures between room temperature

and 1350 °C.

2.2.5.2 Carbolite Three Zone Tube Furnace

The Carbolite three zone furnaces allowed temperatpadients to be setup within the
confines of the furnace work tube. There are ttwemes with a fully programmable
temperature control (2416) in the centre. The exlyges shadow the central zone with a

programmed temperature difference. The overaltéogperature is 1200 °C.
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2.2.5.3 Vecstar Furnaces Tube Furnace

The preparations using the £8:tup as described in Section 2.3.2.2 was caotg¢dising a
Vecstar tube furnace with a 32 mm work tube andgiafittings to allow gas to be passed
down the tube during the heating cycle. The foenlaas a top operating temperature of 1400
°C and a simple pin controlled time clock to engagd disengage the heating coils which are

set using an analogue dial.

2.2.5.4 Carbolite Tube Furnace

The preparations using the hietup as described in Section 2.3.2.1 was caouédising a
small Carbolite tube furnace with a 32 mm work tamel flange fittings to allow gas to be
passed down the tube during the heating cycle. fiilmace has a top operating temperature

of 1600 °C and has no programmable features otlaera digital temperature set point.

2.2.6 Sublimation of Excess Sulfur from Nanowires

A simple sublimation set up was used to sublimeetkeess sulfur off the sulfide nanowires
once prepared as described in Section 2.3. A sdiewfathe setup is shown in Figure 2.5.
The nanowires were placed in the bottom of the featliquickfit boiling tube and the
apparatus evacuated using a rotary pump down tatab@ Torr. The oil bath was then
heated to 120 °C for a period of a few hours. Tolel finger collected the sulfur and was

cleaned periodically.
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Figure 2.5: Schematic for the sublimation reactiossd for removing excess sulfur from
bundles of nanowires.

2.3 Synthetic Preparations

2.3.1 Preparations Using Silica Ampoules

2.3.1.1 Preparations Using a Standard Silica Ampoule

Silica ampoules were prepared (Section 2.2.4.4nt) fdled with a stoichiometric ratio of
elemental powders before being sealed under vad@eution 2.2.4.5.) and heated over a

heating profile using one of the furnaces giveSéttion 2.2.4.8.

2.3.1.2 Preparations Using a Surface Assisted Growth Ampoal

Silica ampoules were prepared (Section 2.2.4.4n8) fdled with a stoichiometric ratio of
elemental powders and a piece of metal foil befoeeng sealed under vacuum (Section
2.2.4.5.) and heated over a heating profile usimg af the furnaces given in Section 2.2.4.8.

A schematic of this setup is shown in Figure 2.6.
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Figure 2.6: Schematic of the ampoule design usélgersurface assisted growth experiments,
showing also the Regions from Figure 2.4 that lellused for discussion purposes.

2.3.1.3 Long Tube Preparations

Long tubes, (Section 2.2.4.4.3), allowed tempeeagradients to be setup within the zones of
the three zone tube furnace, (Section 2.2.5.2)faBerrassisted growth reactions could be

incorporated, (Section 2.3.1.2).

2.3.2 Flowing Gas Preparations

2.3.2.1 Preparations Using NH

Nitride materials were prepared from suitable prests using an ammonolysis reaction.
Figure 2.7 shows a schematic of the experimentapsén a typical preparation, ammonia,
controlled by a flow meter attached to the cylindeas passed through the work tube whilst
the furnace controls the temperature or desiredirfge@rofile. The exhaust ammonia was
passed through a water bath before being dischdahgedgh the fume hood. The water was
replaced periodically to dispose of the ammoniaitsmh formed. The experimental setup as
well as the ammonia cylinder was housed insidecihvefines of a fume hood for safety

considerations.
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For reactions involving a non-oxide precursor, therk tube was purged with
nitrogen for a period of up to an hour prior to #pplication of ammonia to prevent oxidation

of the precursor prior to ammonolysis.

Tube furnac )
\ Alumina tube

N ./,

NH3 I Exhaust to

in 45%’_] fume hood
/
Precursor Water

Alumina
boat

Figure 2.7: Schematic of the experimental set uphfe formation of nitride materials.

2.3.2.2 Preparations Using CS

Sulfide materials were prepared by the reactioB®fwith suitable precursor. A schematic of
the experimental setup is shown in Figure 2.8. piteeursor was placed in an alumina boat
and inserted into a central position within the kvarbe of a tube furnace. The end flanges
were attached to the work tube and gas appliechgtine desired heating profile. To create a
flow of effectively C$ gas, argon gas was bubbled through a Dreschdk bminhtaining
liquid CS. The volatile C$ evaporated and created an ArfCgaseous mixture. The
concentration of CScould crudely be controlled by the temperaturetited CS liquid,
controlled by the cooling tubes and the flow ratehe argon. The flow of Ar/CSmixture
was controlled by counting the rate of evolutiongafs through the bubbler system. The
experimental setup was housed inside the confihagwme hood.

For reactions involving a non-oxide precursor,wwek tube was purged with Ar for a
period of up to an hour prior to the applicationAfCS,; to prevent oxidation of the precursor

prior to sulfidation.
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Figure 2.8: Schematic of the experimental set uphfe formation of sulfide materials using
the reaction of a suitable precursor and/86gas mixture.

2.3.2.3 Preparations Using Q

Oxide materials were prepared from suitable pregarsising a simple oxidation reaction.
Figure 2.9 shows a schematic of the experimentalpsé'he furnace was heated over the
desired heating profile under the flow of oxygerthwthe flow controlled by the evolution of

gas through the protected bubbler system.

Tube furnac .
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Exhaust tc
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boat

Figure 2.9: Schematic of the experimental set uphe formation of oxide materials.
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2.4 Characterisation Technigues & Equipment Specificatbns

241 Powder X-ray Diffraction

Powder X-ray Diffraction (PXD) has been very im@mt in this work as it allows rapid

identification of known phases within a sample aad be used to identify structural features.
PXD follows theory based around Bragg's Law antisets the fact that the wavelength of X-

ray radiation is comparable in length to the infg@mar spacing of the atoms in a crystal, e.g.
Cu K, = 1.5484 A). A derivation of Bragg's Law is givém Section 1.2.5. Powder patterns
consist of plots of intensity against diffractiongée. In this thesis all the powder patterns
have °® as the X axis. The peaks in a powder pattern septehe different d-spacings of the

Miller indices (Section 1.2.4) and led to much us@fformation about the crystal structure.

2.4.1.1 Treatment of Powder Patterns

Different levels of information can be extractednfr powder data. The different analysis
options were largely dependant on the quality dddmd the experimental requirements. In

general, longer scans led to better data and highel analysis.

24111 Phase identification

Known phases were identified by matching the diffien patterns peak position and intensity
to those of theoretical powder patterns, generfitad crystal structures downloaded from

the Inorganic Crystal Structure Database (ICSDpr matched directly to the Powder

Diffraction Files (PDF) for each phase. Once aaimas made, the results can be plotted in
software such as PowderCell 24which visually shows the observed data superingphase

a number of theoretically generated patterns fropstal structures.
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241.1.2 Indexing

It is possible to relate the d-spacing of a cry&igbarticular Miller indices when the unit cell
dimensions are known, (indexing). The relationstbpswveen the Miller indices and the d-
spacings for different crystal systems are giveSeation 1.2.4 and Table 1.3.

Indexing can be achieved using software like Dic&0f° which matches the input
peaks with the probable peak positions for the kmowystal systems. Software like

CELREF® can then refine the unit cell and match the bpate group (Section 1.2.3).

2.4.1.1.3 Structure Refinement, “The Rietveld Method”

Hugo Rietveld as a Dutch mathematician took anyeaterest in the problems associated
with neutron diffraction of powders back in 1968he Rietveld Method has since become the
basis of powder diffraction analysis worldwitf8.

Rietveld refinement was carried out using GSAS; full profile refinement software
program. The Rietveld method fits experimentallytaiied powder data to a refinable
structural model allowing accurate measurementnif eell dimensions, angles and atomic
positions as well as information on the preferradrdation of the crystals.

The refinement uses the difference of squares adettvhich is a standard
mathematical method used for comparing two simdats of data step by step. Each
experimental data point is taken in turn and comgavith the theoretical data point from the
model, rather than comparing the shape of the npati® a whole. The concept of refinement

is to iteratively minimise S in Equation (2.5).
S=2 (Y~ ¥a)? (2.5)

S is the residual being minimised

w; is the Weight factor i
Yi

y; is the Observed intensity
Y.i is the Calculated intensity
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Y can be calculated from the crystal structure ukiggation (2.6).
Yo :SZ LK|FK|2ﬂ26i - 20RA+Yy) (2.6)
K

s = scale factor.
K = Miller indices h, k, |, for the Bragg reflectis.

Lk contains the Lorentz polarisation and multiplidégtors.

¢ = reflection profile function.
P« = preferred orientation function.

A = absorption factor.

F« = structure factor for the K in the Bragg reflecti

ybi = background intensity for th8 step.

The accuracy of fit between the model and the datinen measured using a series of R
factors. R, (Equation (2.7)) is considered the most usefuthese as the numerator is the
residual that is being minimised in the refinement.

_ | 22w (y;(obs) - y; (calc))®
o _\/{ 3w (y,(0bs)’ @0

y; = diffraction intensity,

wi=1ly

2.4.1.1.4 Broadening of the Peaks in Powder Patterns

Peak broadening is usually attributed to particte sind can lead to interesting information
about the sample. The Scherrer equation gives g@nogipate relationship between the
broadness of the peaks and the approximate pasiiode The Scherrer equation is given in
Equation (2.8) can be derived by differentiating Bragg equation, (Equation (1.13)).

kA
Bcos?

(2.8)

t = Thickness of crystals (particle size) nm

k = Patrticle shape correction best approximatedi9o
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B = Angular width, Full-Width at Half Maximum (cacted)
A = Wavelength of X-rays in nm

0 = Angle of incidence of the X-rays

B=B,, B, (2.9
The angular width of the peaks is calculated asFié Width at Half Maximum, (FWHM)
from the most dominant peak and the mid point keato be the value @&, both of which
can be calculated by software that fit the peakb®fiffraction pattern. The corrected value
for B is the difference between the peak widthhi@ observed pattern and the peak width of a
standard sample that has no broadening due telpastze, (Equation (2.9)).

The one drawback of the above simple method isithabrks only if stress-related
and instrument-related broadening is negligibleamparison to particle size effects. This
condition is often met with particle sizes that aethe 10 - 100 nm range and perfectly
spherical. Much of the work in this thesis involyesticles that are larger in size than 100 nm

and therefore the results for the Scherrer equatithrtarry some error.

2.4.1.2 Powder X-ray Diffraction Sample Preparation

Both flat plate and capillary mode Powder X-ray fRi€tion (PXD) was utilised in this

project.

24.1.2.1 Flat Plate Mode

A finely ground sample was placed in a 10 mm di@meircular depression within a glass
slide or circular sample holder and smoothed owehat the surface of the sample was level
with the sample holder, creating a flat surfacehveihough crystals of random orientation to
produce a diffraction pattern according to the Braguation (Section 1.2.5). The slide was

then carefully placed in a diffractometer.
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2.4.1.2.2 Capillary Mode D8

Samples run on the D8 diffractometer were loade icommercially available glass
capillaries. Here the finely ground sample wasgthin the opening of the capillary using a
micro spatula and the capillary holder tapped ajanhard surface till the powder migrated
down to the bottom. The process was repeated thdilcapillary was nearly full and the
capillary sealed using a cigarette lighter to ntfedtend closed. The capillary was mounted in

bees wax, centred and then attached to the difireeter for analysis.

2.4.1.2.3 Novel, Nanowire Sample Preparation

It was especially hard to obtain good PXD datatli@ nanofibres in this project. In general
nanowires are difficult to analyse by PXD as a Itesilarge anisotropy, small particle size
and low densities making them generally susceptiblstatic and difficult to handle. The
fibrous nature of the wires tended to block thayifeacapillary leading to breakages. Many
methods for loading flat plate slides for PXD datallection were investigated. These

included:

2.4.1.2.3.1 Backfilling a slide

The depression in the slide was filled from behagginst a smooth surface and then turned

over to reveal the imaging surface.

2.4.1.2.3.2 Vacuum Grease Coated Slide

Sprinkling the wires over a slide coated in vacugm@ase. This can overcome some of the
anisotropy problems associated with nanofibrous RX@asurements though it is hard to

achieve a good coverage without leading to probleitisthe height of the sample.

2.4.1.2.3.3 Amorphous Carbon SEM Tab

Sticking the fibres to a slide using adhesive tapecarbon tabs usually used in the

preparation of SEM samples worked reasonably wkbugh there was often a residual
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amorphous background observed. A PXD pattern folaak carbon tab is shown in Figure
2.10. The peak at 22 92vas rarely observed and only on samples withra ¢biverage of

nanofibres.

Counts

10 15 20 25 30 35 40 45 50 55 60 65 70 7% 80

Figure 2.10: Powder X-ray diffraction pattern shogviiffracted intensity against§2or a
blank carbon tab showing the background that magsiseciated with PXD patterns taken
using this method of sample preparation.

2.4.1.2.3.4 Filling a Hot Slide with a Nanowire Suspension

Nanowires were suspended in a volatile solventaedl) and dropped into the circular
depression of a glass slide where the solvent wasugaged to evaporate by the gentle

application of heat ~ 60 °C.

2.4.1.3 X-Ray Diffractometers

PXD data is recorded as a diffraction pattern tdnsity verses@ In general, scans were run
from 5 to 80° B in step scan mode with a step of 0.02° Zhe step time was varied between
experiments resulting in scans of between 30 anthi@dites. However, for refinement data
the scans were left on overnight or longer leadmdetter statistics. A schematic of the
working of a typical powder diffractometer is shomnFigure 2.11. The X-ray source is fixed
while the sample and detector rotate to scan thrahg values of @ Slits control the
illumination of the sample and the detectors. hibidd be noted that the Siemens D5000
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diffractometer utilises a different set up with te@mple fixed and both the source and the

detector moving around it.

receiving slit

\

- - - -

“~

detector

Divergence
slit Pl

Soller slits/.’

source

Figure 2.11: Schematic of the workings of a genBaowder X-ray Diffractometer.

Two different diffractometers were used in the wericlosed in this thesis so for comparison

where data is shown an indication of which diffoaaeter was used is given with the data.

24131 Phillips X-pert at the University of Nottingham

Data was collected using a Phillips X-pert systditted with a PW3710 diffractometer
control unit. The system was operated at 40 KV 4hdnA, using Cu Kradiation. Samples

were loaded into glass slides with 10 mm depressi@described in Section 2.4.1.2.1.

2.4.1.3.2 Siemens D5000 at the University of Glasgow

Data was collected using a Siemens D5000 diffraetemoperated in flat plate mode at 40
KV and 40 mA, using Cu Kradiation. Samples were loaded into glass ors{jgalides of
similar design) as described in Section 2.4.1.2d eotated at 15 revolutions per minute

during the acquisition of the data. A hot stagevaid in-situ XRD to be taken whilst heating
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the sample up to 800 °C. The glass slides witharadunhesive tabs (Section 2.4.1.2.3.3) were

used with this diffractometer.

2.4.1.3.3 Bruker D8 at the University of Glasgow

Data was collected using a Bruker D8 operated jnillegy mode at 40 KV and 40 mA, using

Cu K, radiation. Samples were loaded into glass caj@aas described in Section 2.4.1.2.2.

2.4.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a very powkrool that allowed the sample
morphology to be imaged at the larger end of theosaale and has been utilised extensively
during this project.

A beam of electrons is produced; often using alfahission gun (FEG) where by a
powerful electric field removes electrons from agsten target and accelerates them towards
the sample. The relatively low powered electrartsract with the surface and outgoing or
scattered electrons are analysed. The surfaceeaggimple is analysed for both primary and
secondary electrons as they are scattered or enfitben the surface (Figure 2.12). The
detector scans along the surface generating aneiroagr a relatively large area. Primary
electrons are the electrons emitted from the soame scattered off the surface while
secondary electrons are emitted from the surfacéhep are knocked out of the valence
orbitals of the surface atoms by the primary etewr A three dimensional image of the
surface can be achieved from computer processitigotlata leading to very detailed images

with good resolution down to about a hundred nartcese
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X-rays
Sample surface

Figure 2.12: Schematic diagram showing the inteva®f an incident beam of electrons and
a sample.

2.4.2.1 Energy Dispersive X-ray Analysis

Energy Dispersive X-ray Analysis (EDX) allowed elemal analysis of a sample at the same
time as the sample was imaged by the SEM. Wheamw®le is bombarded with electrons
some X-rays are emitted (Figure 2.12). Electronscked out of low-lying orbitals create
holes that can be filled by electrons of higherrgpe(Figure 2.13). Higher energy electrons
then relax down into the holes emitting X-rays tha¢ specific to the energy difference
between the high and low energy state and thersfoeeific to the element that has emitted it,
allowing elemental analysis. By reducing the sizthe irradiated area, analysis on very small
isolated parts of a sample is, in principle possiffhe peak heights seen in the results are not
directly related to the atomic ratio, as differatims give a much stronger signal than others

do, but the electronics can interpret them to gpproximate atomic ratios.
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Figure 2.13 Diagram to show the energy levels wedlin EDAX.

The results from the EDX analysis are given asaplyishowing the intensities of the various
signals detected by the machine. The peak positeoa then assigned to the appropriate
transition. Different atoms have different possitoénsitions depending on how low in energy
the core electron shells (L, K and M) are with extpto the incident electrons. K lines are
caused by X-rays emitted because of an electroppétig into a K level as shown by Figure
2.13, but L and M lines may also occur. The acauiacthis technique when working with
low density, nano-sized objects is low becausédefscattering obtained from the carbon tab
on which the sample is loaded and the adhesive wiilch it is stuck. Measurements
concerning carbon or oxygen are therefore partiulaadly affected as these elements are
used in the carbon tab and the adhesive. EDX tsnap for a uniform polished surface
leading to possible errors with nanowire analyBisgeneral, similar calculations of atomic
percentages performed using the sulfur K line ardalum L line agree with those values
originating from the sulfur K line and the tantalivhline to within a few percent, giving an
indication of the accuracy of the technigue. Eletakemnalysis results are given as a
percentage ratio between the requested elementghere necessary the results have been
published hereon as a percentage ratio with tlog grthe results given as a + figure after the

result.
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The resolution of the EDX spectrometer in geneeal be calculated using Equation
(2.10) but is intimately linked to the method ottetgion of X-rays. X-ray energies can be
detected in a number of ways. A simple system naalve a scintillation counter that counts
the X-rays and a single crystal using Bragg reibest to individually selected one
wavelength at a time. This method however is sdoa bulky. The common alternative is to
use semiconductors to absorb the X-ray and prodlesgtron-hole pairs. The electron-hole
pairs are then separated from each other and istabilbefore being detected by the
electronics that counts the statistics. Stabijgime electron-hole pair is best done either by
using a p-n junction in the same setup as a diagdbyousing an electric field across an
intrinsic semiconductor. The diode setup allows Eermi energy to be distorted across a
“depletion” zone, which occurs between the two esyst. Electron-hole pair formation within
this depletion zone, results in electrons flowirmgvd the potential gradient and the holes
flowing up, thus preventing recombination and disibig the higher energy state.

The alternative is simply to apply a charge to atrinsic semiconductor thus
separating the electron and hole at formation. pitmblems associated with both methods
e.g. the small thickness of the depletion zone, banovercome by combining the two
methods in a p-i-n setup. Electrodes can therttbeteed at the back and front of the detector
and a computer can interpret the information outpithie favoured materials for the intrinsic
part are Si and Ge, however ultra pure “intrins¢’is almost impossible to produce so Li is
used as a dopant in small quantities to countettatimpurities and produce intrinsic
behaviour. The result of this however, is thatde&ector has to operate at low temperature or
Li diffusion occurs and the detector will malfurarti hence EDX detectors operate under

liquid nitrogen conditions.
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Figure 2.14: Schematic of an EDX detector.

The resolution can be calculated as follows.
RP=1%+P*+X? (2.10)
R = resolution
| = intrinsic resolution of the sample set up (give Equation (2.11))
P = intrinsic resolution of the electronics

X = intrinsic resolution of the detector setup

| =2.35/F¢E (2.11)

F = A statistical factor called the Farno factor
¢ = Electron hole pair creation energy

E = X-ray energy.

As technological improvement leads to a reductiorthie values of P and X in Equation

(2.10), the resolution of the EDX analysis improveswever, the value of | is governed by

physical constants and can therefore not be improneby design. An ultimate resolution can

therefore be obtained which for the standard Mni&~111 eV, (P=X=0 in Equation (2.10)).

It is also clear that as the X-ray energy decreassslution increases leading to data that are

more accurate from the lower energy X-rays i.éntBg atoms give better resolution.

During analysis, the X-ray enters the detector @dbsorbed as it excites the

electron-hole pairs. The electron-hole pairs aen tbeparated and drawn to the edges of the
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potential gradient and the signal amplified andcpesed by the electronics. During the
processing time, the signal from further X-raysgsored and the time is recorded as dead
time. When recording it is important to monitor tead time, which is given as a percentage
of total time and should be less than 50 % dependmthe analysis that is required. The
dead time is controlled by the processing time @m@dcount rate received from the sample.
Scans were, in general taken over 60 seconds eftilive and had approximately 5 — 10 %

dead time.

2.4.2.2 Sample Preparation for SEM

The powdered or fibrous samples are scattered pedvaicross a circular double-sided carbon
adhesive tab and attached to an aluminium slugrédfeing inserted into the SEM. In non-
conducting samples, pre-treatment with an ineraitietiayer, for example, gold is needed to
reduce the build up of charge on the surface dusetondary electron loss. The samples in
this project, however, were sufficiently conductiiigough the carbon tab to avoid the need

for sample coating.

2.4.2.3 Scanning Electron Microscopes

2.4.2.3.1 Philips XL30 SEM, at The University of Nottingham

A Philips XL30 SEM-FEG has been used, operatingaKV in high vacuum mode with a
working distance of 10 mm. An Oxford instrument®)Xwas attached to the side giving
elemental analysis capability, of elements as laghtarbon. A standard SED was used and

the microscope was operated only in high vacuumanod

2.4.2.3.2 Philips XL30 FEG ESEM, at the University of Nottingham

A Philips XL30 Environmental Scanning Electron Miscope — Field Emission Gun has
been used at Nottingham. The ESEM has the patdatcarry out imaging in a huge variety

of modes or environments, including wet mode wlareatmosphere of water vapour allows
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the sample to be imaged whilst in a conducting remvnent. Controlled heating and cooling
of the sample is also possible with real time nwmg. The ESEM was used in auxiliary
mode with an X-ray secondary electron detector (SBBJ a hook printed circuit board
instead of the standard GSED (Gaseous SecondacyrdieDetector) for EDX. This set-up
was used to minimise the scattering from the samalidsving the working distance of 10 mm
to have an effective distance of 2 mm and a workwitage of 20 KV. Mrs. N. Weston from
the materials department at the University of Magttiam has been responsible as a SEM

technician for the SEM work carried out on this imae.

2.4.2.3.3 Philips XL30 ESEM, at the University of Glasgow

A Philips XL30 SEM-FEG has been used in the geoldggartment of Glasgow University,
operating at 20 KV in high vacuum mode with a wogkidistance of 10 mm. An Oxford
instruments EDX was attached to the side givingnelatal analysis capability. Again this
microscope was only used in high vacuum work thoitgtid have environmental mode

capabilities. A standard SED was used to detectldgwrons.

2.4.2.3.4 Philips XL30 ESEM, at the University of Glasgow

A Philips XL30 SEM-FEG was used in the chemistrypaltment of Glasgow University,
operating at 20 KV in high vacuum mode with a wodkidistance of 10 mm. An Oxford
instruments EDX was attached to the side givingneletal analysis capability, of elements as
light as carbon. Again this microscope was onlydusehigh vacuum work though it did have

environmental mode capabilities. A standard SED wezsl to detect the electrons.

2.4.2.35 References to the XL30 ESEMSs in this Thesis

As there are three different XL30 ESEM microscopssed throughout the project and one
XL30 SEM all of which have achieved the same softsesults, a simple numbering system
has been adopted in reference to the different mash These will hereon be referred to as

SEM #1, SEM #2, SEM #3 and SEM #4 respectivelyhag tippear in the text above.
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2.4.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) has manyilanities to optical microscopy with
the main difference being the resolution achiev&tis is because the resolution is inversely
proportional to the wavelength of the imaging rédia'® Although the resolution of a TEM
means different things depending on the functiba,amallest distance that can be resobred
can be approximated by Equation (2.12).

0.614
using

(2.12)

o = smallest distance resolved

A= Wavelength of light / electrons
u= refractive index of material

= semi-angle of collection

In Equation (2.12)usinf (often referred to as the numerical aperture)mam@pproximated

to unity giving the resolution of the microscope e approximately half that of the
wavelength of the radiation used. Electrons, rpdrsmaller wavelength than optical light
therefore give a higher resolution image. Whilasglcan be used to focus photons of light,
no material has yet been found to focus a beanlectrens so an electro-magnetic field is
used for this purpos&’ The inability to form a perfect lens for electsohas a massively
detrimental effect on the resolution of a TEM hoeethe achievable resolution is still far

greater than that obtained from light or X-rays.
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Figure 2.15: Schematic of a TENF.

Once produced, electrons can be accelerated teerhighergies, (>200 kV,) giving them
enough energy to pass through a sample. The etsdthat pass through the sample (<2000A
thick) can then be focused down the TEM before dpeadetected. Methods of detection
include; photographic film, fluorescent screengy &CD displays, depending on the age or

cost of the microscope.

Incident beam of hig
powered electrons

Thin Sample

Transmitted
electrons

Figure 2.16: Schematic diagram to show the eledisam path used in TEM.

2.4.3.1 Bright Field Imaging

Bright field imaging is the standard type of imagessociated with TEM. The electron beam
interacts with a thin sample as it passes througth ia focused on a detection device.
Fluorescent screens or CCD detectors can be usetidadetection of electrons. Contrast
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occurs because of the interaction between theretetbeam and the material being analysed.
Areas of low contrast (light) generally absorb catter the electrons the least and conversely
the higher contrast areas (darker) generally abhsane electrons or scatter the most. Contrast
can arise from many sources including; Bragg scage (diffraction contrast) as well as
thickness of sample (absorption contrast). Figut& 2hows a ray diagram indicating how the
magnification using a hypothetical one lens micopgcis achieved. Different angled beams
from the specimen can be focussed onto the imaaygepby altering the power of the lens
which moved the focal point or back focal plane PBForwards or backwards along the optic

axis.

Objective lens
Specimen focal point (BFP) >

plane
L R §

Optic axis

Image plane

Plane of the
Objective lens

Figure 2.17: Ray diagram showing how the electreant magnifies the image from the
specimen plane to the image plane. Different ahgeams from the specimen can be
focussed onto the image plane by altering the paivdre lens.

2.4.3.2 Selected Area Electron Diffraction

In Section 2.4.1 the diffraction of X-rays was cdesed. Electron diffraction is similar but
using electrons. Diffraction of electrons can gavepot pattern from the transmission beam
which can be imaged giving accurate informationualtbe crystal structure as it is viewed in
inverse space.

In Equation (1.13) it was shown thadl = 2d sin@ as a result of Bragg scattering of
X-rays off a crystal lattice. The crystal latticen scatter electrons as well and in fact better

as they interact both with the nucleus and thetreles of the atoms within the lattice.
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Parallel rays that have been diffracted off theesglane of atoms will be travelling
parallel to each other and at the same angle fh@noptic axis. By changing the image plane
and imaging at the point of the Back Focal PlaneRBthe constructive interference observed
by the Bragg scattering will appear as areas df mgensity. As each Bragg reflection will
have a different angle with respect to the optis axseries of spots will appear in the BFP
forming a diffraction pattern. Large amounts ofstallographic information can be gleaned
from the diffraction pattern as the spots are iedegr assigned to hkl values for the Bragg
reflections to which they correspond.

A selected area aperture can be applied below Ifective lens to isolate the rays
(diffracted electron beams) that originate from @pecific area of the sample. This allows
detailed information about one specific region, derselected Area Electron Diffraction,

(SAED).

Plane of the Objective

lens
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Figure 2.18: Ray diagram to show the basic conisepind electron diffraction.

When changing the microscope from imaging modeitivadtion mode it is necessary to
move the focal plane from the image plane to the BFhe simplest way of achieving this is
to move the detector along the optic axis tileiaches the BFP; this however is unpractical in
a microscope where the sample gun and detectiatignssare all fixed. The solution is to
change the power of the objective lens so thab#uk focal plane extends down the column
and appears in the physical position of the imagitane. In changing the power of an
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electromagnetic lens there will always be an assedirotation of the image projection
arising as a result of the method in which the pukce of the lens bends the beam of
electrons. Flemings right hand rule (Figure 2.4@Yes that when a charged particle moves
(current) through an applied field then there Wi a force exerted on the particle (motion)
with all three factors at right angles. This al®othie beam to be controlled, however, there is
also an inherent rotation associated with the dsepposing fields in the pole piece that

makes the electromagnetic lens work.

Figure 2.19: Schematic showing Flemings right harel.

The result is a rotational dependence betweenribatation of the image and its diffraction
pattern as it appears on the screen. There aredeeti overcoming the problem of rotational
alignment between the image and the diffractiontepat that can be built into the
microscopes. JEOL microscopes for instance, inofydithe JEOL 2000FX (Section
2.4.3.7.1), have no rotation (or very little) beemethe image and the diffraction pattern as a
result of effectively using two objective lenseghwieverse polarities so as to get the same
magnification and focussing but with one lens iatatlockwise and the other lens rotating
counter-clockwise. FEI microscopes, (including &9, Section 2.4.3.7.3) over come this in
a different way but have a 90 ° rotational constahe consequence on this work is that the
alignment between the images and the diffractiottepas will vary depending on the
microscope used.

In electron diffraction the spots occur in invergeace (K-space) while the lattice
exists in real space. It is therefore necessabetable to interconvert between the two. This

is done using Equation (2.13).
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Dd =24l (2.13)

D = measured distance between spots on diffrap@dtern. (mm)
d =d spacing (nm)
A = camera constant

| = camera length (cm)

The camera constahtcan be calculated from comparing measurementsspilcings form a
known standard as sown by Equation (2.14). Oncautzied the camera constant can be used
to evaluate other diffraction patterns as thisaastant to the microscope. The diffraction
patterns are evaluated on a light box using agfaiernier callipers if on photographic film
or using Image 5 if electronic, with measurements averaged oveuraber of spots in all
three directions. The units used in the measur&gsmare irrelevant as long as they are
constant in all calculations.

Dd
A=—> 2.14
o (2.14)

2.4.3.3 Nanobeam Diffraction Techniques

By condensing the beam down with a small spot aizé a small condenser aperture it is
possible to acquire an electron diffraction patteithout the selected area aperture. These
electron diffraction patterns look similar to arstard SAED but have larger more diffuse
spots. The focusing of the beam can occur on a semgll scale and effectively only

illuminate the area of interest.

2.4.3.4 Dark Field Imaging

In dark field imaging a diffraction pattern is aetéd and the electron source moved so as to
interact with the sample at an angle. If the amglgesponds with that of a specific Bragg
condition from the electron diffraction pattern tha dark field image is achieved. The dark
field image shows contrast from the areas of thepéa from which the intensity of the
diffraction spot originates. In imaging a perfegigte crystal the DF image should be the
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reverse contrast to the BF image as all the crygilhlbe responsible for all the diffraction
spots. In a polycrystalline or semi-polycrystallingaterial, different crystals will have a

different contribution to the spots in the patteBifferent contrast will therefore be observed.

2.4.3.5 High Resolution Imaging

By combining all the beams from all the diffractioocurrences High Resolution TEM can be
achieved. A very high magnification is used andegi the correct sample conditions,
resolution down to atomic planes is possible. aén difficulties with this technique are the
need for atomically stable instrumentation andlyeaigh quality samples. Few samples are
of sufficient quality for HRTEM as you need aredsvery thin regions containing ordered

atomic planes.

2.4.3.6 Sample Preparation for TEM

2.4.3.6.1 Dispersion of Nanofibres onto a Carbon Holey Grid

Small quantities of material were placed in a sraghir mortar with a few drops of propan-2-
ol and agitated using the pestle. The solution thaa dropped through a holey carbon grid
(300 mesh Ni) into a clean piece of filter using?asteur pipette, leaving the nanowires

dispersed on the surface of the grid.

2.4.3.6.2 Cross Section Encapsulation Using Silica Wafers

In an attempt to take images and diffraction pattafown the length of the nanowires, an
encapsulation preparation was performed. Smabtshef silica, 10 x 5 x 0.6 mm were cut
from a sheet and cleaned by sonicating in ethahahifiute). Epoxy resin was mixed and
infused with nanowires on a glass slide before dpeipplied to the top surface of a silica
wafer and roughly aligned before being transfetced hot plate at 150 °C for setting. After
setting, the second piece of silica was appliedh wiean epoxy to give a sandwich like

structure (Figure 2.20). The sandwiches were gralown, by attaching to a glass slide and
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sanding with wet and dry paper, so that they fiitedically into the central hole of titanium

encapsulation holders with the fibres running ety (Figure 2.20).

Epoxy

Xy Empt Loaded
resin W&» Direction hok?e)r/ holder
fibres. of the
Si ware fibres

Figure 2.20: Schematic of the encapsulation saimpider for TEM and the loading

procedure.

Once vertical in the holder, more epoxy was appllemlding the wafer sandwich in place.
The samples were then ground vertically until jhgt sample holder and wafer cross section

remained and a thickness of aboutu®® (Figure 2.21).

Epoxy resin with fibres.

l‘ Ti holde!
%

Si wafel

Epoxy resin

Figure 2.21: Schematic showing the loaded samgteho

The samples were thinned to an electron transpénakiness using a Gatan dimple grinder
with 4um diamond paste and a precision ion polishing syst®IPS). Dimpling from both
sides to a depth of 3@m, gave a central region of about i thickness, indicated by the
beginnings of the transmission of light through #iléecon. The samples were milled using
the pips until the smallest hole appeared in thtreeof the wafer. At this point, the samples
were ready to be loaded into the TEM and the electransparent region examined (Figure

2.22).
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Figure 2.22: Schematic of the encapsulated naresfibEM sample.

2.4.3.7 Transmission Electron Microscopes

2.4.3.7.1 JEOL 2000FX TEM, at the University of Nottingham

Operated at 200 KV, with SAED achieved at a canemgth of 100 cm. Photographic plates
used for the recording of images with auto seleetqabsure times. The photographic images
were then scanned into digital images for analgsid presentation. The collection of the
TEM data at the University of Nottingham was peried by Hannah Edwards and Paul
Brown from the department of Materials, Mining amdechanical Engineering. (See

Acknowledgements on Page iv).

2.4.3.7.2 JEOL 1200 TEM, at the University of Glasgow

The JEOL 1200 is a very simple low resolution TEMtthas been in the department for
many years. Operating at 80 KV it utilises photpdpia plates for bright field imaging. The
diffraction constants were calculated, but the ilitgbto set the eucentric height leads to
unreliable values with large errors so reliablefrddtion data wasn’t collected on this

microscope.

2.4.3.7.3 FEI Techni T20 TEM, at the University of Glasgow

Bright field imaging, selected area electron difran (SAED), and nanobeam diffraction
data were collected on this sophisticated electminroscope made by FEI Company,
Eindhoven, Netherlands. It was operated at 200wk Images and diffraction patterns

recorded using a SIS Megaview Il CCD camera (Olymfoft Imaging Solutions GmbH,
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Minster, Germany). High-resolution imaging wasieefd using a GIF digital recording
device. The collection of much of the TEM datahat University of Glasgow was performed
by or with the help of lan MacLaren from the depsenht of Physics. (See Acknowledgements

on Page iv).

2.4.4 Thermal Analysis

Thermal analysis is a powerful technique when attarssing materials and has been used in
this project in the search for phase changes amadbasis for the experimental parameters for
the inter-conversion of polytypes and compound&r&lare many aspects to thermal analysis

but only a few have been utilised:

2.4.4.1 Thermo-Gravimetric Analysis

Thermo Gravemetric Alanysis, (TGA) traces the ménuohanges in mass associated with
heating small quantities of material to high tenapare under a great number of experimental
conditions, allowing the observation of reactiomsl alecompositions. TGA can be used to
identify an unknown phase or stoichiometry by cormgathe actual mass change with the
predicted mass change for the hypothetical syskbmwever, some knowledge of the likely

starting and final phases is necessary.

2.4.4.2 Differential Thermal Analysis and Differential Scanming Calorimetry

Differential Thermal Analysis (DTA) and Differenti&canning Calorimetry (DSC) allows
measurement of heat flows during the TGA run tadrahe differing endothermic and
exothermic properties of the material / reactiont as heated. When materials change phase
or rearrange their atoms to change from one poéytgpanother, energy is absorbed but there

will be no associated mass change. These shoold sh on the DTA and DSC trace.
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2.4.4.3 Sample Preparation for TG-DTA

The TG-DTA was first calibrated with an empty chlei over the entire range of the
experimental parameters. This was performed aguaibte buoyancy correction and
determined the parameters of the experiment. P@ddsamples (~100 mg) were placed in an
alumina crucible and inserted into the TG-DTA. Timachine already set up from the
buoyancy correction then performs the desired smathe sample. In general TG-DTA scans
were performed from RT to 1000 °C or 1400 °C ateatimg rate of 10 ° C per minute, in

flowing argon, (20 mimitt) and air, (60 mimiti).

2.4.4.4 Gravimetric Analysers

24441 TA Instruments DSC

The DSC measurement was carried out using a Thetmalysis DSC operated between

room temperature and 500 °C at 10 °C Tiiman aluminium sample pan.

24442 Netzsch STA

Measurements were run using a TG-DTA produced kdyd¢d. The instrument was housed
within the confines of a glove box to allow air siive sample loading which was
unnecessary for this project. Scans were typically on 100 mg samples from room

temperature to 1000 °C at 10 °C fhin

2.4.5 Magnetic Measurements

Some theory behind magnetism in materials is giveSection 1.4. The experimental use

and measurements for magnetic materials is givea he

2.45.1 SOQUID Magnetometry

A Superconducting Quantum Interference Device (SQU$ in basic terms a very sensitive
voltage and current meter. A sample is placeddesi superconducting coil where any
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magnetic moment will induce a current within th@etconducting coils. The induced current
within the coils can be measured to a very higlelle¥ accuracy, even with a very small mass
of sample, and relates directly to the magnetic ewnof the sample, which can be
calculated.

The results were obtained using the SQUID in Recigl Sample Option (RSO) mode

as this improves the sensitivity of the instrument.

2.4.5.2 Sample Preparation for SQUID

SQUID samples were prepared by placing small ansoohtexperimental samples into a
gelatine capsule and inserting them into the cauitie drinking straw. The gelatine capsule
was held shut using a small piece of special magaibt inert tape which doubled as a
restraint by wedging the sample in the drinkingstr Care was taken at every stage not to
touch the sample, gelatine capsule or drinkingnstréth anything that may have a magnetic
moment or cause transfer of water. All handlingswaerformed using gloves, plastic
tweezers and Teflon coated spatulas. The strawprased using a hypodermic needle to
allow gas flow and prevent pressure difference®stgethe being attached to the end of the
sample holder. The sample holder was insertedtir@anachine through an air lock, having
been thoroughly cleaned and dried to prevent ma@saccessing the cold areas of the
machine where it will solidify. The SQUID magnetetar was set at room temperature

during the loading and unloading.

2.4.5.3 Centering the Sample

Once loaded, the sample was centred at 2 cm udugrange scan at 1000 Oe field at room
temperature. The RSO settings were optimised dotlileastandard deviation was at least 4
orders of magnitude lower than the machine momeoorded. This was done essentially
through trial and error, performing scans with eiéint RSO settings. Of the 4 RSO

variables, the number of cycles is usually set ah® the number of measurements per cycle

8%



to 4. The other two being the RSO distance andrdwuency were varied. It was found that
the RSO distance was usually between 1 and 3 cnthenfiequency was between 0.5 and 3
Hz. The SQUID was generally set to do @sEan where it scanned through the temperature
range (2 — 300 K) taking magnetic susceptibilitadiags at short intervals. This showed up
the superconducting transitions and could be regeatver a smaller range with more

accuracy once initial data had been collected.

2.45.4 Working up SQUID data

Once the data was collected, the valuesyfpryv, 1w and pesr were extracted through
various calculations.

The machine moment (MM) needed to be correctethyfifar the effect of the gelatine
capsule. This was calculated from running an engatatine capsule and working out its
magnetic moment, which is dependant on both th@éeature and the field.

GC = (-1.8+ 183x 16 wn SEW
T 0.0434

(2.15)

GC = Gel cap correction (emu)

T = Temperature (K)

H= Field (Oe)

GCW-= Gel cap weight (g)
The sample machine moment (SMM) was then calcullayesubtracting this value from the
raw data (MM) recorded by the SQUID, leaving thegmetic moment that has been due
solely to the sample.

SMM = MM -GC (2.16)

SMM = Sample machine moment (emu)

MM = Machine Moment (emu)

This sample machine moment then led to the Obse@man Susceptibility (OXG) of the

sample, and indeed the observed molar susceptilfXM) by multiplying OXG by the
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relative formula mass of the sample, (Equation8,1giving the susceptibility per mole of

substance while taking into account the gel cap.

OXG = SMM (2.17)
H xSW
OXG = Observed Gram Susceptibility (emt) g
SW = Sample weight (g)
OXM =OXGxRFM (2.18)

The OXG and OXM were further corrected for the digmetic contributions to the
susceptibility of the ions present. These are douarthe primary literature and are given as +
or — values at I emu/mol. The sum of these corrections can beractetd from the
observedy (OXM) values to give samplgs values for the material. Sampjg values allow
the calculation ofue Which is the effective magnetic moment of the mateas shown in

Equation (1.27).

2.455 SQUID Maghetometers

Both departments at Nottingham and Glasgow hads#tree make and model of SQUID

magnetometer. The SQUID was a Quantum Design MPNMS-X

2.4.6 Diffuse Reflectance Spectroscopy

Diffuse Reflectance Spectroscopy (DRS) is a teamidpat collects and analyzes the diffuse
light, (scattered at all angles) from the samplemvhradiated at different wavelengths. This
is in contrast to other techniques that measurespiexula light that is scattered with a
dominant angle. The difference between diffuse apdcula light is best described by
reference to matt and gloss paint. Matt paint hiiasg reflectance while gloss has a much
higher degree of specula reflectance. The sampke iwadiated by UV-vis light and the

reflected beams are focussed on a detector usisgharical mirror. The focussed light
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having passed through the sample now carries irdtbom about the sample that can be

interpreted.

300 400 500 600 700 800
Wavelength (nm)

Figure 2.23: Colour spectrum of visible light shogithe region of interest for UV-vis diffuse
reflectance spectroscopy.

DRS data can be displayed in a large number of wasfgending on the information required.
In line with many of the DRS publications considgrebserved data presented herein will be
presented as a plot of absorption against wavdiengtm running from blue to red along the
x-axis and arbitrary units of absorption up thexisa The data once collected was reordered
so the x-axis ran blugred (Figure 2.23) and converted into a percentaig¢he total
absorption using the formula given in Equation 92.10nset values were calculated by
extrapolation of the steepest part of the curveatdw the baseline, reading off at 0 % in nm
and converting to eV using Equation (2.20). Cotimgrinto percentage absorption allows all
plots to be super imposed within the same rangeahfes on the y axis clearly showing the
different onset positions. The spectrometer wddbreded using a commercial sample of
TiO2 (99.99 % rutile, Aldrich chemicals) with known lwhrgap onset at 3.00 eV. The
calibration curve is shown as an example of a séfreflectance spectrum in Figure 2.24.
A=((y—-a)/(z—a))x100 (2.19)

A =% value

y = value for absorption in data set
a = smallest value in data set

z = largest value in data set

A== (2.20)

A = wavelength (M)
h = Planks constant 6.6208 x'0
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¢ = Speed of light = 3.814 xifns®
E = Energy of the light with said wavelengtliJ)

As
E
— =energy eV (2.21)
e

e = Charge on an electron

E now in units of eV is given by Equation (2.22)

hc
E=— (2.22)
Ae
2
=
=
g
Py
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g_ dioxide
] 99.99%
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Figure 2.24: DRS spectrum of Ti@owder 99.99% rutile with a known onset at 3.0us¢éd
both as an example of the intended presentati@R$ data, and to show the calibration of
the spectrometer.

2.4.6.1 Sample Preparation for Diffuse Reflectance Spectreaspy

Powdered samples were placed in the sample hofdeinserted into the DR spectrometer.
The praying mantis mirror was placed over the tbfhe sample and the sample compartment

sealed for light.
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2.4.6.2 Diffuse Reflectance Spectrometer

The DRS spectrometer used was a Varian, Cary 580 Bi/-vis-NIR spectrophotometer
with a praying mantis mirror attachment. Scans wenein absorption mode from 880nm>

200 after calibration at a scan speed of 300 nntmin

2.4.7 BET Isotherms for Surface Area Analysis

BET analysis was carried out using a Gemini Microiog, Surface Area Analyser with
samples dried overnight by heating to 110 °C inlcavfof nitrogen gas using a Gemini

Micrometrics flow prep 060.

2.4.8 Atomic Force Microscopy

Atomic Force Microscopy, (AFM) belongs to a famdy microscopy techniques known as
probe microscopy. Probe microscopy included th#ebé&nown techniques of Scanning
Tunnelling Microscopy, (STM). The principle of fn® microscopy is that when a sharp tip
comes into close proximity with a surface (few darmss) it will experience some form of
interaction which can be measured to give inforaratibout the surface of the sample. With
the use of piezo-electric crystals, the arm holdimg tip can be manipulated on a minutely
small and accurate scale to maintain a constaetaation and therefore a constant distance
between the tip and the surface giving an accureight map. The different forms of probe
microscopy utilise the different interactions thate possible and thus give different
information about the surface

AFM utilises the physical interactions betweea Hurface and the tip when in close
proximity, as shown in Figure 2.25. Differentdipan be used for different effects, e.g. a
hydrophobic tip will have a different reaction tdwadrophilic surface than a hydrophilic tip.
The surface is placed on a table that has two-dsineal controls and allows the tip to scan
across it while the cantilever has 1-dimensionaltic to maintain the constant height above

the sample. A laser is projected onto the camilewhich allows accurate measurement of
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the minute changes in height and angle of the leasti. By scanning across the sample, an

accurate map of the surface is achieved with hegblution.

Video
Photo detect camera
Lase Q
AFM cantileve
' Tip
Peizo electric I
crystals Surface

@)
Scanning table *

Figure 2.25: Schematic representation of an Atdfoice Microscope.

2.4.8.1 AEM Imaging

A fine tip was inserted into the tip holder on tAEM and then positioned on top of the
prepared sample, placed on a glass slide with Zmiional control situated on a “Stable
Table” to dampen out vibrations. The tip was al@ymwath the laser which is achieved with
the help firstly of a camera and secondly usinggbftware to maximise the output signal.
Once aligned the tip was tuned for the best resdinaguency by the software. The feedback
mechanism was engaged and the tip lowered touf.&bove the surface. At this point, the
feedback loop controls the altitude of the tip neiming the constant distance while the tip
was lowered further until it is in the middle oktfeedback mechanism’s range of movement.
Scans can be run up to an area ofp@® by 90 um with a range of speeds and
resolutions. The camera was used to align thetdsgndles of nanowires within the fh
by 90 um region viewed by the AFM and a low resolution aguscan is taken. Higher
resolution slower images can then be taken frorhiwithis region. The AFM was controlled

by Igor Pro software.
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2.4.8.2 Electronic Measurements

Typically in IV curves a voltage is supplied acr@as object and the current that flows is
measured, however it is equally possible to sufipdycurrent and measure the voltage, thus
obtaining information on the resistance using Ohirésv. There are 2 standard types of
electrical connection when taking IV curves. Thase 2-terminal connections and 4-terminal
connections. The concept is the same but in therrlinal measurements the current and
voltage are supplied and recorded using the sam@nals. In 4-terminal measurements the
current / voltage is supplied by 2 of the termiraatsl the current / voltage is measured across
the other two. This cuts out the interference fiomtact resistance.

The AFM setup at Nottingham (Section 2.4.8.4) a#ldwfor 2-terminal electronic
measurements of samples on a surface. Nanowirgles were spin coated (Section
2.4.8.3) onto prepared polished silica surfacesdbatain a gold grid. The grids were formed
by evaporating gold through a blanking setup wi@l® gm thick wire and 200 nm spaces
between the wires. The application of silver pamthe edge of the silica plate once the
nanowires are in place connects the grid lines alaws electronic measurements on the
nanowires using a special AFM tip, (Figure 2.26heTcamera was again used for the
alignment of the nanowires within the AFM and piasiing of the AFM tip at intervals along
the wire to complete the circuit allowed length eegant electronic measurements to be

taken.
Evaporated gold

electrodes 200 nm Silver paint
wide, 2um spacing «—

Electrical
Plasma cleane —— " <:I

; contact
SiO, surface

Figure 2.26: Surface used for electronic measurésr@nthe AFM.
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2.4.8.3 Sample Preparation

A typical silicon surface was cut from a silicoreshinto squares of side 9 mm having been
sheared along the 111 unit cell direction. Thédaser was polished before being cleaned by
sonicating in a number of different solvents, (aetiiatoluene and water), to remove all likely
contaminants prior to plasma cleaning and rinsmgvater of extreme high purity (80<n
resistance).

The samples were dispersed in a volatile solvénitygne), and placed drop wise onto
the cleaned polished surface which is held in plaséde the spin coating machine by a
vacuum. Once in place the surface disk is spun080 3pm for 30 seconds, momentarily
increasing the wetability of the surface before #wdvent evaporates. This process was
carried out in a clean room using high purity sabgeo avoid any contamination from dust or

solvents.

2.4.8.4 Asylum Research Atomic Force Microscope

The AFM used in this project was a custom-built ABMAsylum Research

2.4.8.5 Collaboration

AFM was achieved in collaboration with Prof. P. Moty and Mr. A. Stannard from the
University of Nottingham. Spin coating was carr@d in the clean room at Nottingham with
Mr. A. Stannard. The images and readings were thgemyself, having been trained on the
basic use of the Nottingham equipment, again sugedvby Mr. A. Stannard. (See

Acknowledgements on Page iv).
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Chapter 3: Tantalum Disulfide Nanofibres

3.1 Introduction

To date much of the research concerning inorgardoostructures has involved the
investigation of transition metal dichalcogenidetenials, MX (M=GIV to VIl and X = S, Se,
Te). MX;compounds have a layered structure, (Section wi#),many structural similarities
to that of graphitjé19 and are therefore likely candidates for the foramabf nanofibres with
many examples in the literature (Table 1.1). Mosgerest has so far been directed towards
WS, and Mo$ with very little work conducted concerning the lg@us Ta system, TaS
which was considered an appropriate starting pdort this project. Prior to the
commencement of this project, there was only ongorteof the formation of TaS
nanotube&® with little actually understood about their mecisam of formation and the
intricate details of their structures. The posgipibf preparing nanofibrous structures of $aS
and comparing the interesting physical propertiethe nanomorphology with those of the
bulk material was intriguing.

When trying to prepare Ta®anofibres, there are many analogous systemsdhabe
considered in the literature. These materials Wweweare also relevant to the synthesis of
other materials are outlined in this thesis so ¥oic unnecessary repetition have been
incorporated into Section 1.11.1 but will form thesis of discussion.

There are currently 3 preparations for nanofibreJat in the literature. The first
consists of heating tantalum trisulfide in the bphase in a reducing atmosphere of hydrogen
and produces small amounts of Ta@notubes®” This method is both a multi step method,
as it involves the formation of a tantalum tristéfi precursor prior to the formation of the
nanotubes, and has very low yields. The secondadetivolved the formation of trisulfide
nanobelts directly from elemental powders usinginedas a transport agent and then

decomposing the nanobelts with little alteratiomnudrphology into TaSby heating to 850
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°C, using a temperature gradient to separate thieua sulfur® This method is again a

multi-step process with low yields. Both prepamas involve the conversion of Ta@to

TaS as shown by Equation (3.1). The Ta remains irtthexidation state with the sulfi8’”

species being disproportionated i85 and 8. Interestingly this process seems to occur

spontaneously at temperatures above 650 °C (undemumj® 3¢

though the use of a
reducing agent seems to promote a reduction irsittee morphology and the formation of
nanotubes across a wide range of M¥mpoundg? 5% 10

TaS, - TaS, +S 3.1)
Ta*S¥S* . Ta*S*S? +S° '
The final preparation currently in the literatusedur paper and covers much of what is to
follow in this chaptef® The concept of forming nanofibres of L&®m the direct heating of

elemental powders in a single step synthesis resnaimique with respect to the first two

preparation methods and has been investigatedrereo

3.2 Experimental

3.2.1 Synthesis

There have been two major synthetic preparatioas lthve been investigated at different
temperatures, along with some minor preparationshi® bulk phases. These are explained in
this section with general principles and experirabisetups outlined in Section 2.3. It is
prudent at this point to introduce a preparatioming system which has subsequently been
used throughout the thesis.

The preparation names consist of a list of reastand their relative quantities in the
reaction mixture followed by a temperature befohe tunique preparation conditions.
Preparation names will be highlighted in bold tstidiguish them from the main text. E.g. the

preparation involving a 1:2 ratio Ta:S, heated 80°€ under the standard conditions,
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(Section 3.2.1.1) will be referred to aaS,650 Std If the unique preparation conditions
(Std or SAG) are irrelevant, then this section of the refeeendl be omitted, e.gTaS,650

will refer to all the reactions at 650 °C with 2 atio Ta:S.

3.2.1.1 Standard Preparation

In a typical reaction, elemental powders of Ta §98.-325 mesh, Aldrich) and S (99.5%
Fisher Chemicals) were ground together in stoicleiim mixtures and sealed under vacuum
(~ 4x10° Torr) in silica tubes, to form ampoules (SectioB.2.5). Once sealed, the silica
ampoules were held upright with all the powderrsg end before being placed horizontally in
the centre of a box furnace (Section 2.2.4.8) aer@amic brick and heated over a specific
temperature profile. The temperature profile usethe standard preparationaS;650 Std)
is shown Figure 3.1. As explained in Section 26.8&tep ii in the heating profile, at 115 °C
is important as it allows the sulfur to liquefy atmdan extent vaporise under the evacuated
conditions, preventing sudden changes in intermasgure. Once heated to 650 °C for a
period of 60 hours (Step iv) the ampoules were raddrom the furnace and allowed to cool
to room temperature, (Step v). The results genesilbwed < 20 mg of low density fibrous
material attached to the sides of the ampoulesneitg down the length of the ampoule with
a residual powder at the bottom. The resultant yanducts were mechanically separated
from the residual powders using tweezers once ilita dubes had been opened (Section
2.2.4.7) and were characterised (Section 2.4) rehlts are discussed in Section 3.3.1.

The synthesis was tuned to find the best synthmdiwditions for the formation of
nanowires. It was found that the best yields o@xliwith vacuums > 1 x10Torr and ~ 1-2 g
of starting material in a 12 mm diameter silicagwbith ampoules ~ 120-150 mm in length.
This corresponds to 0.9 g (0.005 moles) Ta and §.8201 moles) S according to Equation
(3.2). Three Regions have been defined withinaimgpoules as shown in Figure 2.4 which

will be used for discussion purposes.
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Ta+2SO0s Tag (3.2)

Step iv
650 °C, 60 h

Step i
200 °CH Step v

Quench

v

Temperature

Step i
115°C, 3

Step
200 °Ch!

Time

Figure 3.1: Temperature profile used for the prafan of the Tagnanofibres in
TaS,650_Std

3.2.1.2 Surface Assisted Growth Preparations

In other reactions specially designed silica ampswith a width restriction or neck half way
along the length have been made as described imn®et3.1.2 and shown in Figure 2.6.
Stoichiometric mixtures of elemental powders, 0.90g005 moles) Ta and 0.32 g (0.01
moles) S, as seen in Equation (3.2), were loadedr lower section and a piece of tantalum
foil; 30mm x 10mm x 0.25mm (99.9%, Aldrich) placedthe upper section. These tubes
were heated over the same temperature profile (&igul) as used for th€aS,650_Std
(Section 3.2.1.1). The results generally showedO<mg of low density fibrous material
attached to the sides of the ampoules, extendimgndbe length of the ampoule and growing
on the foil, with a residual powder at the bottohihe products were again separated by
mechanical methods and characterised, with thdtseiscussed in Section 3.3.2.

TaS,650 SAG was run against 2 different controls. In the colstr similar tube
configurations and conditions were used but theeupggion of the ampoules contained either

iron foil; 30mm x 10mm x 0.25mm (99.9%, Aldrich Gheals), [aS,650 _SAG_Fe)or
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remained empty TaS,650 SAG_Empty) Iron is known to have catalytic effects on the

formation of various nanowires so was an obviousiaghfor comparisof®*%*

3.2.1.3 Effects of Temperature Regime on Nanowire Formation

Different temperature profiles were utilised to ®sv they affect the formation of the nano-
structures. Experimental parameters were kepttanhwith only the upper temperature limit
(Step iv in Figure 3.1) changing. Preparationseagarried out with both standard synthesis
and surface assisted growth configurations.

High temperature preparationgaS,1100 were attempted with an upper temperature
of 1100 °C. The choice of this temperature wasegaoed by the upper temperature limit of
the silica ampoules (Section 2.2.4.6) that havenhesed throughout this project. Higher
temperature capability would require significanaobes to the experimental setup leading to
incomparable results. Lower temperature preparatiogre also carried out; the experimental

conditions are given in Table 3.1.

Preparation Annealing
Reference Temperature °C
TaS;1100_Std 1100
Ta$;1100_SAG 1100
TaS;900_Std 900
TaS,900 SAG 900
TaS,750 Std 750
TaS,750_SAG 750
TaS,600 SAG 600
TaS,500_SAG 500
TaS400_SAG 400

Table 3.1: Experimental conditions for the chang@mperature regime preparations.

3.2.1.4 Bulk Phase Syntheses

The ability to reproducibly form individual polytgs of Tagin single phase samples has for
many years been unclear in the literature. Theeeaanumber of different syntheses that

allegedly provide single phase products for différeises however no one paper really
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reviews this aspect of research. Individual syseisefor the 1T, 2H and 3R polytypes were

investigated and are outlined below with the resdiscussed in Section 3.3.4.

3.21.4.1 1T Polytype

Mixtures of poly-phase TaSvere sealed under vacuum (~ 4X1Torr) in silica tubes, to
form ampoules (Section 2.2.4.5). Once sealedsitlte ampoules were held upright with all
the powder at one end before being placed horiftgntaethe centre of a box furnace (Section
2.2.4.8) on a ceramic brick and heated at 200 °Crton1100 °C for a period of ~3 hours.
The ampoules were removed from the furnace andangeehin bucket of water, (50%), ice,

(50 %) (Section 2.2.4.8). The results are disaigs&ection 3.3.4.1.

3.21.4.2 2H Polytype
1T-TaS was a sealed in an evacuated (1%T@rr) silica ampoule and heated at 400 °C for 5
days. The resulting blue / black flowing powder wasracterised and in discussed in Section

3.3.4.2.

3.2.1.4.3 3R Polytype
The 3R polytype can be made by heating a 1:2 Tax®ure of elemental powders over the
heating profile shown in Figure 3.1 and allowingdwol slowly from 650 °C, as is been

shown in the Section 3.3.1.

3.2.2 Characterisation

PXD was carried out with typical analysis runnirgyaastep scan 5 - 80 6,2with a step size
of 0.02 ° utilising a step rate that gave ~ 3 msda flat plate mode. Different diffractometers
have been used for the analysis as explained itio8e2.4.1.3. PXD slides were prepared for
powders by smoothing the powder products overriteritation in the PXD slide to provide a
flat uniform surface. Different methods of loaditlge PXD slide with nanofibres were

attempted, as outlined in Section 2.4.1.2. Thd besults came from either adhering the
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nanofibres to the glass slide using a carbon t8ection 2.4.1.2.3.3) or dispersing the
nanofibres in ethanol and dropping them into agtass slide (Section 2.4.1.2.3.4).

SEM was performed at 20 KV, in high vacuum modehwi typical working distance
of 10 mm and spot size 3 or 4. Samples were loadéa aluminium slugs using a double-
sided adhesive carbon tabs which provided enougtdusiion to prevent the need for a
coating procedure. EDX was used in conjunction wita SEM to ascertain approximate
elemental ratios. Different SEMs have been usedtie SEM analysis as explained in
Section 2.4.2.3.

TEM and electron diffraction was carried out usiwg different microscopes (Section
2.4.3.7), with typical samples loaded by dispersiddmanofibres onto a carbon holey grid
(300 mesh Ni) using propan-2-ol. To gain crossise@nalysis the nanowires were aligned
vertically in a sandwich of silicon wafer and eporgsin and ground down vertically till
electron transparent. The full method for the esodgiion of nanofibres in silicon wafer
sandwiches is given in Section 2.4.3.6.2.

TGA was achieved using a Netzsch STA. Powdered smil 00 mg or nanofibrous
samples ~10 mg were loaded into alumina crucibesteated at a rate of 10 °C maver a
temperature range of either RT-1000 °C or RT-140@Ader a flow of air (60 mimify and
argon (20 mimift).

DSC was achieved using a Thermal Analysis DSC wdtins run in the range of 20-
500 °C with a heating rate of 10 °C per minute amgles ~30 mg.

SQUID analysis was carried out using a Quantum deMPMS-XL. Samples were
loaded into gelatine capsules and inserted into IBQ8Ample holders before being loaded
into SQUID. Scans were run from 2.8-300 K withdistrength 10 Oe with both zero field
cooling and field cooling data recorded. The raatadwas then worked up as explained in

Section 2.4.5.4 to give meaningful values.
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3.3 Results and Discussion

3.31 Preparation TaS,650 Std

Upon quenching in air, a low density fibrous matkwas observed in the ampoules, along
with a residual powder in Region I. The fibroustemsal was observed on the powder and
along the length of the silica coating the intersaiface of the ampoules, Region Il. This
coating became free over time as the ampoules meved and manipulated leaving a fibrous
mass not dissimilar to fine cotton wool or spidgitk. The residual powder observed in the
lower region of the ampoule below the fibrous miatewas black in colour and could be

poured from the ampoules once the fibrous matesa removed. Care was taken to maintain
an upright positioning of the ampoule to prevemssrcontamination of the nanofibres with

the residual powder.

3.3.1.1 Residual Powders

3.31.1.1 Powder X-ray Diffraction

PXD data of the black residual powders frdmS,650 Std (Figure 3.2)shows peaks that
correspond to the peaks expected from 3R, Ta®n cooled slowly. On quenching in air
some 2H-Tagcontamination was observed. Peak broadeningrayXdiffraction data can be
associated with particle size (Section 2.4.1.1T&4e use of the Scherrer equation (Section

2.4.1.1.4) on the data in Figure 3.2, yields vahlfesl.8um for the particle size.
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Figure 3.2: PXD pattern showing the residual powdatching to the 3R-TaStructure, (X-
pert diffractometer).

The peaks in the PXD pattern from the slow coolstygpwn in Figure 3.2 were indexed and
refined to a hexagonal unit cell of cell parametassshown in Table 3.2. The published
values for the unit cell positions of 3R-Ta8e also shown indicating that the phase is a good
match, though there is a small contraction of chgarameter with respect to the published
values. Errors were not given in Jellinek paffeso the accuracy of the unit cell parameters is

hard to ascertain.

Phase a c
TaS,650 Std3.312(1) 417.8248(4) A
3R-TaS 3.320A [17.90A

Table 3.2: Unit cell parameters from the indexedger pattern fronTaS;650 Std
compared to the published values for 3R-T4$

3.3.1.1.2 Scanning Electron Microscopy

The residual powder showed a uniform morphologsoahd particle platelets (Figure 3.2(a)).
The platelets were seen to be ~ T in diameter and ~ gm thicknesses (Averaged over 10
measurements using Imad&l The particle thickness measurements are in asnto the

calculated values for the average particle sizehigyScherrer equation, @ vs. 1.8um,
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indicating that the Scherrer equation may be uedémating the values for particle size. The
smaller particles will lower the average thicknessculated by the Scherrer equation,
accounting for some of the difference but likelyt ah. The platelets have an elemental ratio
of ~40:60 Ta:S, by EDX, (+ 2). This was averagemss many samples and corresponds to a
~1:1.5 stoichiometry, suggesting that the platede¢sslightly tantalum rich, i.e. TaS,. The

error in this may be due to the intricacies of HiZX system as explained in Section 2.4.2.1.

Figure 3.3: SEM micrograph of the general morphglsgen in the residual powders from
TaS;650_Std (SEM #1).

3.3.1.1.3 Thermo-Gravimetric Analysis

TGA was utilised to see how accurate the EDX reswkire for the readings on the particles
and nanomorphologies. The results shown in Fiuteshow a mass drop of 9.84 % which is
comparable with the 9.85 % that would be expectenh fthe oxidation of Ta&to Ta0s, as
shown by Equation (3.3).
2TaS, +6.50, 0 - Ta,O,+ 40, (3.3)

The initial change in mass suggests that the @agwes through a half-way intermediate that
could, by the drop in mass, (3.36 %), involve theslof one of the sulfur atoms and the gain
of one and a half oxygen atoms per formula unit,vibich the theoretical change in mass
would be 3.29 %. The oxidation therefore occursiin steps from TH to T&" via a T4™"

intermediate, i.e. Equation (3.4). These resulésiadicating that as explained in Section
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2.4.2.1, the accuracy of the EDX cannot be religahu It is however still useful as a guide as

to the approximate stoichiometry of the product3 %.

TaS, +1.750, 0 0. TaO, S+ 0, (3.4)
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Figure 3.4: TGA data showing the reaction profida$S powder fromraS,650_Std

3.3.1.2 Fibrous Morphology

3.3.1.2.1 Powder X-ray Diffraction

PXD analysis on the fibrous material (Figure 3.8) ahows peaks that match those expected
for both 2H-Tag and 3R-Tag but an absence of 1T-TaSObtaining good PXD data for
nanofibres is especially difficult as explainedSiection 2.4.1.2. There is significant preferred
orientation in the 001 direction in the powder eattwhich is typical of the anisotropy of the
disulfide structures and also some peak broadendfigating the small size of the structures
under examination. The particle sizes calculatethkyScherrer equation from the dominant
peak was ~ 39 nm, which is in agreement with théATanhalysis for the thickness of the
fibres at the lower range of values. The peaksdbaespond to 2H-TaSvere indexed and
refined to give a hexagonal unit cell of cell paetens of a = 3.32(1) A, b = 12.165(1) A

which corresponds to 2H-Ta&s discussed further in Section 3.3.2.2.1.
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Figure 3.5: PXD pattern showing a match betweerfitineus materials fronTaS,650 Std
both 2H-TaS and 3R-Tag (D5000 diffractometer).

3.3.1.2.2 Scanning Electron Microscopy

The morphology of the wires is shown in Figure 8)6@énd consists of long thin fibres and
larger, thicker bundles of fibres. Figure 3.6(bpws the widths of the wires to be in the
range of 1.5um to 100 nm and lengths in excess of 1.2 mm leatdiriggh aspect ratios of up

to 12,000, (1.2 mm/100 nm). Figure 3.6(c) and gdpw fibres to be bundles of thinner
fibrils. Figure 3.6(e) and (f) shows hexagonalustures observed in and around the
nanofibrous formations. The hexagonal structuresewarely perfect hexagons and often
distorted with one length (edge to edge) longentti®e other two, (Figure 3.6(e)) and a

thickness that is ~ pm as with the particles in the residual powderpFeg3.2(a).
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Figure 3.6: SEM micrographs of the fibrous matefriain TaS,650_Stdshowing: (a) general
morphology, (SEM #1); (b) diameter measurementgmtal nanofibres, (SEM #1); (c) a
bundle of nanowires separating, (SEM #2) and (e)ntlultiple ends of a single bundle, (SEM
#2); (e) hexagonal crystal surrounded by thin ndne$, (SEM #2);(f) hexagonal crystals and

fibres, (SEM #2).

The fibres in Figure 3.6(a) can be compared tondmeotubes observed by Rao and Nath in
their initial publication of the discovery of TaSanofibres® These nanofibres were
described as nanotubes and were made by the redwdtiTag by H,. The image from this
paper is copied and placed beside Figure 3.6(Rjgare 3.7 with some added measurements
marked using Image§® When taking these measurements, care was takemaxonise the

pixel numbers thus reducing the errors by zoomingn the image the errors are likely £ 0.05
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um. The general morphologies are seen to be venjasimith the size of the larger structures
is both images ~2 - 8m in diameter. The structures froR@S,650_Std show the higher
diameter range by about4n but the wires tend to be neater with cleanerctires and
longer lengths. Both sets appear to be made upwodles of smaller fibrils and appear to

contain ribbon-like formations and belts as defime&ection 1.1.2.

a ¥ T o

Figure 3.7: SEM micrograph of the general morphplisgm Figure 3.6(a) and the image of
general morphology from the paper published by &abNatH:> Showing the approximate
measurements of the larger structures taken usiageJ-*®

3.3.1.2.3 Transmission Electron Microscopy

The collection of the TEM data for the Tagnowires at The University of Nottingham was
performed by Miss H. Edwards and Prof. P. D. Brdwom the department of Materials,
Mining and Mechanical Engineering.

Characterisation by TEM showed the presence ofralled morphology where one
wire was composed of several smaller fibrils, ineg@gnent with the SEM. Individual fibrils
consist of straight, clean edged, uniform diametanowires with a broad distribution of
diameters from 20-550 nm and an average diame#s®hm, ( 23 Measurements), while the
diameters of the bundles ranged from 50 nm touth5and had an average diameter of ~700
nm (19 measurements). Lengths up to 1.2 mm fobthalles and 1 mm for the individual
nanowires lead to aspect ratios up to 20000 forhbtmedles and 50000 for the individual

wires; (1.2 mm/60 nm) and (1 mm/20 nm) respectively



The wires were very straight with constant diansetatong their length, until
fragmentation occurs at the tips, (Figure 3.8(a) @)). Although some thinner wires, (Figure
3.8(c)) appeared to be flexible and ribbon-likes tigher diameter wires were very brittle,
leading to fracture of the bundles into smallernsegts during sonication which may be due
to the clustered filamentary structure of the nanesv

Despite often consisting of several crystalliteBe tnanofibres displayed single
crystalline SAED patterns, as illustrated in theein of Figure 3.8(b). The filamentary
morphology of the nanowires suggests a coopergtigeth mechanism, whereby a number
of nanowires are nucleated and simultaneously gatgaaccording to one crystallographic
direction, sharing a single orientation of the Tafystal structure. As variation in the crystal
structures of the 1T, 2H and 3R polytypes of Jaf in the(00l) stacking of the planes of
TaS, leading to differences in the lattice parameter, the [0001] projection SAEDs o
three polytypes are highly similar and hence tH&adition pattern in Figure 3.8(d) can be
indexed to give a close match to any of the thteectres. However careful analysis of this
and further nanowire SAED patterns at other praestyield a more precise match to 2H-
Ta$S than 1T-Tag Other crystal structures examined included 3R, Tafél a less common

structure of Tagrecorded by Heagg and Schoenb&gith ac- lattice parameter of 35.94 A

and space grouRém hr . Neither of these crystal structures provided egeptable match to
the measured SAED data.

The nanowire and diffraction pattern relationshgpfurther illustrated by the bright
field TEM image and corresponding SAED pattern @fuFe 3.8(b). Figure 3.8(c) shows a
thin, flexible nanowire and a larger nanowire cosgmb of at least five TaSrystallites,
leading to the varied contrast across the wire. Md@owire appears to have fractured during
sample preparation, hence taking on an uneven natnéidge. The corresponding SAED

pattern of Figure 3.8(d) is characteristic of thg@seduced by the nanowires. The pattern
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consists of single crystalline spots in an equsfigced hexagonal arrangement and has been

indexed to the [0001] projection of TaS

Figure 3.8. TEM micrographs showing the basic molpdy of the Tagnanowires: (a) low
magnification bright field TEM image of several Latnowires; (b) bright field TEM image
and corresponding inset SAED pattern of a singstatline nanowire; (c) TEM image of a
TaS nanowire consisting of several individual filam&n(d) corresponding indexed SAED
pattern of [0001] projection, (JEOL 2000FX microgep

The principle spots of the SAED pattern in Figur&@®) have been labelled to convey, along
with the corresponding image, the orientation refeghip between the nanowires and the
TaS crystal structure. (The SAED was acquired using ##EOL 2000FX there is no
rotational constant between the SAED and the im&getion 2.4.3.2) Analysis of electron
diffraction patterns obtained for the nanowiresniduhat the1120 spots and henc&120
direction were in-line with the long axis of thenoavires, indicating thd 120 direction to be

the growth direction of the TaSorresponding with the shortest distance betwherotigin
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and the unit cell edge. The hexagonal unit cell tteerefore be considered to be growing

fastest and most preferentially along the shodagtcell direction as has been noted in other
systems?> 2 152, 160. 1834 of the six equivalerit0l10 directions were found to be oriented

at + 30 ° to the fibre axis, with the remaining td@10 directions at 90 ° to the fibre axis. The

relationship between these planes and the corrdsmpml-spacings were consistent with a
hexagonal system and in particular the structur@tbfTaS. Therefore, thel010 planes of

Ta$ lie at + 60 ° and parallel to the nanowire axigijles1120 planes are perpendicular to it.
On tilting the nanowires during TEM analysis, sowere observed to display SAED patterns
with streaking and splitting of the single crystpbts in a direction perpendicular to the long
axis of the wire. Figure 3.9(a) is a bright fiel&N image of one such nanowire, composed of
multiple filaments and so yielding a streaked del@écrea electron diffraction pattern, as
displayed in Figure 3.9(b). The streaking of spstmost likely due to 2-dimensional planar

defects lying across the diameter of the nanowfre;splitting of spots suggests the presence
of multiple phases. Diffraction spots aligned witte 1120 growth direction exhibit little

splitting, but those spots perpendicular to 1180 exhibit an increasing degree of separation
distance from the centre of the SAED pattern, iatiingy that a second phase with a shorter
lattice parameter than the main phase may be incatgd into the nanowire. Therefore,
despite the majority of data being consistent wiith crystal structure of 2H-TaSit is

conceivable that some of the wires are composadhaikture of polytypes.

11C



Figure 3.9:TEM micrographs showing: (a) a sinf#s nanowire composed of multiple
filaments leading to a single crystal SAED pattéin);with splitting and streaking of spots
perpendicular to the fibre long axis; (c) High desion TEM image of 2H-Tag(0001)
planes, (JEOL 2000FX microscope).

The assignment of the major phase of these nanewardH-Tagis supported by the work of
Nath and Rad®® which describes Ta$ianostructures produced through the reductiora&§ T
under flowing H. The nanostructures, which had predominantly tbuoiorphology, were
identified as being 2H-TaSthrough the analysis of PXD data. Wt al.>® describe the

synthesis of TaSnanobelts by the conversion of ga@nder vacuum at 850 °C. These

nanobelts have been assigned to the Hakgly Ra3mhr crystal structur€? of TaS with ¢
parameter of 35.94 A,

By tilting the nanowires within the TEM away frothe [0001] projection, atomic
lattice fringes were observed parallel to the narmwaurface. Figure 3.9 is a bright field TEM
image of the edge of a nanowire, displaying sudticéa fringes. On measurement of the

fringes, the atomic plane spacing was determindzkt6.05 + 0.08 A. This spacing coincides
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with the (0002) plane spacing of 2H-Ta& 6.0485 A. The equivalent (0001) plane spacing
of the 1T-Ta$ polytype structure is similar to that of the 2Hit lat 5.8971 A, was found to
exceed the error associated with the plane spaomegsurement of 0.08 A, further
corroborating the premise that the nanowires measwurere of the 2H polymorph. Along
with the crystalline lattice planes an amorpholm fiould also observed on the surface of the
wires, most likely due to the post-synthesis oxatabf the Tag nanowire surface to one of
the tantalum oxides on exposure to the atmosphéis.film is also visible in Figure 3.9, as a
layer of contrast, approximately 5nm thick, betwéled crystalline part of the wire and the
amorphous carbon film of the TEM grid.

As mentioned earlier the larger fibres appearlérin nature leading with a high
tendency to split along the longitudinal weaknesseshown in Figure 3.10. This is again

indicative of cooperative growth mechanism of fotioa

T2
2000 KV

oy, EE—
HEO'K. 100 nm

Figure 3.10: TEM micrographs showing lateral siplgtand longitudinal peeling, (JEOL
2000FX microscope).
Interesting structures have also been observeti@ncourse of the TEM analysis. Strange
rhubarb-like structures appeared in one sampletwbizild be attributed to the longitudinal
splitting of large hollow tubes. (A hollow tube &phlong its long axis will produce two

rhubarb-like curved structures) These are showiigure 3.11.
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Figure 3.11: TEM micrographs showing “nanorhuba(BEOL 2000FX microscope).

3.3.1.24 Magnetic Measurements

The results from SQUID analysis, (Figure 3.12) steoauperconducting transition at ~ 4.25
K. This is in relation to the known 2H-TaSc at 0.6 K23 or 0.8 K'® depending on the
information source. Thisclwould be masked by the phase that is supercomdguati 4.5 K
should the SQUID magnetometer used in the expetsnie@ able to achieve temperatures
below 1.8 K and observe the superconducting stateda8 K.

The shape of the zero field cooling trace also shawninima change in gradient at
~ 3.5 K indicating the possibility of a second supaducting phase below the 4.5 K. The
superconducting transition expected from bulk tamtais around 4.75 ¥ hinting at the
possibility that microscopic quantities of tantaluaround the wires, due to cross
contamination are responsible for the underlyingesconductivity observed at ~ 4.25 K and
is masking the superconducting transition from taaofibres. SEM and PXD fail to show
the presence of the tantalum but the EDX did shalight increase in the tantalum content of
the wires. The PXD results are unsurprising asptteks expected for tantalum correspond
with those of 2H-TagSso a microscopic quantity of tantalum contamimaticould therefore
be unnoticeable by PXD. There are also many wayshich the tantalum can be hidden in
the SEM micrographs. A thin film of tantalum metan coat the nanowires and appear
invisible as can particles of too small a size tioe resolution of the SEM used for the

analysis.
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Figure 3.12: SQUID results for a sample of Ta8nowires fronTaS,650_Std

The Ta-S system has many constraints when chasoteby the use of SQUID. The first
and most important is that all results have to bkl hin direct comparison with those for
tantalum metal, which exhibits superconducting praps just above the range expected for
TaS. Tantalum metal is itself hard to characterise byJ8Qas it has a variable.Tdue to

195 The second constraint is that the

phase purity and gas adsorption, most notably axyfe
formation of a microscopically pure sample of 2HsT &om elemental powdered reactants is
difficult as the differences in energy of formatioatween the different polytypes is extremely

small*®

Excess sulfur leads to inconsistent stoichiométrythe products and possible
material contamination from the other phases. Masydual powder samples were observed

to show a Tat 4.75 K and hints of peaks in the PXD patter885b, 55.5 and 70 92 These

correspond to them3m structure of tantalum that is used as a reactarthé reaction
mixtures (Section 3.2.1.1). It is therefore likehat if tantalum is present in the residual
powder, then it will also be present on or in t@aowires due to cross contamination and will

as such show up in the SQUID results.
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3.3.2 Preparation TaS,650 SAG

In the series of experiments designed to invediggbossible surface assisted growth process
we observed a similar yield of low density fibroomsaterial to that seen in the standard
synthesis, on the walls of the silica ampoule, tingaan outer coating of low density fibrous
material on the inside of the silica ampoule assshim Figure 3.13(a). An extra substantial
mass of fibres was also observed to form on andrarahe tantalum foil, shown in Figure
3.13(b) and (c). Thus the yield appears to in@aaghe presence of the tantalum surface,
(< 40 mg). The extra fibrous material (~ 20 mghsists of long needle like structures
growing approximately perpendicular to the surfaafethe foil, Figure 3.13(b) and (c). Figure
3.13(d) shows how the nanowire formations in tred@ of the ampoule appear to nucleate
around and grow from a possible imperfection witthia wall of the silica. This observation
is in agreement with the observations from thedsash synthesis without the presence of Ta
foil.

In the control reactions, described in Section132.contrasting results are observed.
PreparationmraS,650_SAG_Emptyshowed no sign of nanostructure formation in Redib
and a decreased yield of nanowires on and arouaddbkidual powder (Region I') with
respect to the standard synthesis. The neck isftite seen to impede the formation of the
nanostructures, possibly due to the constrictiorvagiour flow within the silica ampoule.
TaS,650_SAG_Feshowed only limited formation of fibrous material Region I' and no
nanowire formation in the Region III', on the irenrface. There was however evidence of
surface reaction on the iron foil which was coaited brittle silvery layer that was easily

removed. This shiny layer on the iron foil was lgsad using PXD, SEM and EDX. The

results show that this material is iron sulfide $-ePXD showed a match to the62c
structure (ICDD PDF: 00-051-0001). SEM showed sinawystalline platelets of a fewm
in diameter and EDX suggested a Fe:S elemental ohti~1:1, in agreement with the PXD

results.
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Figure 3.13: Optical microscope images of Ta&nofibres: (a) internal coating of the walls
of the adapted ampoules, (b) and (c) fibres growiifighe tantalum foil surface and (d) a
possible imperfection in the silica wall actingaasucleating point for the growth of the
fibres.

Collectively these results are suggesting thasthfur is preferentially reacting with the more

reactive iron rather than the less reactive tamafowder that is present. The lack of
nanowire formation on the iron surface leads todbeclusion that the iron does not play a
catalytic role in this reaction under these condsi It also indicates that the high yield of
nanowires on the tantalum foil is occurring as suleof the tantalum’s presence in Region
[II’, rather than simply the presence of a surfacéhe preference to react with the iron at the
other end of the ampoule rather than the tantaluvora the sulfur is indicating that the

reaction takes place from the gaseous sulfur reagérer than a liquid phase.

3.3.2.1 Residual Powders

The residual powders were black in colour. PXD gsial showed them to be the 3R-}%aS

(Figure 3.14) polytype with the 2H-Tafontaminating some samples. The peaks were
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indexed to a hexagonal unit cell with cell parangetgiven in Table 3.3. The unit cell

parameters match those for 3R-Tafth minimal contraction of the unit cell paranmste

- 3R TaS2
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Figure 3.14: PXD analysis of the residual powdesenfTaS,650_ SAG (D5000
diffractometer).

Phase a c
TaS,650 Std3.310(1) A17.8228(5)
3R-TaS 3.320 A [17.900 A

Table 3.3: Unit cell parameters from the indexedger patterns fronfaS,650_Std
compared to the published values for 3R-T4$

SEM analysis was achieved showing the general notogl to be similar to that of
TaS;650_Std Flat plat-like particles are observed with typideameters ~ 5Qum, and ~ 5
um thick. These plate-like structures are typicathef layered dichalcogenide materials. And

similar to those observed TaS,650 Std



Figure 3.15: SEM micrograph showing the generalphology of the residual powder from
TaS,650_SAG (SEM#1).

3.3.2.2 Fibrous Morphology

3.3.2.2.1 Powder X-ray Diffraction

PXD was carried out on the nanowires froaS,650 SAG The pattern showed very similar
peaks to those observed TaS,650 Stdas shown in Figure 3.16. The Scherrer equation
again gives particle size measurements of ~35 rnimilas to the 39 nm observed in
TaS,650_Std. This corresponds well with the thickness of therd& from the TEM
micrographs.
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Figure 3.16: PXD for the nanofibres frohaS,650 SAG (D5000 diffractometer).
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The peaks that correspond to 2H-Fashown in red in Figure 3.5 and Figure 3.16, were
indexed and refined using CELFEEto a hexagonal unit cell with parameters shown in
Table 3.4. The results from the standard configomapreparation have also been shown for
reference. It appears that there is a degree mdreston of thec-parameter (~0.5 %) as is
common with the formation of inorganic nanofibresni MX, compounds, e.g. Rao and

Nath have seen a ~3% increase indiparameter in the formation of Wﬁanotube§9

Phase a c
TaS,650 Std |3.32(1) A| 12.165(1) A
TaS,650 SAG| 3.32(2) A| 12.159(2) A
2H-TaS 3.314 A | 12.097 A

Table 3.4: Unit cell parameters from the indexedqer patterns fronfaS,650_Stdand
Ta$650_SAGcompared to the published values for 2H-TH$

3.3.2.2.2 Scanning Electron Microscopy

SEM performed on the nanowires framS,650 SAGshowed bundles of nanofibres (Figure
3.17(a)), similar to those seen fronaS,650 Std, though with aspect ratios up to nearly
twice those seen in the standard preparation, lefithths now in excess of 2.5 mm. Diameter
measurements shown in Figure 3.17(b) showed thesfito be in the approximate range of

100 — 600 nm with the larger microfibres again seeoe wrapped bundles of smaller fibrils.
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Figure 3.17: SEM micrographs fromaS,650 SAGshowing: (a) general morphology of the
fibrous material at low magnification; (b) higheagnification image of typical nanowires
and (c) measurements demonstrating the diameteng efanowires to be in the 100 — 600 nm

range, (SEM #1).

No hexagonal crystals (Figure 3.6(f)) were obseriwregroducts from Region III' of the
surface assisted preparations indicating that ailesbme how inhibits the formation of the
hexagonal crystals, possibly preferentially formthg nanofibres. Detailed searches for the
hexagonal crystals in the products from RegiorolvbBver where not carried out.

Detailed SEM images of the fibres growing off theface of the tantalum foil were
taken as shown in Figure 3.18. The nanofibresleselg seen growing out of a coating on the
Ta foil. Both the foil coating and the fibres weslgown by EDX to have a ~1:2 ratio Ta:S
indicating Ta%. This is in contrast to the findings in Sectia.2.3.1 where the products of
TaS;500 _SAGshow a clear stoichiometry of 1:3 in the fibresl dn2 in the surface coating
the Ta foil. Also in contrast is the brittlenedstite surface coating which ifaS;500_SAG
was seen to peel off the surface revealing the &@ihunderneath. In these micrograph the

surface appears more stable than observed inaBg§00_SAG
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Figure 3.18: SEM

= ¥

micrographs showing the fibresagng off the foil fromTaS,;650 SAG
(SEM #1).

3.3.2.2.3 Transmission Electron Microscopy

Much of the TEM work at the University of Glasgowshbeen achieved by or with help from

Dr. I. MacLaren in the Physics department.
The Ta$ nanofibres fronTaS;650 SAGgrow along one of thg<2110> directions

of the crystal structure just like those analysemimf TaS,650 Std This is shown in the
SAED patterns in Figure 3.19(b) which have beemrembed for the rotation of the
microscope and are comparable to the wire showkRigure 3.19(a). The fibres were often
found to lie with basal plane parallel to the hotmrbon film and thus [0001] diffraction
patterns were easy to obtain. Unfortunately, @891] diffraction pattern is identical for the
1T, 2H and 3R structures, so an alternative oriemtas needed to make an unambiguous
structure determination possible. The ideal sofutivould be to have the crystal oriented
along a direction in the basal plane, since thengériodicity in thec direction could be
directly determined from the diffraction patterbsi this orientation could never be achieved

in the samples mounted on carbon films, exceptiplys® some cases where the wire was
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too thick to remain electron transparent, hencekwaimed at encapsulating the fibres
vertically in a TEM sample holder, (Section 2.4.3)6 An alternative was to tilt the wire
shown in Figure 3.19(a) in a controlled manneruabis axis. After 10° tilt, a pronounced
spot splitting is observed in the direction perpeuldr to the wire axis (arrowed in Figure
3.19(d); careful measurements, and comparisons thghsimulated diffraction pattern of
Figure 3.19(e) confirm the split spots to haveititices 0221 and 0222 in one direction and

0221 and 0222 in the other (as indexed to the 2H structure)e T#21 and 0221 spots can

only exist with the 2H structure as they would indes 0221 / 0221 for 1T and as0223 /
0223 for 3R. Similarly, after 20° tilt, a more pronaed spot splitting is observed between

0111 and0112, as can be seen in Figure 3.19(f) and the simdildiffraction pattern of

Figure 3.19(g). As above, ti#11 spot is only explicable for the 2H structuretaill give
fractional indices for the other structures in théirection. Thus, electron diffraction in the
transmission electron microscope confirms thatwires are formed in the 2H structure. The
formation of nanofibres out of MXcompounds appears to favour the 2H polytype wiiti b
TaS™ nanotubes and examples of analogous systems ebstrvavour the 2H polytype,

e.g. NbSg* and MoS.***
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Figure 3.19: TEM micrograph and diffraction pateeoi a Tagnanowire: (a) Bright field
image; (b) SAED pattern at 0° tilt; (c) simulate@@Q] diffraction pattern; (d) SAED pattern
after 10° tilt about the wire axis; (e) simulate@f 1ilt pattern; (f) SAED pattern after 20° tilt

about the wire axis and (g) simulated 20° tilt@at, (T20 microscope).

Although the TEM has conclusively shown that theaiidmes are of the 2H structure without
the need for encapsulating samples, the encapdudataples did prove interesting. Figure
3.20(a) shows a cross section of a nanofibre. rébngular shape is clearly observed and
noted that the general width is about 3 times tidhe breadth. According to the definitions
given in Section 1.1.3, this concludes a nanoliedtmorphology. However, Figure 3.20(b)

shows a square section nanofibre with an insetadiffon pattern. It was necessary to tilt this
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to 16 ° in order to achieve a zone axis indicatingt the nanowire was not vertical with
respect to the optical axis of the microscopes lpassible therefore that the image in Figure
3.20(a) could be a lot thinner than it appeard asay be inclined with respect to the optical

axis of the microscope leading to a more nanoribdid@anmorphology.

80 nm

Figure 3.20: (a) TEM micrograph showing the crossieeal area of a nanobelt; (b) square
section and inset SAED pattern taken at 16 ° alifh@Tt20 electron microscope).

3.3.2.24 Magnetic Measurements

SQUID results show superconductivity at low tempae A superconducting transition is
observed at 3.4 K, shown in Figure 3.21. This isantrast to the superconducting transition
observed previously of 4.5 K. It is believed tha 4.5 K reading originated from particles
of tantalum metal present in and around the nam®agiving a € at a value associated with
that of Ta metal. This leaves the possible secopérsonducting phase seen in the SQUID
results of TaS,650_Std at around 3.5 K (Section 3.3.1.2.4), to be duethhe same
superconducting phase as observed hefa$650 SAGQG i.e. the Tagnanofibres.

It is known that in bulk 2H-TaSa Tc of 0.6 K23 or 0.8 K'*° depending on the
information source. Friene al. have shown how this can be raised to betweed k&s a
result of intercalating various species with in thgers causing suppression of structural
instability*** Wu et al. have shown that for Ta®ianobelts a J of 2.7 K° can be recorded
which falls within the range of cited temperatufesthe intercalation of TgSby Friendet
al.. Indeed Wet al. suggested that structural instability was the eanfgheir high . This

suppression of structural stability is actuallyupression of the CDW state that arises as the
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electronic state changes with the lattice, whosarmaters are constrained by the intercalating
species. Likewise Tiaat al. have shown how nanowires of bismuth can exhiffit af 7.2
and 8.3 K, corresponding well with the bulk matemaa high pressure phase rather than sub
50 mK in the standard phaS&.

The high T observed in the TaShanofibres could also be a result of a bundling
effect. It has been shown by Pokropivnyi that wmamowires are ordered in bundles a
“Conductivity strengthening effect” occut¥. E.g. semi-conducting BN nanotubes become
metalid®® % and metallic single walled carbon nanotubes becsmgerconduicting®
suggesting that an increase ig might occur when TaShanofibres form bundles, and could
help to explain the increase i Trom the nanobelts to the bundles of nanofibresom the
limited data available there seems to be a tremdards an increase incTas a result of
constraining crystal structure either by morphologyessure or intercalation. SQUID
measurements on single nanowires of 2H-NbBave however shown no increase in
superconducting d between the bulk and the nanowire phase morphallogygh a 6 fold
increase in the critical field required to chanpe tesistance by CDW effects along the
parameter of the unit céft* This could be indicating the preference for Nbfeform low

temperature CDW states rather than supercondustiigs as is the case for the triseleAide.

=
2
e}

Tc onsel
point 3.4 K

Temperature K

Figure 3.21: SQUID magnetometry data showing alsisgperconductingclat 3.4 K for the
bundles of superconducting Tasanofibres observed faS,650_SAG Measurements taken
on the SQUID at Nottingham.
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Given the contrast between the numbers of supeumtind) phases within the samples, more
than one forTaS,650_Std only one forTaS;,650_SAG it is reasonable to conclude that
residual tantalum is responsible for the higheri the samples fronTaS;650_Std. The
possible second superconducting phaselas,650_ Stdis TaS superconducting at around
3.4 K. It is this phase that is uniquely isolatedTiaS,650 _SAG The bundles of TaS
nanofibres therefore have a superconductingtl3.4 K.

SEM and TEM have shown that the nanofibres breakyeasd shear along their
longitudinal weaknesses (Figure 3.10(a)). Thetlbritature of the nanofibres suggests that
the separation from the foil is likely to involvamofibres breaking close to their ends rather
than retaining bits of tantalum metal or lumpsaftalum disulfide from the surface as they
are separated. The tantalum metal surface also Epmede protected by the layer of paS
that covers it in Figure 3.18. SEM and TEM confirmistassumption as no evidence of
tantalum particles is seen on the ends of the iaest Indeed in Figure 3.18 it is possible
to notice the ends of the nanofibres still adhacethe surface coating of the foil rather than
holes where the tantalum once was. This leadedéaonclusion the control exerted on the
system by the foil and the neck in the ampoule Emglthe constant separation of the
nanowires from the residual powder TaS650 SAG allowed for the harvesting of an
uncontaminated yield of nanofibres and should fleeeegive a more reliable result from

SQUID, thus a single value foiT

3.3.3 Effects of Temperature on Nanowire Formation

3.3.3.1 TaS,1100 Std & Ta$1100 SAG

If the temperature of the upper dwell, (Step iigure 3.1) is raised from 650 °C to 1100 °C
for the final stage of the heating profile, thea fteld of nanowires drops to zero. Quenching

in air from this temperature leads to a crystallipewder with a golden tinge. Both
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TaS$;1100_Std and TaS;1100 SAG gave similar results, though in the case of
TaS;1100_SAGthe metal foil was particularly corroded though exacess of tantalum was
observed in the PXD patterns. The foil should haseugted the overall stoichiometry of the
system leading to either an excess of tantalumtoglaer order tantalum sulfide species, e.qg.
TaS, TaS, or TaS,.

PXD analysis of these golden tinged crystals shoavelg#ar match to the 1T polytype,
(Figure 3.22), indicating that the high temperatur€ bulk phase is more stable than the
nanowires at high temperature. The ease and Hélyabi 1T formation led to its use in the

attempted formation of other bulk polytypes of TéSection 3.3.4).

10500

-1T TaSy

L LJ& | A Jlt

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Figure 3.22: PXD pattern for the residual powdenfiTaS,;1100_Std (D5000
diffractometer).

The 1T polytype formed ifaS;1100show a round plate-like morphology as seen in tigigu
3.23. These platelets are very like those seenangtimeral morphology that is shown in
Figure 3.3(a) which was seen to be the 3R polytypePXD. The morphology is almost
identical, indicating that the morphology of thesidrial particles may not be intricately
connected to the polytype in question, in the butkvders. All the polytypes of TaSire

layered with varying layer stacking sequences #&mdefore likely to exhibit flat plate-like
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morphologies. EDX showed a ~40:60 ratio, Ta:S, (#r@n TaS;1100indicating that the
errors mentioned in Section 2.4.2.1 may be dueystematic errors in the SEM rather than
non-stoichiometry in the products. The non-stoinofetric tantalum from the foil in

TaS;1100_SAGwas strangely absent from the EDX findings.

g [ B [
Figure 3.23: SEM micrographs fromaS,;1100showing the morphology of the 1T-TaS
(SEM #1).

3.3.3.2 Preparations Ta5750 & TaS,900

At 750 °C we see a reduction in yield of low depdibrous material with respect to
TaS,650 and the residual powder has the beginnings oflé tyyzge to its colour, indicating
the beginnings of the formation of the 1T polytyges the temperature of the synthesis
increases further we see a continued lowering ®fytald and an increase in the formation of
the 1T polytypeTaS;900_Stdformed a minute amount of very low density fibranaterial

in Region | of the ampoule whilEaS,900_ SAGjust formed the black residual powder. The
fibrous material was black in colour and has a \different morphology to that observed in
the other preparations. This is shown in Figuret3The morphology was far smaller in
dimensions, (with widths that can no longer beyfadisolved by the SEM) when compared to
the wires observed iTaS;650 Stdand TaS,650 SAG These feather-like fibres seem to
grow out of the centre of a clump indicating soramf of nucleated growth mechanism. The
guantities of material were too small for PXD ams&yand TEM was never achieved so

polytype analysis is unavailable.
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Figure 3.24: SEM micrograph of the fibrous mateftained inTaS;900_Std (SEM #1).

3.3.3.3 Preparations TaS5600 SAG, Tag500 SAG & TaS400 SAG

Nanofibrous formation was observed at temperatoeésw the 650 °C. In these preparations
only the surface assisted setup was utilised asethdts so far suggested that the formations
would be similar, with superior yields and lowernt@minants arising from the surface
assisted configurations.

In TaS,600_SAG and TaS;500_ SAG nanofibrous products are observed. These
products are however different in both morphologg atructure TaS,600_SAG produced
nanowires of long straight morphology with a ~ ta®o by EDX, (Figure 3.26) and very
similar to those produced iha$S,650 Stdand _SAG. PXD analysis showed a match in peak
positions to the 2H and 3R structure. There is #isopresence of another phase responsible
for the peak at 26,45 “92he best matching possible phase is that of,Takre a peak is
expected at 26.86 92 There therefore may be some oxide contamination.

The peak positions from the data in Figure 3.25ewedexed to a hexagonal unit cell
that corresponds to the 2H-TaSructure, and to the hexagonal unit cell of 3R-T'a& good
match was received to both structures; howeveethppears to be minimal enlargement of
thec parameter in both cases. The energy of formatidhe polytypes is particularly close
leading to difficulties in obtaining pure phasés.The 3R structure seems to be favoured at
slightly higher temperature however preparationstted two different polytypes in the

literature differ by as little as 23 °C. 2H-Ta&n reportedly be synthesised by annealing the
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1T polytype at 823 K?° though perfect crystallinity is rarely achievedile the 3R structure
can again be synthesised by annealing the 1Typsyat 800 K for longer periods of tim¥.
The difference in temperature is almost insignificabut does explain the likelihood of

forming mixed polytype products.
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Figure 3.25: PXD pattern showing the residual pawdem TaS,600 SAGmatching 3R-
TaS and 2H-Tag (D5000 diffractometer).

Phase a c a C
TaS,650 Sd|3.318(5) A12.102(2) A 3.322(4) A18.169(1) A
2H-TaS 3.314 A |12.0970 A| BR-TaS$[3.320 A |17.90 A

Table 3.5: Unit cell parameters from the indexedger pattern fronTaS,650 Std
compared to the published values for 3R-T2$

Figure 3.26: SEM micrographs from preparafi@s,600 _SAG(SEM #4).
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In contrast toTaS,600_SAG TaS;500_ SAG produced curly ribbons of 1:3 ratio Ta:S by
EDX (Figure 3.27). The PXD pattern faraS,500 SAG matched that observed for the

indexed structure of Ta¥m;-TaS) discussed in Chapter 4.

W |
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Figure 3.27: (a) and (b) SEM micrographs showingomiébons of a 1:3 ratio Ta:S formed in
TaS;500_SAG (SEM #4) and (c) PXD pattern indexing to theTaS; structure discussed in
Section 4.3.1.2, (D5000 diffractometer).

TaS,400_SAG produced no nanofibrous products indicating that riaction to nanofibres
only progresses at temperatures above 400°C howavdack residual powder is still formed
in Region | and I' (Figure 2.4) and shown to be tiphlase Tagalong with much starting

material contamination by PXD.
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3.34 Bulk Phase Syntheses

During the course of the investigation into thdet#&nt polytypes of TaSpreparations of the
different polytypes as single phases were attempi®eére are many different published
routes to the different polytypes, of which someréhdeen successfully reproduced. The
selective control of polytype as well as morpholagfy TaS structures would be highly

desirable.

3.3.4.1 1T Polytype

As noted with TaS;110Q the 1T polytype can be synthesised easily by hgathe
stoichiometric ratio of elemental powders up to A2C for 60 hours and allowing to cool
slowly, as described in Section 3.2.1.4.1. The 1Ytypk is golden, in colour and consists of

large crystals. PXD analysis shows the presene@esmngle phase 1T-Ta@nd was indexed

to a unit cell of space group3ml and lattice parameters as shown in Table 3.6 using

dicvol 18°

which are comparable with 1T-TaSimilar products were obtained by the heating
of residual powders from other preparations to 1’XD0n silica ampoules for at least 3 hours

and quenching in 50 % ice 50 % water mix.
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Figure 3.28: (a) PXD data showing the presencelefdS, (D5000 Diffractometer); (b)
SEM micrograph showing typical morphology of 1T-F4SEM #4).
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Phase a c
TaS;1100 Std| 3.359(6)| 5.8878(6)
1T-TaS 3.3649 | 5.8971

Table 3.6: Unit cell parameters from the indexedger patterns ofaS;1100 Stdcompared
to the published values for 1T-Ta%?

The ease of formation of the 1T polytype by heatmdl100 °C for a period of time see
section 3.3.4.1, led the 1T polytype to be used asorvenient starting point for the
preparations of the other phases. Indeed many@gpns in the literature for the individual
polytypes involve a heating step > 900 °C at whiemperature the 1T polytype is likely
dominant.

To investigate the stability of the 1T polytype aw®e if it could be converted into the
other polytypes easily, DSC was utilised. Three ifigpnt features are observed in the DSC
experiments (Figure 3.29). The first is the largalpat around 75 °C which is due to the
melting of the residual sulfur that is present imd around the 1T particles. Sublimation of
excess sulfur (Section 2.3.6) failed to remove ghasulfur given the sensitivity of the DSC.
The second region is very small and at 260 °C aedihal broad phase change seen in the
region of 400 °C. These were investigated and apéamed in the sections relevant to the

polytypes formed.

Heat Flow (W/g)

-0.4- T T T T 1
0 100 200 300 400 500

Exo Up Temperature (°C)

Figure 3.29: DSC data for the 1T polytype of Ta$eated at 10 °Cmihfrom room temp to
500 °C under argon.
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3.3.4.2 2H Polytype

The annealing of 1T-TaSat 400 °C for 5 days produced a powder that was/black in
colour with PXD analysis (Figure 3.30) showing pe#kat match those expected for the 2H
polytype. The peak in the DSC trace (Figure 3.293G1 °C was therefore due to a phase
transition into 2H-Tag The use of the Scherrer equation showed pattictknesses of ~3.2
um and the morphology was seen in SEM to be plateyikh thicknesses of a feam and
diameters of 20 — 40m. The exact stoichiometry of the TaS uncertain as Ta%specially

in the 2H polytype suffers from many lattice disimns and the PXD data was not of
sufficient quality to refine out the atom positiondnnealing over night produced a mixture
of the 1T and the 6R and for 2 days produced théengBure form, indicating the similarities
in thermodynamics between the two trigonal prismidrms of Tag 2H and 6R. The peaks
were indexed to a unit cell of space grolg63/mmc and unit cell parameters as shown in

Table 3.7 and are a good match to the 2H structure.

PowdeiCell 2.2
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Figure 3.30: PXD pattern of 1T-Ta&fter being annealed for 5 days at 400°C, showaing
match to the 2H polytype, (D5000 diffractometer).
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Phase a C
Preparatiof3.317(4) 12.1084(4)
2H-TaS (3.314 12.097

Table 3.7: Unit cell parameters from the indexed g@wpatterns of the 2H preparation
compared to the published values for 2H-THS

A synthesis for 2H-TaS proposed by Figuero& al.*'’ involves the heating of a
stoichiometric mixture of Ta foil and S to 1220 K ®days and then annealing at 920 K for 4
days in silica ampoules. A powdered tantalum stgrtnaterial produces the 6R polytype,
again showing the similarity between the two trigloprismatic forms. This synthesis is
significantly 200 °C higher in temperature and mgkapproximately 5 days longer than the
synthesis described above and starting from aldaded starting material which is less
convenient than the powdered precursor. At 1220 1T polytype will likely dominate,
certainly by raising the temperature from 922 °Q2Q K) to 1100°C (upper limit of silica
ampoules) the 8 days should be significantly reduoce~3 days. 2H-TaSs described as a

flowing blue black powder which is consistent witiese findings.

3.3.4.3 3R Polytype

Particles from the residual powder from many prapans were seen to be the 3R phase by
PXD and were shown by EDX to have an average a 3ai&Y, Ta:S (+ 2) Both PXD pattern
and SEM micrograph of the general morphology aremim Figure 3.31. Some of the PXD
patterns showed a striking preferred orientatiomarals the 001 direction, indicating that the
structures have large anisotropy. This is furtteaked up in the SEM micrographs where we
see large plate-like particles. It is likely thahen the XRD slide was smoothed over the
platelets aligned so that the upper layers weteafi@d smooth with all the crystals orientated

in the same vertical direction, i.e. the 001 plarfieghe crystal structure. The peaks were
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indexed to a unit cell of space groug3m and unit cell parameters as shown in Table 3.7 and

are a good match to the 3R structure.

116000

a

-3R TasS;

n\ ir\ Ll

; i
0 15 20 25 '30 35 40 45 50 55 60 65 70 75 80

Figure 3.31: (a) PXD pattern (X-pert diffractom@teiowing peaks matching the 3R-%aS
phase; (b) SEM micrograph showing the general mdoglyoof the crystals, (SEM #1).

Phase a C
Preparatiof3.312(1)17.8248(4
3R-TaS (3.3200 | 17.900

Table 3.8: Unit cell parameters from the indexed g@mpatterns of the 3R preparation
compared to the published values for 3R-T4$

34 Conclusions

It is clear from the work in this chapter that nfiles of Ta$ can be produced using a
simple one-step synthesis. This is in contragihéomulti step syntheses so far publisfied’
187 Further, a high level of control over the morphgland structure of the product can be
maintained throughout the process. As the synthiesigoerature decreases, a change in
morphology is observed from particles of 1T-Fa8oduced at high temperaturEaS,1100),
“nanofeathers” of Ta$ produced at slightly lower temperature$a$,900), followed by
belts (TaS,700) and ribbons of TaS(TaS,600) and then ribbons of TgTaS,500). At
temperatures below 400 °C, no nanofibrous formatarbserved.

At 650 °C the nanowires produced are of the 2Hcstire as shown by PXD, SQUID

and TEM analysis.
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The morphology of the majority of the fibrous maérfrom both TEM and SEM
observations would appear to be a belt-like mompil though some control as a result of
temperature exists. Conventional definitions areegiin Section 1.1.3. These fibres closest
resemble a belt-like morphology as found by @al.>® The thinnest dimension of the belts
is that parallel to the long- axis, or in other words, the slowest growth ocquespendicular

to the basal plane layers of the 2H structure. T also been noted in nanoribbons of the

2H polytype of M0oS*** The long axis of the needles is al@vﬁ@ii@, and the wider

dimension of the wires is alo@i 10> . It is interesting to note that the nanowiregehauch

a radically different symmetry to that of the 2Hitucell, although it may be noted that
smaller hexagonal platelets have been observed&M iages as a by-product to the nano-
wire production. It seems likely that the formatiof elongated wires rather than hexagonal
platelets is therefore driven by kinetic or matsrigupply factors in the synthesis and does not
represent a thermodynamically preferred state.

SQUID analysis on the samples from the standaeggrations TaS,650 Std were
not single phase as they had two superconductiaggs) of which one is believed to be 7aS
nanofibres (t ~3.4 K) and the other Ta metal((¥4.5 K). The tantalum metal is not present
in the surface assisted preparationia$650 SAQ measurements due to the unique method
of growing the fibres away from the feedstock aftédum and the brittle nature of the wires
that break away from the surface. Numerous effdré&ve been made to synthesise
superconducting nanomaterials for nanodevices deutrieal connectiorf§*2%° with extra
potential predicted for 1l-dimensional nanoscaleestgnductors as the confinement of
Cooper pairs and supercurrent flows could providenemena such as quantum phase
slip#*® 2*and quantum switching effeété witch have important applications in quantum
computing. Tagin the form of 1-dimensional superconducting nanmsures are therefore

highly relevant and show much promise for applaadieven thought thecTs relatively low.
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The exact mechanism of how the surface is affedtieggrowth of the nanofibres is
unclear, however its advantageous role is apparemhe yield is increased as a result of the
surface assisted growth phenomena with similar maggy products to those grown in the
absence of a tantalum surface. The cleanlinedseofields is markedly improved by utilising
the surface assisted growth setup as shown by@d3 data, and the lengths of the fibres is
improved as shown by the SEM data.

At temperatures below 900 °C the foil is relativelycorroded leading to the belief
that the tantalum in the foil is not involved iretlstoichiometry of the reactants at 650 °C.
How therefore are the tantalum and sulfur reactdraasporting up the tube to form
preferentially on the foil? At temperatures in ess of 1000 °C below the boiling point of
Ta, it is safe to assume that the mechanism doesvalve gaseous elemental constituents.
TaS is also solid to temperatures well above 1000800 °C) leading to suggestion that
the transporting phase is not pa&ther. Although not isolated in this work thesea
likelihood of a volatile phase of tantalum sulfidhat is acting as a transport agent. It has been
noted that 4, SCIl, and S can all successfully act as transport ager@/T reactions with
TaS at 550 to 500 °C*® No further information was given about the sulfumtaining

species and its identity other than the fact tHatge 30 % excess of sulfur was required.
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Chapter 4: Tantalum Trisulfide Nanofibres

4.1 Introduction

Following the initial discoveries of nanofibrous tmaals!  research has concentrated largely
on layered inorganic materials that mimic the #&pilof graphite to form anisotropic
nanostructures as a result of their layered 2-dioeal structures’® These materials include
boron nitrid&* and other layered dichalcogenides, MX=S, Se) such as W& MoS,® and
NbS:.?*® Recently inorganic nanoscale research has expamdedmaterials that do not
possess layered structures and significantly diffan the pseudo-graphitic layers seen in the
dichalcogenides® ¢ 193 Z%These unique non layered materials often have rdiffeand
desirable electronic, photonic and mechanical ptag®e in bulk form, so possible
reproduction and modification or enhancement okehproperties on the nanoscale is of
interest.

The formation of nanomaterials from non-layeredtarials has been achieved in
many ways, some of which were outlined by Xioagal. and involve concepts like
templating using carbon nanotubes, concentratipfetien and electrospinning® Very few
of these or other synthetic methods for nanowiadpction involve a single-step synthesis;
i.e. removal of either a templating step, sonicatixd macroscale precursors, or a chemical
change of a previously prepared nano-precursor.indple single-step synthesis route is
therefore advantageous.

TaS was first reported by Blitz and Kocher in 19%8and again by Jellinek in
19622 however, the crystal chemistry of Ta®mains ambiguous. There are two commonly
referred to structures, a monoclinic phase (msyasd an orthorhombic phase (o-EaShe

full structure of m-Tagwas published in 1981 by Meerschaual. with space grougP2, /m

129
and lattice parameters a = 9.515(2) A, b = 3.3418(4 = 14.912(2) A an@ = 109.99 °,
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while 0-Ta$ forms in the space group222, and lattice parametees= 36.804 Ap = 15.173

A, ¢ =3.340 A but has yet to be fully refined for atplansitionsl.33 The properties of m-TaS
and o-Tag have subsequently been thoroughly investigéal%ﬁ.‘r’ There is also a high-
pressure phase of the m-gg&iblished by Kikkawat al. in 1982 with the same space group
as m-Tag and lattice parametess= 9.52 A,b = 3.35 A,c = 14.6996 A ang = 107.487 °
which has again been fully refiné¥. For discussion purposes, and to keep with the
nomenclature used above, this structure will hereemeferred to as ypTaS. The main
difference between m-Tg@nd my-TaS is that under high pressure tBeangle reduces by
nearly 3 °.

Monoclinic tantalum trisulfide (m-Tapis a low dimensional conductor with infinite
chains of tantalum atoms running parallel to thestallographic b” axis of the unit cell.
Conduction has been shown to occur along the clditgntalum atoms, with larger sulfur
atoms forming an insulating matrix in the remainv@ume between the tantalum chains

(Figure 4.1), leading to pseudo 1-dimensional cetidu.

@ 124+
G s*
@®s'

Figure 4.1: Crystal structure of m-Ta8showing 3 unit cells stacked in thealirection to
illustrate the origin of the low dimensional belawi.
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The chains of tantalum atoms propagate througlstiiveture as trigonal prisms with 6 sulfurs
surrounding each tantalum atom, (Figure 4.2). Theee also two other sulfurs that are
further away from the tantalum than the other sali2.747 A and 2.870 A) but not so far as
to exclude the possibility of bonding marked in.rétlese chain bridging sulfurs have been

linked to the formation of slabs or ribbon-likelgttures-?°

Figure 4.2: Crystal structure of the sulfurs thatsund the tantalum atoms in the chain
structure of m-Ta$

The change in stoichiometry from Ta® TaS shows a notable change in crystal structure
and dimensionality. As discussed in Section 1.%&l$ has pseudo 2-dimensional properties
with the chemistry and behaviour dominated by tageted structuré”® Likewise the
interesting properties of bulk Ta&re directly related to the crystal structure, fedly the
relation between the chains of tantalum atoms hadb direction of the unit cell, leading to
pseudo 1l-dimensional properties. Chapter 3 ancenhadeuch other research have shown that
the formation of nanofibres tends to occur with pedfic crystallographic direction
controlling the growth, leading to crystallograpléxture. Texture is in this case observed as
an alignment of the long axis of the nanofibrenvétspecific crystallographic direction, often
noted as the shortest unit cell parameter in layenaterials™> > 5% 160193 ghoyld the
formation of nanofibrous morphology be possiblenira crystal structure with a such as
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TaS, with its chains of tantalum atoms running patabetheb direction of the unit cell, then
it is likely that the chains will direct the growlkading to texture and may result in the
transfer of low dimensional properties from bulkrtanofibres morphology. This outcome
could lead to potential application within nanoscdevices, e.g. should the chains of Ta
propagate in the direction of the fibres then ibeek should be metallic, as has been observed
in a similar material NgT e, 1% 214

Currently the only paper in the literature, conaegnthe formation of nanofibres of
TaS is by Wuet al. who describe the formation of “nanobelts” that e/éaund to be of the o-
Ta$ structure’® TaS nanobelts were formed in silica ampoules with nedas a transport
agent at 760 °C (for conventional definitions ohaacale morphology see Section 1.1.2).
The Ta$ nanobelts had an orthorhombic structure withdatfparameters a = 36.80 A, b =
15.15 A and ¢ = 3.340 A, matching the structur®-dfaS.™*3 The cross section of the belts
was seen to be rectangular with widths in the raofgé-900 nm, heights in the range 20-50
nm and lengths of several centimetres. The crgs$tatture was aligned with the long axis of
the belts by the [031] direction. High resoluti®&@M showed lattice fringes of 30.8 and
15.21 A corresponding to the [1200] (hexagonal dad) and [010] spacing of the o-%aS
phase and therefore support the XRD results for & 14

The o-Ta$g nanobelts prepared by Wah al. were used as a nano-precursor for the
formation of Ta$ nanobelts by the removal of sulfur in a thermaysiaction at 850 °€°,
indicating the instability of the TaSnanobelts at high temperature. Interestingly the
decomposition of the TaShanobelts to TgSresults largely in the retention of morphology
and the formation of nanobelts of La&urther work is carried out related to this cqide
Chapter 5.

An analogous system to Ta$s NbSeg (Section 1.11.2.2) and indeed TiSection

1.11.2.3), both of which have been successfullylggised as nanofibrous materials in much
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the same way as described above by Wu. A similahogewas used in this chapter for the

formation of Tag nanofibres.

4.2 Experimental

421 Synthesis

Many synthesis procedures were performed in ammattgo try to understand the TaS
nanofibrous system. These are outlined in this @eatiith the results discussed in Section
4.3.

In keeping with previous notation, the preparatimames will consist of a list of
reactants and their relative quantities in the treaanixture followed by a temperature before
the unique preparation conditions. Preparation msamél be highlighted in bold to
distinguish them from the main text, e.g. the prapan involving a 1:3 ratio Ta:S, heated at
650°C under the standard conditions, (Section 4.PWill be referred to a¥aS;650_Std If
the unigue preparation conditionStd or SAG) are irrelevant then this section of the
reference will be omitted, e.daSs650 refers to all 1:3 ratio preparations performed %0 6

°C.

4.2.1.1 Standard Preparation

In a typical standard preparation, a stoichiomegu@antity (1:3) of tantalum (99.9% -325
mesh, Aldrich) and sulfur (99.5% Fisher Chemicaleje ground together using a mortar and
pestle and sealed in silica tubes to form ampouteter a vacuum ofa. 4x10* Torr. In all
cases 1-2 g of starting material was used leadirte use of 0.9 g (0.02 mol.) tantalum and
0.48 g (0.06 mol.) sulfur. The silica tubes werepgred, filled and sealed into ampoules, as
described in Section 2.3.1.1. Once sealed, theasiimpoules remained vertical with all the
powder at one end before being placed horizontailya ceramic brick in the centre of an

Elite muffle furnace, (Section 2.2.5.1) and heaiedr a temperature profile that was similar
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to that used in the TaSanofibre preparations, (Section 3.2.1.1). Stepas for safety

considerations, as outlined in Section 2.2.4.6.céOnheated for a period of up to 60 hours,
(Step iv), the ampoules were quenched in air tanréemperature (Step v) as described in
Section 2.2.4.8. The resultant nanofibres were phllgiseparated from the residual powders
using tweezers once the ampoules had been operkdhamacterised. The three regions
within the ampoule, as introduced in Figure 2.4 & used for discussion purposes when

the results fronTaS3;650 Stdare discussed in Section 4.3.1.

Step iv
650 °C, 60 h

Step iii Ste
oil pv
200 °Ch Air quench by
removal from

furnace

Temperatur

Step i
115°C, 3

Step
200 °CH

Time

Figure 4.3: Temperature profile usedliaS;650_Std This is given as an example of the
temperature profile used throughout the preparationTa$g nanofibres.

4.2.1.2 Surface Assisted Growth Preparation

Following the success of the surface assisted gr@xperiments with the tantalum disulfide
system, (Section 3.2.1.2 and Section 3.3.2), singiigperiments were carried out with the
tantalum trisulfide system. In these reactionsd(9.005 mol) tantalum (99.9% -325 mesh,
Aldrich) and 0.48 g (0.015 mol) sulfur (99.5% Ilt@s Chemicals) were mixed using a
mortar and pestle and placed in the lower sectfom specially adapted silica tube, (Section
2.2.4.4.2) using a long powder funnel. A pieceanftalum foil; 30 mm x 8 mm x 0.1 mm,

(99.9%, Aldrich Chemicals), was inserted into thgper region of the adapted silica tube
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before it was evacuated and sealed to form an alag8ection 2.2.4.5). The result was an
ampoule with two volumes separated by a constnclimver volume containing a mixture of
elemental powders, and the upper volume contaiaiqiece of tantalum foil as shown by
Figure 2.6. The ampoules, once sealed were trarsptotan Elite muffle furnace, (Section
2.2.5.1), in an upright position to maintain theygibhal separation of the reactants. The
ampoules were heated horizontally over a tempergitofile as shown in Figure 4.3 and the
resultant nanofibre formation removed by mechameaihods. The results from preparation
TaS;:650 SAGare discussed in Section 4.3.1, using the thrgiems as introduced in Figure

2.4.

4.2.1.3 Effects of Changing Temperature Regime on Nanofibnes Formation

Different temperature profiles were utilised to $msv they affect the formation of the nano-
structures. Experimental parameters were kept anhstith the exception of the maximum
reaction temperature (Step iv). Preparations weareierl out in both standard and surface
assisted growth configurations.

High temperature preparationsTaS;1100) were attempted with a maximum
temperature (Step iv) of 1100 °C. The choice of tamperature was governed by the upper
temperature limit of the silica ampoules that haeen used throughout this project (Section
2.2.4.6). Lower temperature preparations were eésded out; the experimental conditions

are given in Table 4.1.

Preparation Annealing
Label Temperature °C
TaS;1100_Std 1100
TaS;750_Std 750
TaS;500_Std 500
TaS;400_Std 400
TaS;1100_SAG 1100
TaS;750_SAG 750
TaS500_SAG 500
TaS400_SAG 400

Table 4.1: Experimental conditions for the chandgemperature regime preparations.
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4272 Characterisation

PXD was carried out with typical analysis runnirggaastep scan between 5 and 80,°vidth

a step size of 0.02 ° utilising a speed that gav@ kour scans. For the scans that were
required for higher level analysis longer scansewgarried out again over the same range but
lasting for 15 hours. Different diffractometers baween used for the analysis as explained in
Section 2.4.1.3. PXD slides were prepared for poadby smoothing the powdered products
over the indentation to provide a flat uniform swd. Many different methods of loading the
PXD slide with nanofibres were attempted, as oatliin Section 2.4.1.2 as the nanofibres
proved reluctant to yield a PXD pattern of suffidieresolution for quantitative X-ray
analysis, indexing or refinement. The best restdtae from either adhering the nanofibres to
the glass slide using a carbon tab, (Section 248B) or dispersing the nanofibres in ethanol
and dropping them into a hot glass slide (Sectidtil2?.3.4).

SEM was performed at 20 KV, in high vacuum modehwi typical working distance
of 10 mm and spot size 3 or 4. Samples were loadéa aluminium slugs using a double-
sided adhesive carbon tabs which provided enougidwsiion to prevent the need for a
coating procedure. EDX was used in conjunction wtfith SEM to ascertain approximate
elemental ratios. Different SEMs have been usedther SEM analysis as explained in
Section 2.4.2.3.

TEM and electron diffraction was carried out usiwg different microscopes (Section
2.4.3.7), with typical samples loaded by dispersadmanofibres onto a carbon holey grid
(300 mesh Ni) using propan-2-ol.

AFM measurements were performed using a custont Bgijlum Research AFM.
Nanowires fromTaS;650 SAGwere spin coated onto a silicon dioxide surfaceescribed
in Section 2.4.8.3 and placed in the AFM. To talecteonic measurements, SiGurfaces
striped with gold 200 nm wide were prepared (Seco4.8.2) and coated as described in

Section 2.4.8.3.
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4.3 Results and Discussion

4.3.1  Preparations Ta5650 Std and Tag50 SAG

Upon quenching in air, nanowire formation was obsdralong the edges of the ampoules in
Region Il and II’, and on the residual powder thaethained in Region | and I'. Figure 4.4

show schematics of the reaction results along wlith Regions that will be used for

discussion purposes, initially introduced in Figird. Defects in the walls of the ampoules
again appeared to act as nucleating points fomdrewire formation as seen in the %aS

system in Figure 3.13(d).

TaS;:650 _SAGshowed similar yields in fibrous material in Regio to that found in
Region | of TaS;650_Stdwith an additional yield growing from the surfagkthe tantalum
foil in Region III" as shown in Figure 4.4(b). Thtise yield appears to have increased when
compared with preparatioraS;650 Stdas was found in the TaSystem Section 3.3.2.

The products of the standard and surface assigiedvth preparation were
indistinguishable in terms of morphology, compasitand structure and have therefore been
combined as one section. Where specific differerumesir between the two configurations,

they have been outlined in the relevant sections.



(a) TaS650_Std

Placed
horizontal in
muffle furnace

After heating
650 °C 60 h

Region Il

' Region | =
Ampoule sealed Residual _

with Taand S in powder Flbrou_s

1:3 ratio material

(b) TaSy650_SAG

Region 1l

A\

@ T

Placed
horizontal in
muffle furnace

) (

Region II’

Region I’ |

After heating
650 °C 60

Region III’

Ampoule sealed material
with Taand S in
1:3 ratio

' Residual )
powder Fibrous

Figure 4.4: Schematic of the results forTas;:650 Stdand(b) TaS3:650 SAG.In each case
threeregions marked for discussion purposes.
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4.3.1.1 Residual Powders

The residual powder from Region | & I’ of the ampesifrom preparation$aS;650 gave a
PXD pattern that could be indexed to the o-#&unit cell and not to any of the published
monoclinic phases of TaS The powder pattern was indexed using 36 diffepelaks and has
an orthorhombic unit cell with lattice parameters 86.75(3) A, b = 15.164(6) A and ¢ =

3.344(2) A and fits the space grou@222. The PXD pattern from preparation

TaS;:650_SAGand the peaks that have been used for the indexmghown in Figure 4.5.
0-TaS is the phase identified by Wt al. for TaS nanobelts? Unfortunately, there is no
refined structure for this phase in the literatufgtempts to determine the full structure from
the powder data through direct methods (and refime structure using least squares
refinement) proved futile as the PXD data appearetdto be sufficiently resolved. The

structure could perhaps be obtained using a Sytramri-ray source.

6000
5000 -
4000 -
3000 A
2000 A

- -J L M_JMLJ blbb

0

U L_J\. KJL.ML‘J Uu \_}u?‘bvm-\,_‘,.)\luw\

5 18 25 35 45 55 65 75

Figure 4.5: PXD pattern showing the 36 indexed pdekm the powder pattern of the
residual powders from Region I’ of the ampoulepm@parationTaS;650 SAG (X-pert
diffractometer).

SEM analysis (Figure 4.6 showed the residual powderonsist of sharp angular particles

with a broad range of dimensions ~ 10®. The general morphology is not plate-like as
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would be expected from a material that does notgsxsa layered crystal structure and EDX

confirmed a 25:75 ratio Ta:S (x 1) indicating §aS

Figure 4.6: SEM analysis of the residual powdersfi@S;650 (SEM #2)

4.3.1.2 Fibrous Morphology

43.1.2.1 Powder X-ray Diffraction

Figure 4.7 shows 2 PXD patterns; one from the riared, (a) recovered from Region IlI' and
the other from the residual powders, (b) recoveredh Region I' of an ampoule from
preparation TaS;650 SAG It is clear from this comparison that there anderent
differences between the phases and indeed thaiatinafibres are not of the same structure as
the residual powders. The nanofibre powder pattaeils to index to either of the known
phases of TasS

Many of the PXD patterns that were taken of theofiares were plotted on the same
axes and the 10 best resolved peaks extracted.e Teeks were run through Dicv8? an
indexing program that indexes the pattern to ueltscin all the possible crystallographic
systems (Section 1.2.1). A number of solutions vadatained and these were matched against
the most representative PXD pattern and comparetthagopossible space groups for that
solution, before the unit cells were refined in CHFR' using the 20 most resolved peaks in
that pattern. The most likely 3 solutions were thsed to index the SAED data, (Section

4.3.1.2.3 and one final solution was selected esdfution with the best fit to all the data.
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Figure 4.7: PXD pattern for (a) typical nanowiresm TaS;650and (b) typical residual
powder fromTaS;650 (D5000 diffractometer).

The final indexed unit cell solution was monoclimith cell parameters a = 9.966(1) A, b =
3.4698(1) A and ¢ = 14.631(3) A afd= 106.49(1) ° with space gro@i2 /ml. In keeping

with the notation first introduced in Section 1,@He indexed form of TaSs hereon referred

to as mTaS. The unit cell for mTaSis similar to both the published, m-TA8 andmy,-
TaS'* but has a significantly reducefl angle when compared to m-TaShe unit cell is a
closer match to the qp TaS than m-Tagindicating that there may be some analogy between
constraining the structure into a nanofibrous foamd applying pressure. The unit cell
parameters of all three phases are given in Tal@eAl.comparison of the two theoretical
powder patterns is given Figure 4.8. Theoreticalger patterns for the model of both the
published monoclinic forms are very similar witimaist identical peak positions and different

peak heights, yet quite different to the observaitiepn.

Label a b C B
m-TaS™ | 9.515(2) A| 3.3412(4) A14.912(2) A| 109.99 °
My-TaS > | 9.52 A 3.35 A 14.6996 Al  107.487

m-TaS | 9.966(1) Al 3.4698(1) A| 14.631(3) A 106.49(1) °

Table 4.2: Table to show the comparison betweetwtbgublished monoclinic unit cells and

the indexed solution for the nanofibres.
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The indexed unit cell for pTaS; is also similar to the unit cell given for the kogous NbSeg
nanowires found by Slat al. which have unit cell parameteass 10.0 Ab=3.5 A ¢ = 15.

6 A andp = 109.5 **®® The nanowires of NbSere however in this case more likely to
closer resemble the crystal structure of the bsllaaesult of the synthetic procedure when
compared to Tasnanofibres formed in the methods above. The Nbfamofibres were
formed by ultrasonically cleaving bulk NbsSerystals rather than a chemical reaction. The
crystal structure of the resultant nanofibres wdwddexpected to be highly controlled by the
original bulk crystal structure. The NhSeas noted as being similar to and indeed the
starting point for the crystal structure determimas for the high pressure phases of jfaS

NbS; and TaSgby Kikkawaet al.**?

-m-TaS3

| “JMLM !

P
AT

- Mpp-Tas3

1] 1
1 ] | i O A T T T T LRI M
T T T T L B o e e e LA B e e |

5 16 16 20 25 30 35 40 45 50 55 60 65 70 75 80

Figure 4.8: Generated powder pattern for the twdetsof the Tagphases showing the
similarities in the peak positions.

The inability to refine the structure for atom pmsis from the X-ray data has been a large
hindrance to this project. The unit cell parame#zesin agreement with PXD and SAED data
but it has not been possible to acquire a suffitienlose starting model for Rietveld
refinement of the structure. The best results wetaioed using my-TaS as a starting model

with the indexed unit cell parameters, but a reablnrefined structure was unobtainakfe.
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values of ~ 5 were the best that was achieved.n#ite were made to form bulk scale
materials with crystals of pTaS but to no avail the X-ray data not sufficienthsoéved for
refinement to the model. Synchrotron experimentsild/ help to determine the structure by
providing high resolution data, though there mayphbeblems associated with sample purity.
It is possible that m-TaSor o-Ta$ is interfering with the intensities of expectedake

leading to the complications encountered in thecstire determination.

43.1.2.2 Scanning Electron Microscopy

The fibrous material from Region Il & III’ was sed¢o be of 1-dimensional morphology with
aspect ratios of ~ 20,000 (lengths in excess ofrtand widths up to 200 nm), (Figure 4.10).
This is in contrast to the aspect ratio of 12,0806orded forTaS,650 Std discussed in
Chapter 3. The nanofibres of TaSare similar in terms of appearance to those olbseby
Wu et al. in the form of nanobelts and have comparable asp#ios®® Lengths of up to 4
mm is extremely long for nanofibres however compkrdengths have been observed in

analogous systems e.g. Ti%

p—i 200 um

Figure 4.9: SEM micrographs of Taganofibres fronTaS;650 Stdshowing; (a) general
morphology, (b) bundles of nanowires and ribbobslts, (SEM #1).

EDX showed an average ratio of 25:75 Ta:S, (+ 1)cetthg a 1:3 ratio and suggesting a
TaS stoichiometry. Bundles and mats / bales of aligmanowires were seen from the
surface assisted preparations (Figure 4.10). Thesbaere comprised of fibres of similar

dimensions to those described above, except shartength. The bales were ~ 4fh x 60
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um and 5-1Qum thick and seen in the fibres close to the tantdil surface, indicating that
they may have originated on the surface and brakeay during the opening of the ampoules.
This was one of the few areas where the results ¥aS;650 SAGdiffered in any way to
those fromTaS;650_Std No notable increase in length was observed,gihdle fibres from
both syntheses were in general longer than in #® preparations, the lengths of the FaS
nanofibres were < 4 mm while Ta8 1.2 mm. Also no hexagonal crystals were obgkrve

while using a 1:3 ratio of starting materials, asid be expected with the formation of $aS

Figure 4.10: SEM micrographs fromaS;650 _SAGshowing; (a) bundles of nanowires and
(b) bales of aligned nanowires, (SEM #1).

4.31.2.3 Transmission Electron Microscopy

TEM on the trisulfides was performed with both Pr&f. D Brown from University of
Nottingham and Dr. I. MacLaren from University ofasgow.

TEM from TaS3650 Stdand TaS;650 SAG shows the presence of nanofibres with
diameters in the range 50 — 100 nm (Figure 4.13AED data were used to differentiate
accurately between the three possible solutionsegafrom the PXD data by Dicvol in
Section 4.3.1.2. The method used for indexing ist lescribed with a schematic (Figure
4.12). Essentially a number of SAED patterns wedexed to each of the structures and the
errors calculated between the actual positionsta@dheoretical positions for the diffraction

spots.
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75 nnr

Figure 4.11: (a) TEM micrograph showing a singleavaine of diameter <75 nm; (b)
corresponding diffraction pattern indexed to vasiepots in the 001 and the 010 directions of
the m-TaS structure, (T20 microscope).

Starting with the first SAED pattern and the fisstucture (to avoid confusion the-TaSs
structure will be used); the spots were assumde ta zone axis meaning that the largest spot
spacing was representative of the shortest urlipeeameter which for piraS would be the

“b” parameter 3.4698 A, thus defining the converdaxtor. The other distances were then
measured, converted and compared to the other awe® for a best possible fit, e.g. in
Figure 4.12 if one assumes the longer spacing4698. A, then by measuring the shorter
spacing and converting from reciprocal space tbspace, (Equation (2.14)), hypothetically
one may obtain a value of 9.9655 A. This is clas¢he 9.966 A expected for the™unit

cell parameter. The pattern can now be fully iretexo this structure as shown in Figure
4.12. Comparison of the measured spacings withulzdtxd spacings for the monoclinic unit
cell, (Equation (1.8)) gave a value for the errameen the model and the SAED which could
be used as a figure of merit for the unit cell mModRepeating the process for the best fit
between all 3 indexed unit cell models (deducedimyvol from the PXD data), allowed the
unit cell solutions to be quantitatively compared @he best structure chosen. The advantage
of this method over using a calibration diffractipattern is that the exact calibration of the
diffractometer will drift minutely over short timperiods. The only thing that is truly
constant is the ratio of distances within a singjiéraction pattern. This method therefore

does not rely on calculations that may have astwmtsystematic errors.
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Figure 4.12: Schematic explaining how the SAEDgrat were used to choose between the
unit cell solutions from the PXD data towards threcture of the Tagnanofibres.

The indexed unit cells showed a clear preferenceh® structure that has previously been
referred to as mraS. The collective error over 40 measurements andfdrent SAED
patterns was 0.04 A. The other structures had keatide error over the same 40 spot
measurements in the range 1.4 A to 0.09 A indigatiat m-TaS was indeed the best fit. m-
TaS was the next best fit with a collective error asr¢he 40 spot measurements of 0.09 A.

The diffraction pattern accompanying the image igufFe 4.11 shows spots in the
010 and 001 plane from the indexed monoclinic unit cell-faS. Crucially the spacing of
the diffraction spots is in no way relatable to gmthorhombic structure, adding weight to the
earlier argument that the structure of the nanefitwas different to both that of the residual
powders and the nanobelts found by #al.>

High resolution TEM imaging shows lattice fringesigiffe 4.13(a)) that can be
measured to yield d-spacings ~9.9 A, which is cawlpla to the 001 spacing of thg-TaS
unit cell. The nanowires had a high tendency ta sjfbng the direction of the lattice fringes
(Figure 4.13(b)) indicating a cooperative growth cimenism which creates longitudinal
weaknesses as the layered structure forms, oee daytop of the other. The splitting of the

nanowires along the long axis of the wires and @ddie direction of the fringes in the high
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resolution TEM (Figure 4.13(a)) suggests the wiragehthe 00l direction perpendicular to
that of the long axis of the wire. As the anglenssn the h00 and 00 @ngle) is not 90 ° in

the m-TaS stricture, it is possible to conclude that thegl@xis of the wire propagates either
along the 0kO direction or at an angle to all trmeee axes. The high-resolution TEM images
also suggest that the fibres are solid with a ¢laiss section, indicating belts or ribbons
(Section 1.1.3). These fibres are therefore priybadt formed by the rolling of sheets as is

often the case in pseudo-graphitic materials.

Figure 4.13: TEM images of Ta8Banowires showing (a) the high tendency of thesvio
split along lattice fringes and (b) a high-resauatiTEM image showing the lattice fringes at
~9.9A.

Two different zone axis SAED diffraction patterrme abserved depending on the orientation
of the nanobelts. The two different zone axis paiteshow pairs of spacings corresponding to
the 001 and the 010 axes at right angles in ondalend00 and 010 axes again at right angles
in the other with respect to the-aS structure.  As both the zone axes show up the 010
direction, it follows that this direction is commaa both planes within the nanofibres and
therefore the direction of propagation of the aystructure along the long axis of the
nanofibre. The pictorial alignment of the nanofilbred diffraction pattern in Figure 4.11 also
specifically shows thé@10 direction is in line with the long axis of the & (90 ° rotation
between image and corresponding diffraction patBesction 2.4.3.2).

The evidence above and the fringe spacing measutsnseiggest that the fibres
propagate along the OkO direction of the monoclisicucture which coincided with the
direction in which the chains of tantalum atoms through both the m-TaSnd myTaS

structures (Figure 4.1). Nanoribbons of the amalegNbSe material were found by Haat
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al. to also propagate along tlhedirection of the unit cell with the 1-dimensior@lains of
atoms aligned with the length of the ribbGRsTiS; nanobelts, another stoichiometricly
analogous system, have been seen with the 01Qidimesdigned parallel to the long axis of
the nanobelts as wéfl? The same concept has been seen in another low sionah material
that forms nanofibres NMbe,.'®® However, in this case, the structure is hexagora!
monoclinic and the chains of metal atoms propapgatallel to thec axis rather than thie axis
of the unit cell. The fibres are still crystalloghagly aligned so that the chains propagate
down the lengths of the fibres.It is therefore not unprecedented for there to be
crystallographic texture directed towards the chah tantalum atoms that lead to the low
dimensional properties in the bulk TaSThe crystal structure remains ambiguous as
refinement has been unsuccessful.

Although the crystal structure ofifiaS is unknown it is likely to be similar to the
other two known structures both of which have thema space group and therefore could
possibly exhibit 1-dimensional electrical conduityivalong their lengths, as a result of the

crystal structure alignment. This possibility wasgdstigated using AFM.

43124 Electrical Measurements, Atomic Force Microscopy

The AFM work was carried out in collaboration wRihof. P. Moriarty and Mr. A. Stannard at

the University of Nottingham to see if electricabnductance along the lengths of the
nanofibres could be proven, following the indexafghe SAED patterns and the suggestion
that the belts should conduct as a result of thistal structure alignment within the nanowire
crystallography.

Images of the surface of the silicon and the naresnvihat were present after spin
coating were obtained, as shown in Figure 4.14. fitseowires are seen to be pfin in
diameter and longer than the @fh that the AFM can measure. The cross section ef th
nanofibres can be seen by a 3D plot of the AFM iesaand are seen to be either round or flat

depending on the wire, with heights ~ 200-300 nragreement with the TEM data presented.
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Figure 4.14: AFM images and 3D plots of Fafdnowires on a Sisurface.

Initial results for the electrical measurements vgéd that the nanowires were indeed
conducting. Figure 4.15 shows a single Fa@nowire, attached at one end to the gold
electrode and crossing the Si€urface. The current / time and voltage / timesesi(Figure
4.15(b) and (c)) show 2 distinctly different respes. The first is that seen when the AFM tip
is positioned for the measurement over the goldasar (Position 1). Here the current
changes with time such that it mirrors the voltagange, indicating Ohmic behaviour (Ohms
law is obeyed). The second is from the positiorofighe AFM tip over the Si@surface,
(Position 3). The trace now looks just like backgrbunoise as the scales on the IV traces are
different. In the trace on the left the scale im@mo-amps and on the right picoamps so there
are 3 orders in magnitude difference between tle Whe response from Position 2 on the
diagram is identical to that of the response froosiffon 1, clearly indicating that the

nanofibre is conducting along its length.
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Figure 4.15: (a) Single Tg®anowire connected to a gold electrode and thitigos of the
AFM IV curve measurements; (b) the IV trace fronsition 1 and 3 showing the potential vs.
time and current vs. time plots that mirror eadireotand (c) IV trace showing the potential
vs. time and current vs. time plots that show dragkground noise from position 3.

Ohm’s law was utilised to calculate the resistafocehe system as shown in Equation (4.1),
giving a value of ~ 10 1.

100 _1oma 4.1)

This was however the resistance of the resistseiies with the nanowires to prevent damage
to the AFM from high currents. Removing the rasisfielded poor results as the contact
resistance between the wire and the gold and the avid the AFM tip was greater than the
resistance of the wire over the short distancedgorinasured ~@.

TaS in the bulk has a resistivity of 3 xt@cm at room temperature and experiences
a metal-semiconductor transition at 270 K as alregiPeierls distortiort>® The comparison
of this measurement in the nanomorphology woulceHaeen of interest. The evidence above

suggests that the nanofibres do indeed condudrielgc and do so with low resistance.
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The exact resistance of the nanowires cannot loalated in this way. However over
a distance of 100 nm a wire / crystal with crosgtiseal area 100 nm x 100 nm should have a
resistance of ~3 x10Q (Calculated from the resistivity of the bulk maakusing Equation

(4.2)).

- RA
P== (4.2)

£ = Resistivity

R = Resistance

A = Cross sectional area

¢ = Length
A reliable alternative method of measuring the stasice of the nanowires is needed but
equipment and time constraints have prevented sxgeriments from being carried out
during the course of this project. The method usgdHor et al. to measure the charge-
density-waves in the Nbgesystem has been shown to yield accurate resélitghe end of
the project collaborations with the Electronic dfléctrical Engineering department and the
James Watt Nanofabrication Centre at the UniverHit@lasgow were beginning.

The idea develops on the methods used at Nottinglhaandiscussed above but the
intention would be to spin coat the nanowires oatmsulating surface containing small
square gold markers laid out in a grid of side ~8 m length. The grid of gold markers
could be used to electronically map the surfacewatig the position of nanowires to be
reproducibly calculated. A removable insulatindypoer would be applied to the surface on
top of the nanowires to protect them and e-beahoditaphy used to cut channels into the
polymer to be filled with gold, forming the eledati®s. Finally the polymer could be removed
and the measurements taken on a micro probingstaflhe advantages of this method are
that the contacts will be placed over the nanowatber than under them giving a much more
secure fixing. Also 4 or indeed 5 terminal measwets can be use so as to avoid the
measurement of contact resistance. Figure 4.1@/sle possible setup for the electrical
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measurements on the probing station. The potetiffatence is applied through electrodes 1
and 2 with the flowing current measured acrossteddes 3, 4 and 5. The distances between 3
and 4, 3 and 5 and indeed 4 and 5 should allovaticerrate calculation of the resistivity of
the nanowire from Ohm’'s Law and the equation ofistesty, Equation (4.2) the cross

sectional area can be estimated by TEM.

nanowire
Il I BN B B

Gold teminal 4 >

Figure 4.16: Schematic showing a 5 electrode measemt setup for the resistivity
measurement on a single nanowire.

Conducting nanofibres have application in all feelaf nano electronics as connecting wires
with a 1-dimensional aspect to the conduction egsradvantage. Should these wires exhibit
the low dimensional properties of the bulk and earicignificantly better along their lengths
than across their widths then obvious advantagedegostulated. In macro scale electronics
a 3-dimensional conductor (copper) is coated witkulating plastic to form what is
essentially a 1-dimensional conductor to prevemrtghg should wires cross, but the
challenge associated with achieving this on theoseale are large. A 1-dimensional, (self

insulating) conductor on the nanoscale would tlweeebe tantalising.

4.3.2 Effects of Temperature on Nanowire Formation

4.3.2.1 High Temperature Preparations

The ampoules frontaS;1100showed no nanowire formation and a crystallinel grloured

powder with residual sulfur on the sides of the aulp. The gold coloured crystals were
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characteristic and suggestive of 1T-FTa8d were confirmed as such by PXD. The peaks
were indexed to a hexagonal unit cell with cell gmaeters as shown in Table 4.3. The

calculated cell parameters are in good agreemehttivose from 1T-TaS

-1T TaS,

T 1] T 1 | [ I
5 10 18 20 25 30 35 40 45 50 55 60 65 70 75 80

Figure 4.17: PXD analysis showing the match betwberproducts oTaS;1100and 1T-
TaS. (D5000)

Phase a c
TaS$;1100 Std| 3.371(4) A| 5.9032(4) A
1T-TaS 3.3649 A | 5.8971 A

Table 4.3: Unit cell parameters from the indexed g@mpatterns of preparatidmS;1100
compared to the published values for 1T-THS

This indicates that TaSs unstable at high temperature in the bulk pleaskdecomposes to
give 1T-Ta$ (the high temperature phase of Fahd sulfur. Ta®is known to decompose
when heated under high vacuum (<"1Dorr) at 650 °C into TaSand sulfur so this is not
suprising*?® Wu et al.’s paper shows that the upper limit unde i, (8 x1& Torr) for
TaS to exist is less than 850 °C as at this tempezal@SQ nanobelts were converted into
Ta$ nanobelts?

SEM showed smooth flat crystals as would be expgefdethe 1T polytype of TaS

and similar to those seen in thaS;1100reactions. The disk-like particles are 1045€ in
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diameter and 5-1@m thick. EDX shows an average ratio of 33:67, T4t52), indicating

TaS.

Figure 4.18: SEM micrograph showing the general inoiqgy of products fronTaS;110Q
(SEM #2).

4.3.2.2 Preparation TaS;750

No fibrous material was observed in Region Ill dhdof the ampoules which contained a
residual powder in Region | and I' of the ampoule3he residual powder was more
crystalline and gold like in appearance than olestin the lower temperature preparations.
In Region Il and II', black crystals were obsenadng with large silver plate-like structures.
These silver platelets grew off the walls of thepamle anchored by a single vertex.

PXD of the residual powder shows peaks that maichoth those expected for 1T-
TaS and 3R-Tag (Figure 4.19). The peaks associated with the lytyjme were indexed to
give unit cell parameters as shown in Table 4.AesE values match those of the 1T-polytype

of TaS.
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Figure 4.19: PXD pattern faraS;750showing a match to both 1T-Ta&d 3R-Tag

0

Phase a c
TaS;:900 | 3.360(8)) A| 5.8990(8) A
1T-TaS | 3.3649 A 5.8971 A

Table 4.4: Unit cell parameters from the indexed g@wpatterns fronfaS;750, compared to
the published values for 1T-Ta8?

SEM of the residual powders showed flat platelstsiagle particles of diameter between 20
and 100um and thickness in the range of 5 —2B. These particles are different from those
experienced in the higher temperature preparatenshey are less smooth and clean and

thicker. EDX still gives a ratio of 33: 67, Ta:S, Zx

Figure 4.20: SEM micrograph of a particle from theidual powders fromaS;750. (SEM
#2)
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The silver plate-like, structures were approximagb mm in length, hexagonal in shape and
~ 8-10um thick (Figure 4.21), EDX showed them to have 2 tatio of Ta:S, (36:64, + 2)
indicating Ta. In an attempt to determine the crystal striectoirthe silver platelets, they
were submitted for single crystal X-ray analysigd gound to be polycrystalline. All the
crystallites were noted as being Fdfbit polytypic analysis has been unsuccessful,ghau
was suggested that the structure was either therZtT polymorph, though being silver in

colour are unlikely to be the 1T polymorph as thiswdd be golden.

Figure 4.21: Hexagonal plate-like structure of 7&8m preparation3aS;750, (SEM #4).

4.3.2.3 Low Temperature Preparations

4.3.2.3.1 Preparation TaS500 SAG

Upon removal form the furnace there was a resigoalder in Region I’ and a large yield of
nanofibres noticed in Region III’ with a similar msistency to those fromMaS;650 SAG
The PXD for the residual powder matched that of th€aS polytype as discussed in
TaS;650_SAG The PXD of the nanofibres utilising a carbon shlowed the TaS. The

PXD of the nanowires is shown in Figure 4.22 thevgher pattern is shown matched to a
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theoretical powder pattern generated from thdas unit cell. The discrepancy between the

peak heights is due to the unrefined atom positwittsin the model of mTaSs.
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Figure 4.22: PXD data for the preparatibmS;500_SAG (D5000 diffractometer and a
carbon tab).

The formation of nanostructures of &a$ favoured by the lower temperatures as was noted
in the Ta$ nanofibre productions where at high temperatiises{1100 the yields tended to
zero and at low temperatures the fibres becamemiblf Tag (TaS;500). The yields were
optimised at 650 °C for Tashoweverwith TaS a higher yield of formation occurs at 500
°C. At lower temperatures the fibrous yield fadlgain and the residual powders begin to
contain much starting material. If the desireddoc is Ta$ the optimum temperature is
therefore 500 °C which is comparable to work achieby Srivastava and Avasthi where it
was found that single crystal formation of TaSbest achieved at 500 — 550 °C usinGlS
as a transport agent in the presence of some egclss'?®

SEM micrographs were taken of the nanowires whidwsfibrous masses of ribbons
and belts that form together in bales and matsilairto those seen iMaS;650 SAG The
fibores are observed as multi-filament with veryefifibres making up the larger bundles.

Aspect ratios outside of the clumps which appedraee broken off the foil surface are still



~20,000 with similar dimensions to those observetiaS:650 SAGQG i.e.lengths in excess of

4 mm and widths up to 200 nm.

Closer inspection of the foil surface showed theafilbres growing off the surface in random
directions. Growth is therefore nucleating onshe&ace and the crystal structure propagating
in its preferred direction from the surface, (Fguyr.24(a)). In Figure 4.24(b), the surface is
magnified showing that the Ta8anofibres are not in fact growing directly frohe ttantalum
surface but from a Ta3ayer that is coating the Ta surface trb thick. A number of EDX
measurements were taken with Figure 4.24(c) anddte of Ta:S calculated for different
areas of the image and shows that the; Te®ofibres are growing parallel to the FTa8rface
and then curling upwards away from the surfacetmfthe fibrous material observed (Figure

4.24(c)).
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Figure 4.24: SEM micrographs showing; (a) the forarabf TaS nanofibres on a TaS
surface coating from preparati®daS;500 SAGand (b) a close up of the surface from which

the nanofibres are growing and (c) Nanofibres pgdback off the surface with spots
measured by EDX with the ratio of Ta:S given, (SEN. #4

4.3.3 Conclusions

The crystal structure of the nanowires formedTmS;650 Std and TaS;650 SAG were

found to be monoclinic and indexed to a unit ceithwspace groupP12, /ml and cell

parameters a = 9.966(1) A, b = 3.4698(1) A and ®#%31(3) A and3 = 106.49(1) ° (m
TaS), in contrast to the o-TaStructure nanobelts found by Wtial.>® The growth of the
nanowires was noted as the direction of the shioueg cell parameter which has been
observed by other researchers working on othegamic nanofibrous systerms.’* 152 160. 193
Most notable in the context of this work is thenfi@ation of NbSenanowires and ribbons with
a similar unit cell and space group to theTaS; structure discussed above®* These are
also found to have the crystallographidirection aligned to the long axis of the wirfeas
are TiS nanobeltd® There is no mention of the crystal alignment witthe nanobelts of
TaS by Wwu®® Perhaps more importantly in these 1-dimensioratenmals is the concept that
the crystal structure alignment corresponds withdhiection of propagation of the chains of
metal atoms rather than that the shortest unit galhmeter. Indeed it has been noted in
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NbsTe, that the direction of propagation of the nanofiateo corresponds with the direction
of the chains of metal atoms in a hexagonal systémmough again this could be down to
preferential growth along the shortest unit cetigpaeter.

Unfortunately unlike the analogous systems, NBSE® and Tig,'*? there is
significant differences in crystal structure of tmanofibrous and bulk morphologies.
Refinement of the nanofibre PXD data has been wesstul.

Early electrical measurements have been carriecandtindicate that the fibres do
indeed conduct electricity however 4-terminal measients are needed to obtain a value for

the resistance of the nanofibres.
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Chapter 5: Tantalum Nitride and Tantalum Oxide

Nanofibres

51 Introduction

In this chapter, the potential for converting tlfide nanofibres produced in Chapter 3 into
other functional materials is investigated. Theiwation behind this work was firstly to see
if indeed it was possible to obtain a high levelnodrphological control over the desired
products via the systematic control of the initsérting materials and secondly to set a
precedent for the formation of otherwise unknownamaetric materials.

Tantalum nitride and tantalum oxide, although veifferent from the sulfide phases
are highly desirable as they have potential usphasocatalysts and pigmerifs: 146 147. 216
Tantalum nitride nanofibres are as yet unknown evlaintalum oxide nanofibres have been
seen, either in a complicated hydrothermal synshésat produced helical nanowire like
structured’ or in a very low yield of nanotubes produced bsoBing precursor sheets! A
simple preparation of both these phases from ngaditessible sulfides with explicit control
over morphology is therefore highly desirable. F&g6.1 shows a schematic of the potential
reactions that could allow for the inter-conversiof three independent and unique

nanofibrous phases, investigated in this chapter.
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Figure 5.1: Schematic of the proposed reactionpseudomorphic transformation and inter-
conversion of three nanometric phases.

51.1 Precedent for Reversible Pseudomorphic Reactions

There are currently many methodologies for the &drom of nanofibres, these include:

i) Chemical reactions from elemental powd&r$**and seen in Chapters 3 and 4.

i) Chemical reaction from precursors, decompositioedyuctions or reactiors. **

50, 59, 152, 160

i)  Solvothermal method¥: **°

iv)  Mechanical methods? *°

v)  Templating reaction¥ > 161, 16176
All of these methods, with the exception of temiplgyt utilise reaction conditions to obtain
morphological control over the products and in maages have limited control, i.e. only one
type of morphology is possible.

So far, in the literature there are very few exampbf preparations involving the
conversion of, one nanofibrous phase into anothélising simple solid-gas exchange
reactions, though recently they have begun teapmore readil$® *"°The pseudomorphic
reactions discussed herein, offer a new directiamainometric materials production, where, in

theory, unprecedented control over morphology can dezhieved by controlling the
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morphology of the initial precursor without the defer a step where a templating agent is
removed.

The concept of inter-conversion between sulfided® and nitride phases in the bulk,
utilising the three reactions suggested in Figulelave been widely applied and researched
extensively for many decades, i.e. nitrides are monly prepared by reacting oxide
precursors with ammonia, sulfides by reacting oxmecursors with CSand oxides by
reacting many species, though rarely sulfides aind@s, with oxygen.

Little, however, has yet been achieved on the stiidiie morphology of the products
with respect to the reactant precursors in thepestyof exchange reactions, with very few
papers concerned with the formation of nanoscaltemads. Some of the more relevant

examples are given here.

5.1.1.1 Solid-Gas Exchange Reaction Involving Nanometric Pdses

Perhaps the most significant example, when tryimgsét a president for these types of
reaction, was the conversion of Bificro-fibres into TiN micro-fibres back in 1987 using
ammonia, again maintaining the morphology of thecprsor. Surprisingly this was before
the discovery of the first carbon nanotubes in 1891lijima’ and would have suffered from
predating many of the recent advances in electramoscopy that allow readily available
characterisation of modern day nanomaterials.

Thin films of TiO, have been successfully reacted with ammonia to fiinwithout
significant disruption to the thin filft® zhu, et al., investigated the formation of tungsten
oxy-nitride nanowires from tungsten oxide nanowuesg ammonia, without significant loss
of morphology?®

Henderson and Hector have described hoyNd ananoparticles could be prepared
from TaOs powders at 950 °C in 4 hours using ammdthiaLu et al. showed that by
lowering the temperature to 850 °C and extendirgreaction time to 15 hours a similar

TagNs product could be obtained from the same oxide yeeEr in a pseudomorphic
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ammonolysis reactioff’ Ta&Ns thin films have been prepared from the ammonolg$is
Ta,0s thin films with little disruption to the morpholgg?*

Cottam and Shaffer have shown the production of, Ti@horods / nanowires from the
oxidation of similar morphology TiC structur$. In this multi-step synthesis, easily
produced CNT were reacted with TiGb form titanium carbide nanowires before being
oxidised to form TiQ nanotubes.

In Section 1.9 of this thesis it was noted that ynahthe methods of formation for
disulfide nanofibres, such as W&nd Mo$S involve the sulfidation of oxide precursors using
H.S. e.g. W& nanotubes were synthesised by Teersad. by the sulfidation of tungsten sub-
oxide structures, produced in a fluidised bed @&t or produced by chemical methods
as nanowhiskers* Kroto and Zhu also have produced Wfanotubes from the sulfidation of
WO, ; nanorods, again usingzﬁl.lo3 Although these reactions do not specifically iweol
pseudomorphic change, they do set a precedenairiitby successfully interconvert between
two phases, oxide and sulfide, with a general tr@infrming nanotubes and relatively little
alteration of morphology.

It has been shown that nanofibres of 3 as the form of nanobelts, can be converted
into Ta$ with little change to their morphology by a thedgsis reactior?’ Although this
reaction is not a sulfidation, there is a changsuifur content without a significant change in
morphology. The sulfur was removed from the lathceoss a 100 °C temperature gradient
from 850 °C under vacuum, where the stability af thsulfide exceeds that of the trisulfide
and the decomposition reaction occurs as shown umttaq (5.1).

TaS, - TaS,+S (5.1)
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52 Experimental

521 Synthesis

There are three main reactions of concern to thepter, all of which are similar to each other
but very different to the reactions utilised in tpeevious chapters of this thesis. The
experimental setups are outlined in the Sectior22M&h specific details given in this section.

Some of the following preparations require produftom previously discussed
preparations leading to issues with the intricaiegarison of morphology. At the time of
these experiments, many of the initial nanofibreparrations were still producing a range of
products and the proportions of these differentipots did change with batch. Yields were
too small to allow uniform use of a single batchnaihoprecursor for all of the following
reactions so some alteration of morphology may e td the different batches of nanowires
used as precursors.

Due to the large number of different but similaggarations discussed in this section,
the different preparations will be labelled foraefnce. A labelling method has been devised
as follows.

(Precursor)-(Product)(Temperature)(nano/bulk) (Time)
The initial letters, S’, “N” or “O” indicate the precursor and product phase&xlfide”,
“Nitride” or “Oxide” respectively. The number that follows represetiie sintering
temperature in °C and the final letter is eithertthbindicate that thgrecursor was of “bulk”
origin or “n” indicating that therecursor was of “nanofibrous” origin. Finally, the sintegn
time in hours is given after the underscore. Enhg. fireparation of nitride nanofibres from a
sulfide nanofibrous precursor at 950 °C over aquerdf 4 hours carries the labeb-
N950n_4h” In a few cases where an extra notation is ng¢déndicate the specific starting
phase these will be denoted as a second undelsedrée,b,c” etc. and the information given

accordingly in the tables within the preparatiootisms.

17t



5.2.1.1 Preparations by Ammonolysis Reactions

The preparations utilising the ammonolysis reactghould follow Equation (5.2) and

Equation (5.3) depending on the initial precursor.
6TaS, +10NH, 0 > Za,N + 1H S+ H, (5.2)
3Ta,0,+10NH, O . Zra,;N,+ 151 O (5.3)
In order to balance Equation (5.2), we have to dcteploss of residual hydrogen.

These preparations were initially designed to séewhich temperatures the
ammonolysis reaction was possible under the exmpeatiah set up available and described in
Section 2.3.2.1. Henderson and Hector have shownT@eNs bulk powders can be prepared
from TaOs powders at 950 °C in 4 hours using ammdhiaLu et al. showed that by
lowering the temperature to 850 °C and extenduegtime to 15 hours a similar bulk product
would be obtained in a transformation that was klesd as pseudomorphic from a bulk
powdered precurséf® Further, Zhang and Gao showed that a nano-precatkwed the
sintering temperature to be lowered, obtaininglsiegystals at 700 °C within 5 hours using a
nanometric precursdf! With this in mind, the initial preparatio§-N950b_4hwas carried

out at 950 °C and for 4 hours.

5.21.1.1 Preparations of Bulk TagNs

TaS powders or T#0s powder (99% Tz0s, Aldrich) were placed in an alumina boat and
inserted into the tube furnace with the experimesgtup shown in Section 2.3.2.1. The 7aS
powder was the residual powders from the sulfideomare preparations (Section 3.3.1 and
3.3.2) and characterised as discussed in Sectih.B.and 3.3.2.1. In both preparations, ~1 g
of starting material was used. In the case of tligde precursor, the work tube was purged
with nitrogen for up to an hour to prevent pre-@tidn of the precursor prior to

ammonolysis. The furnace was heated to the desirgdring temperature of 950 °C for 4
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hours prior to cooling under the continuous flow NH; (3 Imint, BOC 99%). The
experimental time and temperature variables arengin Table 5.1.

The Ta$ used as a precursor in reactiSAiN950b_4hwas easily formed in large
quantities and has been well characterised yieldirgpod comparison for the use of this

reaction in pseudomorphic transformations.

Preparations Sintering Sintering Precursor
Label Temperature Time
(°C) (hours)
S-N950b_4h 950 4 TaS,650
0O-N950b_4h 950 4 Commercial T®s

Table 5.1: Table showing the experimental paraméberthe preparations of tantalum nitride
from bulk precursors.

5.2.1.1.2 Preparations of Nanofibrous TaNs

Ta$S nanofibres prepared as discussed in Section BTa&650 SAG)or TaOs nanofibres

as prepared in Section 5.2.1.2 were placed in amiah boat inside a tube furnace with the
experimental setup shown in Section 2.3.2.1. Nammis yields from other reactions were
fairly limited so only small amounts of nanofibropsecursor (~ 20 to 30 mg) were used in
these preparations. In the case of the sulfide fitmes, the work tube was purged with
nitrogen for up to an hour to prevent pre-oxidatairthe nanowires prior to ammonolysis.
The furnace was set to heat to the desired temyer&r the desired length of time prior to
cooling under the continuous flow of NKD.3 Imir* BOC 99%). The preparation labels and

variables are given in Table 5.2.

Preparation Label Sintering TemperaturgSintering Time|  Precursor
(°C) (hours)

S-N950n_4h 950 4 TaS,650 SAG

S-N800n_4h 800 4 TaS,650 SAG

S-N650n_4h 650 4 TaS,650 SAG

0O-N950n_4h 950 4 S-0800n_4h




Table 5.2: Table showing the experimental paramétengreparations of tantalum nitride
from nanofibrous precursors.

5.2.1.2 Preparations by Oxidation Reactions

The preparations utilising the oxidation reactitwowd follow Equation (5.4) and Equation

(5.5) depending on the initial precursor.
4TaS, +130, 0 . Za,0,+ &0, (5.4)
4Ta,N.+150, 0 > 6la,O.+ 1IN, (5.5)

Equation (5.5), was proposed by Zhang and &%o.

521.21 Preparations of Bulk Ta,Os

TaS powders, (prepared, Section 3.2.1.1 and discuSsetion 3.3.1.1) or EAls powder,
((S-N950b_4h) prepared Section 5.2.1.1.1 and discussed Sest®h.1) were placed in an
alumina boat inside a tube furnace with the expeni@l setup shown in Section 2.3.2.3. In
both sets of preparations, ~ 1 g of starting maltevas used. The furnace was set to heat to a
desired temperature for set period of time, procaooling under the continuous flow 0t,0
(BOC 99.9%), the flow rate was controlled by a rgér regulator and set to a few bubbles
per second through a paraffin oil bubbler. The prajen label and variables are given in

Table 5.3.

Preparation Label Sintering TemperatureSintering Time| Precursor
(°C) (hours)

S-0800b_4h 800 4 TaS,650

S-0400b_4h 400 4 TaS,650

S-0400b_16h 400 16 TaS,650

N-O800b_4h 800 4 S-N950b_4h

N-O400b_4h 400 4 S-N950b_4h

Table 5.3: Table showing the experimental paramébeithe preparations of tantalum oxide
from bulk precursors.
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521.2.2 Preparations of Nanofibrous TaOs

TaS nanofibres prepared as discussed in Section 8/3TaNs nanofibres as prepared in
Section 5.2.1.1 were placed in an alumina boatlensi tube furnace with the experimental
setup as shown in Section 2.3.2.3. Nanofibrouklyi'om other reactions were limited so ~
20 to 30 mg was used in these preparations. Theadarwas set to heat to the desired
temperature for periods of 4 hours prior to coolingder a continuous flow of D(BOC
99.9%). The flow rate was controlled by a cylindegulator and set to a few bubbles per
second through the paraffin oil bubbler. The prefpamalabels and variables are given in

Table 5.4.

Preparation Label Sintering TemperaturgSintering Time| Precursor
(°C) (hours)

S-0800n_4h 800 4 TaS,650

S-0400n_4h 400 4 TaS,650

N-O800n_4h 800 4 S-N950n_4h

N-O400n_4h 400 4 S-N950n_4h

Table 5.4: Table showing the experimental paraméberthe preparations of tantalum oxide
from nanofibrous precursors.

5.2.1.3 Sulfidation Reactions

The preparations utilising the reaction with GBould follow Equation (5.6) and Equation

(5.7) depending on the initial precursor.
Ta,N,+6CS, 0 [ 3TaS,+ 5CNS +C+S (5.6)
6Ta,0,+13CS, 0 [- 17aS,+ 180,+ X0, (5.7)

It is likely from Equation (5.6) that the reactiof @S, with TaNs produces thiocyanate
species and residual carbon and sulfur, thoughdtso possible to form other species such as

C,S°.



52131 Preparations of Bulk TaS

TagNs powder as prepared in the high temperature reect®-N950b_4h)from Section
5.2.1.1.1 or TgOs powder (99% T#Os Aldrich) were placed in an alumina boat and iresrt
into the experimental setup as shown in Section223 The furnace was set to heat to
temperature for periods of time, prior to coolingdar the continuous flow of G&r (99%
CS, Fisher Scientific, laboratory grade, 99.9% Ar frd®C gasses) the flow rate was
controlled by the argon flow and set as a few beblper second through a paraffin oil

bubbler. The preparation labels and variables arengn Table 5.5.

Preparation Label Sintering TemperaturgSintering Time Precursor

(°C) (hours)
0-S850b_4h 850 4 Commercial oxide
N-S850b_4h 850 4 S-N950b_4h
0-S1000b _14h 1000 14 Commercial oxide

Table 5.5: Table showing the experimental paraméberthe preparations of tantalum sulfide
from bulk precursors.

5.2.1.3.2 Nanofibre Preparations of TaS

TasNs nanofibres (as prepared in Section 5.2.1.1) angDslaanofibres, (as prepared in
Section 5.2.1.2) were placed in an alumina boatiasérted into the experimental setup as
shown in Section 2.3.2.2. The furnace was setei@t o the desired temperature for set
periods prior to cooling under the continuous flowCSJ/Ar (99% CS, Fisher Scientific,
laboratory grade, 99.9% Ar, BOC gasses) the flow veas controlled by a gas tap and set to
a few bubbles per second through the paraffinuldter. The preparation label and variables

are given in Table 5.6.

Preparation Label Sintering TemperatureSintering Time| Precursor
(°C) (hours)

0O-S850n_4h 850 4 S-0800n_4h

N-S850n_4h 850 4 S-N950n_4h

Table 5.6: Table showing the experimental paraméberthe preparations of tantalum sulfide
from nanofibrous precursors.
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52.2 Characterisation

PXD was carried out with typical analysis runnirggaastep scan between 5 and 80,°vidth

a step size of 0.02 ° utilising a speed that ga@eheur scans in flat plate mode. For the scans
that were required for higher level analysis longeains were carried out again over the same
range but lasting for 15 hours. Different diffratieters have been used for the analysis as
explained in Section 2.4.1.3. PXD slides were greg@ for powders by smoothing the
powder products over the indentation in the PX@leslto provide a flat uniform surface.
Different methods of loading the PXD slide with néibres were attempted, as outlined in
Section 2.4.1.2. The best results came from edldbering the nanofibres to the glass slide
using a carbon tab, (Section 2.4.1.2.3.3) or d@pgrthe nanofibres in ethanol and dropping
them into a hot glass slide (Section 2.4.1.2.3.4).

SEM was performed at 20 KV, in high vacuum modehwi typical working distance
of 10 mm and spot size 3 or 4. Samples were loadéa aluminium slugs using a double-
sided adhesive carbon tabs which provided enougidwsiion to prevent the need for a
coating procedure. EDX was used in conjunction witt SEM to ascertain approximate
elemental ratios. Different SEMs have been usedther SEM analysis as explained in
Section 2.4.2.3.

TEM and electron diffraction was carried out usiwg different microscopes (Section
2.4.3.7), with typical samples loaded by dispersidmanofibres onto a carbon holey grid
(300 mesh Ni) using propan-2-ol.

TGA was achieved using a Netzsch STA. Powdered smdl00 mg or nanofibrous
samples ~5-10 mg were loaded into alumina cruciblesheated at a rate of 10 °C foner
a temperature range of either RT-1000 °C or RT-14DQnder a flow of air (60 mimih

and argon (20 mimif).
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5.3 Results and Discussion

53.1 Ammonolysis Reactions

5.3.1.1 Preparation S-N950b 4h

Upon opening the tube furnace from prepara®h950b_4h a fine powder, wine red in
colour was observed, as would be expected frogNg athough TaNs is known to change
colour with particle siZ¢9. The initial morphology appeared to containreefj less granular
powder when compared to morphology of the flowiteck Ta$. PXD analysis of this fine

red powder matched the expected pattern genermitedef structure of Thls**® (Figure 5.2).

75000
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Figure 5.2: PXD pattern showing a match betweerPiKP peaks obtained from the products
of preparatior8-N950b_4hand those expected for the structure ofNEd*® (D5000
diffractometer).

6,189 and refined to the best unit

The pattern given in Figure 5.2 was indexed usingy@
cell, using CELREF" giving an orthorhombic unit cell as seen in Tabl&. The cell

parameters are a good match to those of thBlsTstructure, without any obvious expansion
or contraction of unit cell parameters. The usthefScherrer equation gives a value of ~27.7
nm for the thickness of the particles which is Ijkeepresentative of the thickness of the

disks, though is likely an over estimate as nothadldisks will be aligned in the PXD slide.
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Phase a b c
S-N950b 4h| 3.884(2) A| 10.208(4) A 10.261(5) A
TasNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.7: Unit cell parameters from the indexedger patterns fron$-N950b_4h

compared to the published values fogN@*®

SEM of S-N950b_4hshows the particles to consist of round plate-lgeticles (Figure
5.3(a)) and gave an average ratio of 38:62, Ta:\)(by EDX, indicating close to Eds
stoichiometry. When compared to the morphologyhef sulfide precursor (Figure 5.3(b)) it
was noted that the nitride particle shape was aimih that they both consist of disk-like
structures with lengths of ~40-1@@n and thicknesses of ~10n. It is the layered structure
of the dichalcogenide materials that tends to ptentiwe disk like structures seen in the SEM
micrographs as the weakly bound layers can sheslyeaThe structure of Tlls is not
layered and therefore does not promote the formatfalisk-like platelets in this way. As the
morphology of the nitride material seems to havenged very little when compared to the
sulfide precursor, and the absence of crystalldgcapfluence directing the formation of
these disk-like structures, it is suggested that phecursor may have had some role in
directing the formation of these nitride platel@tkese results spurred interest in the ability to

convert sulfide nanofibres into nitride nanofibvé@ghout affecting the morphology.

50.0 um

Figure 5.3: (a) SEM micrographs of typical;WNg particles fromS-N950b_4h (SEM #3) and
(b) SEM Micrograph of Tasplatelets, reproduced from Figure 3.3.
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TG-DTA analysis was carried out as described intiSe.4.4.3 and shows a trace that has
been broken down into three distinct Regions, (Aargl C in Figure 5.4), suggesting that
there are three separate processes happening sentperature progresses from 20 to 1000
°C. Region A, is a loss in mass of less than 0.% wWRegion B, consists of a large gain in
mass 8.25 wt% with exothermic nature (from DTA &pcunning up to ~800 °C before
Region C shows a small loss in mass ~0.5 wt% withdifferential trace returning to the
baseline. In Region A, the loss in mass is likalg do a small amount of water that is present
in the sample having been stored in air for a spertod. During Region B, the phase is
oxidised to TaOs hence the large exothermic DTA trace. This leakesfinal part, Region
C, which seems incomplete at 1000 °C. One pos®kfdanation could be the loss of
stoichiometric oxygen but it is hard to say withd@XD analysis of the reactants at this
temperature. High temperature (1000 °C) PXD wadtainable.

As explained in Section 2.4.4.1, the likelihoodagbredicted phase can be assessed by
the comparison of the predicted mass change oJéely reaction with the actual mass
change. It is reasonable to assume that at 100@ fowing air the most stable tantalum
phase and therefore the product isQsa This assumption is confirmed in Section 5.3.2 and
shown in Figure 5.27. Equation (5.8) shows the ipted reaction of TaNs with air giving a
theoretical mass increase of 8.15 % (RFMNsa= 612.90, TgDs = 441.90). The observed
mass increase was 8.25 %, leading to the conclukairthe stoichiometry is extremely close
to TaNs, though the small error could be due to systematiors in the equipment or
baseline calibration. Zhang and Gao noted that TGAaNs powders gave a 8.28% mass
increase when heated in air which corresponds wighl the values obtained heT¥. The
entrapment of nitrogen on the surface of the oxiideng the TGA run was given as a reason
for the difference between theoretical and actuagsichange. They also proposed the change

given in Equation (5.8). The transition occurred450 °C as is expected and was completed
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by 800 °C which gives a range that is comparabtyelathan found by Zhang and Ga8The

reason for this is likely the use of air / argorxmather than air alone.

4Ta,N, +150, 0 . la,0,+ 1N, (5.8)

TG 1% DTA Region C DTf\ef)fni\Mng

108 00

107 Mass Change: -0.55 %

r-05

[\_10

Mass Change: 8.25 %

Region E

104
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r-2.0
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r-3.0
100
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Figure 5.4: TGA data from the products fr&N950b_4h

TagNs has a theoretical absorption onset at 2.0%33\h0ugh the onset is known to alter as a
result of crystallite size, specifically that a veton in size morphology results in a blue shift.
The band onset has been shown to occur betweenad@.08 eV* 14> 216 219 |eading to
possible use as a photocatalyst and indeefNsThas shown promise as a water-splitting
catalyst*® 2?2 The wine red produc8-N950b_4hwas analysed by UV-vis DRS for its
absorption onset, (Figure 5.5) and seen to hawenaet at 2.04 eV which is within the range
given above. The onset is measured as describe8ention 2.4.6 and consists of
extrapolating the steepest part of the curve tdotiee line value of the trace and reading off
in nm, before converting to eV, (Equation (2.22))he particle size has been measured by
SEM, calculated by the Scherrer equation and etedlto the BET surface area. The SEM
indicates that the morphology is particulate witlandeters in the range 40-1Q0n and
thickness 5-15 nm. The Scherrer equation caladiltite average particle thickness at ~27.7
nm indicating a larger value than measured by SBMBET analysis showed a surface area
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of 1.38(4) nig™ as would be expected for a bulk powder and wasechout as a reference
for other measurements. The band gap would therdferexpected to be somewhere mid
range, but closer to the red boundary than the #u20 — 10Qum is large when compared to
the 18-40 nm particles investigated by Zhang and @i¢h a band gap of 2.08 & 2.04 eV

lies in the centre of the range given.

$-Ng50b_dh

Absorption Arb. units

T T T T T T T T T T T 1
200 300 400 500 600 700 800
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Figure 5.5: DRS spectra for the bulksNg sample S-N950b_4h_showing the band gap at
2.04 eV.

5.3.1.2 Preparation O-N950b 4h

This preparation yielded a wine red flowing powdarch the same &N950b_4hdiscussed

in Section 5.3.1.1. PXD showed peaks that matthedposition of those expected for the
TasNs phase as well as some peaks that matched thegmssékpected for the TaON phase.
There is therefore some TaON (~20% by calculatedayX-intensity as a fraction in
PowderCel’”®) contamination in this sample. It can be conctutiet 4 h is not long enough
to complete the reaction to 3y when the oxide starting material is used howevenmete
reaction occurs for the same reaction conditiomsgua sulfide precursor. The nanomaterials
should react faster as a result of higher surfaea so this conclusion only holds for the bulk
system. The peaks that correspond to théNg pahase were indexed and refined to give an
orthorhombic unit cell with parameters shown in Babl8. These are compared to those
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from S-N950b_4hand noted as being slightly larger in all direntipthough still within the
standard deviations to be effectively the same @ahBilse Scherrer equation yields an average
particle thickness of ~1.um indicating that the particles are much thickeanththose
produced inS-N950b_4hthough the non plate-like morphology will correedoto particle

size rather than disk thickness as observed in SE§liI(e 5.7(a)).
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Figure 5.6: PXD data fro®-N950b_4hshowing a match to the peaks for both thgNFa
and TaON contamination, (D5000 diffractometer).

Phase a b C
0O-N950b_4h| 3.893(9) A| 10.278(2) A| 10.278(5) A
S-N950b_4h| 3.884(2) A| 10.208(4) A| 10.261(5) A
TagNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.8: Unit cell parameters from the indexed gewpatterns frond-N950b_4h
compared to the published values fogNa"*®

SEM analysis shows particles that are not flateplikie disks as in Figure 5.3(a), but sharp
angular particles. Figure 5.7(a). Figure 5.7(b)vehdhe morphology of the oxide precursor
that was purchased commercially (99%.,04a Aldrich). Both samples have a large
distribution of particle sizes with the majority 6-lum in diameter and no plate-like

appearance. EDX analysis again showed ~ 3:5 rBaitg but this time with a small tantalum

deficit. Itis clear from these micrographs anaisthin Figure 5.3, that the bulk reactions were
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taking place with a large degree of retention ofrphology, irrespective of whether the

precursor is of oxide or sulfide origin.

g - &
100 um
Figure 5.7: SEM micrographs showing: (a) generalphology fromO-N950b_4hand (b)
general morphology from the commercial oxide matdhat was used as a precursor, (SEM
#4)

F O

The UV-vis DRS spectrum is given in Figure 5.8 ahdws the same band onset as 2.04 eV
as observed with the products frd8aN950b_4h The band onset was calculated again by
extrapolation of the steepest part of the curvilaéobase line. There is however no sign of the
TaON in the DRS which would be expected to appea second onset at a higher eV (lower
nm) value. The initial steep gradient occurs atlimt an energy to be due to TaON which

would have a predicted onset at ~520 nm (2.38'&\/Jhe change in particle size also has no
effect on the band onset; thought there is stltirge range of particle sizes in the sample.

The differences in band onset may be averaging out.

— 8-N950b_4h
— O-N950b_4h

Absorbthion Arb Units
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Figure 5.8: UV-vis DRS spectrum for the product©elN950b_4handS-N950b_4h
showing a band onset at 2.04 eV.
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5.3.1.3 Preparation S-N950n 4h

The fibrous materials recovered frdaN950n_4hwere bright red in colour with some areas
closer resembling wine red in colour.

PXD (Figure 5.9) showed only peaks in the corpaditions to match those expected
for the TaNs structure, indicating that the sample was puresphalhe peaks were indexed

148 though with minimal expansion

giving a good match to the published structureTasNs
along thec parameter (~ 0.2 %) as shown in Table 5.9. The p&dth of the dominant peak
led to a value of ~ 38 nm for the thickness of fibees using the Scherrer equation which is

approximately as expected for the thickness of fibees from the TEM and SEM

micrographs.
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Figure 5.9: PXD pattern for the nanofibres fr@&MN950n_4hshowing a match to the
published structure of Fis.*® Data collected using an adhesive carbon tab, i(Bect
2.4.1.2.3.3), (D5000 diffractometer).

Phase a b C
S-N950b _4h| 3.884(2) A| 10.208(4) A| 10.261(5) A
S-N950n 4h| 3.891(1) A| 10.234(2) A| 10.282(3) A
TagNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.9: Unit cell parameters from the indexedger patterns ofS- N950b_4handS-
N950n_4hcompared to the published values fogN@a*®
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SEM confirmed the fibrous nature of the productsvahg a 1-dimensional morphology with
a range of aspect ratios. Typical fibres were 460long and 100 nm wide giving aspect
ratios of ~ 4000. This morphology was similar tottbthe nano-precursor as seen in Section
3.3.2. The Tagnanofibres used as the precursor had longer Isngtlexcess of 2.5 mm and
generally wider widths 100 — 600 nm. TheNafibres were again bundles of thinner fibrils.
The precursor also consisted of cleaner fibresyreidp.10(b) shows particulates adhered to
the surface of the fibres which were not so popsilouthe SEM images of the precursor,
Figure 3.17. This may be due to fragmentation dutive handling process or as the wires
reduce in length. EDX showed an average elemeatal of 38:62 (+ 2) Ta:N which is

within tolerance off a T#\s stoichiometry, (37.5:62.5).

Figure 5.10: SEM micrographs showing the generapimalogy of the products fror8-
N950n_4h (SEM #4).

TEM images showed that the fibres were in fact nugls crystalline, with clear domains of
about 20-30 nm in diameter. Figure 5.11 shows ac#@pTaNs nanofibre with the
corresponding SAED pattern inset. The polycrystalfibres have a high degree of preferred
orientation of the crystallites, towards the longseof the wire known as texture. In a truly
polycrystalline sample the crystallites will be earted randomly leading to diffuse rings of
diffraction pattern. As is seen in the inset ofufg5.11, there are spots in the pattern similar
to those of a single crystal while the image shawmlycrystalline material. The conclusion

is that there is a high degree of cooperative dgndvetween the crystal structure alignments of
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all the crystallites leading to this texture in tBAED pattern. To conclude unambiguously
that the contrast in the bright field image is doeslightly different alignments of the
crystallites with respect to each other, dark fiehéging is needed. Dark field imaging was
carried out on this sample however; the resultewet of sufficient quality for reproduction.
Dark field imaging has been shown in the other grapons. The SAED pattern is oriented
with a dominant axis at 90° to the direction of ibeg axis of the wire, pictorially, indicating
that there is also cooperation between the crgstakth and the morphology of the material,
(90° rotation between the SAED and the bright fiehdiges from the T20, Section 2.4.3.2).
The pattern indexes well to the Cmcm space groufmefTaNs structure with the alternate
spots seen clearest in the central line runningatially top left to bottom right indicating one

of the 2 glide planes associated with the Cmcmesgagup.

Figure 5.11: TEM micrographs showing a typical poygtalline nanowire with SAED inset,
(T20 microscope).

The inset diffraction pattern was indexed to thélished structure for Bals™*

with good
agreement and the corresponding crystallograpmections determined (Figure 5.12). The
two crystallographic directions at right anglestxh other are noted as 001 and the 110. It is

possible to conclude therefore that the directibpropagation of the wire is the 001 as this

direction corresponds with the long axis in the THMcrograph (Figure 5.11). This
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conclusion is contrary to many publications wherteas been noted that the maximum growth
tends to occur along the shortest unit cell diésalt **though it should be noted that in all
cases in the literature, the fibres were formirtgeathan converting which is likely to lead to

crystallographic constraints as a result of thecyrsor. There is however no obvious

correlation between th&110 direction of the disulfide and the 001 of the idié

Figure 5.12: Typical SAED pattern for nanofibresiir8-N950n_4hindexed to the published
structure for TgNs."*®

As the fibrous morphology is retained during theact®n from sulfide to nitride, it is
reasonable to assume that the changing crystattsteu from one phase to the other is
responsible for the polycrystalline effect. Thequmsor consisted of single crystalline FaS
nanowires, which likely react with the ammonia dgrithe synthesis relatively slowly, with
nitrogen atoms defusing in from the edges of theewvaind sulfide atoms defusing out. It
appears that the anion exchange in the crystadtsteloccurs in isolated areas leading to the
different contrast and appearance of grains. Asregions form side by side they grow in
slightly different crystal alignments that lead ddfraction contrast in the TEM and are
observed as the grain boundaries when they touth ether. Annealing at high temperature
then sinters the crystallites together but caneggin the single crystalline origins of the
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initial precursor in the 4 hours given for the é@t leading to the micro-bead like structures.
The time of reaction was shown to be a crucial espeith less than 8 hours at 900 °C
leading to polycrystalline products by HenderébhLu et al. however, have shown that
single crystalline particles can be made fromCeaat 850 °C over a period of 15 hodfs.

With a uniform anion exchange mechanism, as destrédtoove, the exchange should
take place at about the same rate from all diresteffectively turning the wire into a closed
ended tube with a sulfide core, as the processrecgiving a very different expected
morphology with less polycrystalline nature. Sudatefects and imperfections in the TaS
nanowires may act as nucleation points for thetahgrowth and anion exchange leading to
faster growth and therefore a more grains and thgeaance observed. Few surface
constraints could possibly result in something like TiG, beaded necklaces observed by
Cottam and Shaféf® Many surface imperfections could lead to the graibserved in these
samples, however, few surface defects were obsemnv&&M images of the nano-precursor,
Section 3.3.2.

BET analysis shows that the nanowires have a spesififace area of 53.9(8)%gT,
which is in good agreement with the expected spesiirface area for general nanofibrous
materials. E.g. MoSnanotubes investigated by Chetral. have a specific surface area of 58
and 66 Mg.*® This measurement can be compared to the obsematim the bulk powder
that showed a specific surface area of 1.38(%) mThe nanofibres therefore have a 50 fold
increase in specific surface area when comparedetdulk powder. Particles of Jds with
higher surface area have been shown to be moriyticetly active’'® so a 50 fold increase in
surface area is desirable.

UV-vis DRS (Figure 5.13) shows a similar trace tattobserved fron$-N950b_4h
(Figure 5.5). The onset point has now been blugeshifery slightly from 2.04 eV in the bulk
to 2.05 eV in the nanofibrous morphology. Theaadtvalues for the bulk material calculated

by de Withet al. were 2.05 eV*® which is in perfect agreement with these nanofibféhe
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onset point of the absorption is dependant on #réghe size with experiments showing that
it can vary from 2.00 to 2.08 &% 2%%or TgNs. The size dependence is generally seen as
a blue shift occurring in the onset energy as plartsize decreasé¥ This is observed in
these results where there is a minimal blue shifinf2.04 to 2.05 eV as the morphology
changes from bulk to nanofibre. The overall sizeethelgnce of the morphology is expected
to be less in the case of bulk vs. nanowires ratien bulk vs. nanoparticles as individual
nanoparticles will have nanoscale measurements tinrae dimensions rather than just two in
the case of the fibres, hence the smaller changeband gap than reported for the
nanoparticles. The change in size is apparent fromparing the SEM images of the bulk,
(Figure 5.3(a)) and the nanofibrous (Figure 5.1@rphologies. The anisotropy of the
platelets led to a value for the average partide by PXD that is too low an estimate and is
comparable with the widths of the nanowires obsgmehe nanomorphology reactions.

The DRS also shows the presence of a weak feaalirgvay through the steep part of
the curve at about 525 nm. This corresponds tosaiple second onset point at very slightly
higher energy, suggesting either a mixed morpholwggn impure product phase. Given that
the onset of TaON is 520 nm it is likely that thisthe impurity*** The PXD shows that the
phase is pure single phasesNaso it is also possible that the feature is duthéodifferent
morphologies of Ta\Ns. In this case possibly the presence of nanopesticl the sample of
fibres

It has been reported that photocatalytic activityTesNs can be tuned within small
ranges to a specific wavelength in the spectrunahanging the particle sizé> ?**however
the increase in particle size is related to thephology so it could therefore be possible to
tune the photocatalytic activity of the photocasalpy altering the morpholody® The
nanowires have a larger surface area than theclesrtiescribed by Zhang and Gao, 58 vs. 33
gm? again potentially improving on photocatalytic &itii as a direct result of the

morphology?*®
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Figure 5.13: UV-vis DRS data for Jds nanowires prepared B-N950n_4h

Upon sonication it might be possible to form a npadiculate suspension of 3\ particles
with diameters in the region of 30 nm as seen enfibrous TEM images, e.g. Figure 5.11.
These could again have enhanced photocatalyticitgcéind indeed very different properties
to particles produced by ball milling bulk materialfhe particles formed by this method
should have lower energy at their boundaries ag lawe not been formed by grinding. The
comparison of the UV-vis DRS spectrum between themgicles and the nanofibres and
indeed the bulk however showed minimal alteratiorband onset. The band seems to have
red shifted rather than blue shifted which is camntrto observation by other researchers, and
now lies at 2.03 eV, which is still close to theegiicted value and within the range of other
researcher§®?%® 216 |t js possible that there are quantum affectauginy (as the particle
size is now considerably smaller than the wavelengjft the radiation,) as well as the
diameters of the particles that are influencing bla@d onset. As seen in Figure 5.14 the
particles are much smaller in this sample thai$iN950n_4hbefore sonication but still a

long way off the size of the grains in the fibréserved by TEM.
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Figure 5.14: SEM micrographs of the sonicated nénes, (SEM #4).
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Figure 5.15: DRS spectrum comparing the results f8eN950n_4h the sonicated particles
and the bulk tantalum nitride froBtN950b_4h

5.3.1.4 Preparation S-N800On 4h

S-N800n_4handS-N650n_4hwere to investigate the crystallinity of the names at lower
temperature. The fibres produced®N800n_4hwere again bright red in colour with a PXD
pattern indicating the presence of thegN=z A proportion of the underlying amorphous nature
is likely from the adhesive carbon tab, (Section.R22). The pattern, (Figure 5.16), has
broader peaks than those observedSft950n_4h(Figure 5.9) suggesting a lower degree of
crystallinity as the trends described above wouldicate. The most resolved peaks were

indexed and the refined unit cell parameters givemable 5.10. In this sample, the sNg
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structure seems to have some general expansiofl iof @#he unit cell directions when

compared to the nanofibres formed at higher tentpera
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Figure 5.16: PXD pattern showing the match betwberproducts frons-N800n_4hand the
crystal structure for TAls. Data were collected from a sample adhered tavarghous
carbon tab (Section 2.4.1.2) using the D5000 diftrmeter.

Phase a b c
S-N800n_4h| 3.897(2) A| 10.34(1) A|10.31(1) A
S-N950n_4h| 3.891(1) A| 10.234(2) A| 10.282(3) A
TasNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.10: Unit cell parameters from the indexedger patterns 08-N800n_4h andS-
N950n_4h compared to the published values fogNz-*®

SEM shows a more varied morphology than that olesem S-N950n_4h though some of
this could be due to the use of different batchfeprecursor. As stated in Section 5.2, the
preparations for the precursor were not yieldingnittal results so some alteration in the
morphology of the fibres may be due to the initrarphology of the precursor. The fibres
appear to be broken into ~1Qén lengths and are flatter and more ribbon like hvétmore
brittle nature when compared to the fibres fr&MN950n_4hthey also have lower aspect

ratios, with the average aspect ratio around 180,100um length and @m width. This is



evident from the number of occurrences of breakhanfibres, probably from stress during

the SEM sample loading procedure.

- y N \ / -
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Figure 5.17: SEM micrographs showing the generapimalogy of fibres in the products of
S-N800n_4h (SEM #3).

TEM analysis shows the same polycrystalline natwsethee S-N950n_4h sample. The
crystallites appear to be much less ordered iretlsasnples with respect t8;N950n_4has
indicated by the less ordered inset SAED, Figure8®)L There is however still much
cooperation between the direction of growth andldimg axis of the wire. The orientation of
the spots in question (Figure 5.18(a)) run verycap the page. Spots in the pattern align
perpendicular to the long axis of the wire, whidnresponds to a parallel direction to the long
axis of the wire in real space, (Section 2.4.312)e aligned spots again show the correct
spacing for the 002 direction of thesNg crystal structure, indicating that in these fibties
texture of the crystallites is aligned with the Gfiection running along the long axis of the
wire, as is the case with the higher temperatuaetiens.

Nanodiffraction patterns were achieved (Figure &))8by condensing the beam
down to a spot of a diameter less than the gram\sithin the fibres. This pattern shows the
SAED of the individual grains within the nanofibreusture and again was indexed to the
structure of TgNs with a clear indication of texture to the long sxaf the wire (Figure
5.18(b). The nanodiffraction inset has been coesdbr the 90 ° rotation so the vertical

alignment of the spots corresponds with the vdradignment of the fibre. The alternate
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spots of the 00l where the indices obey the | rila outlined in the general conditions of
reflections for the Cmcm space group are obserueding parallel to the long axis of the

wire in agreement with the other higher temperahameofibres.

patterns. The diffraction pattern in (b) was achaikty focussing the beam in on the
individual crystal indicated and was indexed to TiagNs structure(T20 microscope).

Dark field imaging was achieved to show that tHeedent crystallographic orientations of the
particles within the nanocrystalline wires werep@ssible for the contrast in the bright field
images. The set of 6 images in Figure 5.19 showddr& field imaging technique. Bright
areas correspond to the regions of crystal that rasponsible for the creation of the
diffraction spot intensity in the diffraction patte Given the orientation of the five spots in

the diffraction pattern, with respect to each otlieree similar images would be expected

from the 002, 002 and 004 spots and two different images from tHel2 and 114 spots

respectfully. Of these, two images should be alnaesttical as then originate from the most
similar 002 and 002 spots indexed in the inset diffraction pattern.isTis indeed what is
observed. Figure 5.19(b) and (d) are the almositickd images from th€02 and 002 spots,
Figure 5.19(c) is the image from 194 spot, similar to the first two while Figure 5.19(d

and (e) are from the12 and 114 spots respectively. It can be concluded from thi the
fibres are indeed polycrystalline and as suchighibe cause of the contrast effect in the TEM

that is producing the beadlike structure.



Figure 5.19: TEM micrographs showing: (a) Brightdighage of the area in question with
the indexed representative nanodiffraction pattéy+) dark field images showing the
different crystallographic orientations within thanowire,(T20 microscope).

5.3.1.5 Preparation S-N650n 4h

The preparation at 650 °C produced nanofibres, Wa#s crystalline nature than tlg
N800n_4hsample, showing few resolved peaks by PXD thaéxed to the TaNs crystal
structure. The amorphous nature of the PXD pat(Ergure 5.20) is shown by the board
background from which few peaks are successfuliplk@d. It is likely that there is a mixture
of phases containing both amorphous and crystalliaf\s, with the few resolved peaks
resulting from the crystalline material. Some @& tinderlying amorphous nature is likely due
to the carbon tab but not enough to be significé®ection 2.4.1.2.3.3). The powder pattern
was indexed using the few best resolved peaks elhgh@rameters calculated and compared
to the other sulfide> nitride preparations as shown in Table 5.11. All the valioe the cell

parameters are in reasonable agreement and whkirstandard deviations of error to be
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reliably the same phase. There is no obvious tianthe cell parameters as the sintering

temperature decreases.
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Figure 5.20: PXD showing the match to the crystalcsure of TgNs for the nitride
nanowires formed i5-N650n_4h Data were collected using an adhesive carbofD&b00
diffractometer).

Phase a b c
S-N650n_4h| 3.896(1) A| 10.20(4) A| 10.25(1) A
S-N800n_4h| 3.897(2) A| 10.34(1) A| 10.31(1) A
S-N950n_4h| 3.891(1) A| 10.234(2) A] 10.282(3) A
TagNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.11: Unit cell parameters from the indexedger patterns 08-N650n_4h, S-
N800n_4handS-N950n_4h compared to the published values fogNz

SEM shows a ribbon-like morphology with aspectasin the region of 100. The fibres from
S-N650n_4h are closer in appearance to those fr@MN800n_4hthan those fromS-
N950n_4h with the brittle nature of the products becoming@ren evident with a high

proportion of ribbon fragments.
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Figure 5.21: SEM micrographs showing the produtS-dl650n_4h (SEM #4).

TEM (Figure 5.22) shows nanowires of similar dimensito those seen above but without
the grain boundaries. It is possible that the mexchange between sulfur and nitrogen as the
crystal structure changes is much slower at 65Ghd at 950 °C preventing these large
crystals from growing individually and meeting eaatiner to form the grain boundaries.
SAED was attempted but as expected for an amorphmatsrial, no electron diffraction

pattern was achieved for the nanofibres, concluthatjthe structure is amorphous.

50 nnr

Figure 5.22: TEM micrograph showing the;Ng nanowires fron5-N650n_4h (T20
microscope).
BET analysis showed a specific surface area of a¥ds", indicating that these nanofibres

had a considerably smaller surface area than tjieehitemperature preparations, but still an
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order of magnitude above that of the bulk powd&isen the diffuseness of the peaks in the
PXD the Scherrer equation can not be used to genexra average particle size for

comparison.

5.3.1.6 Preparation O-N950n 4h

The nitride nanofibres produced at high temperaftoen the oxide nanofibrous precursor
discussed in Section 5.3.2.2, yielded a red fibroaterial visually identical to that produced
from S-N950n_4h PXD analysis was carried out with results (Figh23) matching the peak

positions of the published ds phase:*®
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Figure 5.23: PXD data fdD-N950n_4h

The pattern given in Figure 5.23 was indexed u$igyol 6,%° and refined to the best unit
cell, using CELREF giving an orthorhombic unit cell with parameteigeg in Table 5.12.
The unit cell parameters are a reasonable matthose of the TaNs structure, with some
expansion, (0.04%) along the parameter, when compared to the indexing of @e
N950b_4hproducts and the published structure fogN= Other researchers have observed
the expansion up to 3% along the ¢ parameter wioewecting from bulk to nanophase

morphology>°
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Phase

a

b

Cc

O-N950n_4h

3.898(1) A

10.234(8) A

10.686(4) A

O-N950b_4h

3.893(9) A

10.278(2) A

10.278(5) A

TagNs 3.8862 A | 10.2118 A| 10.2624 A

Table 5.12: Unit cell parameters from the indexedger patterns o©-N950n_4handO-
N950b_4h compared to the published values fogNz™*®

There is no TaON observed in the PXD pattern whempawed to that oD-N950b_4h
indicating that the reaction achieves completiothm 4 hours with the nanophase precursor
while not quite in the case of the bulk precursor.

SEM analysis shows a fibrous morphology that coistdarge bundles of fibres,
(Figure 5.24). The individual bundles have aspetibs of ~1000 (lengths ~1mm and widths
of 1 um). The fibres appear to be ribbon-like and were sesome micrographs to curl much
like the precursor (Figure 5.35), and have an eflaleatio of ~34:66, which is slightly less

than the 37:63 that is expected fosNa

: ———1 100 um ————— 20um
CERRRRNC e 5 FER 8 B

Figure 5.24: SEM micrographs showing the morpholof®-N950n_4h (SEM #4).

The fibres have a similar contrast effect in the TEMrographs (Figure 5.25) to that seen in
the high temperature nitride preparations fromladgiprecursor.

Comparing the SAED pattern fro@-N950n_4h, (Figure 5.25), and-N950n_4h
(Figure 5.11);0-N950n_4h shows a distinct lack of texture, i.e. little aligent of the
crystallites with respect to the long axis of thees, when compared t8-N950n_4h The
beginnings of spot coalescence and polycrystatiimg formation, in the SAED indicate that

the crystals are almost randomly orientated withi wire. The nitride nanofibres produced
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from the oxide precursor have larger grain sizas rmore of a layered effect than from the
sulfide precursor. The layered effect can be sedfigare 5.25 with the dark and light lines
that run through the long axis of the structure.

The beaded effect in the contrast of the TEM da#sesemble the starting material
(Figure 5.36). Similar effects have been observedhie inter-conversion of other TiC
nanotubes into Ti@by Cottam and Shafféf® indicating that the beaded effect is not unique

to the ammonolysis reaction.

200 nm

Figure 5.25: TEM micrograph of the nitride nanowifiesn preparatio©-N950n_4h (T20
microscope).

53.2 Preparations of Oxide Materials

5.3.2.1 Preparations S-O800b 4h

S-0800b_4hyielded a white powder, as would be expected faiOFand were similar in
appearance to that purchased commercially (99%s[&ldrich). The colour change; from
black or red to white, was a good indicator that gihase had completely oxidised and the
PXD pattern, (Figure 5.26), matched the peaks drdeor a structure of T&®s with space

group Pccm and unit cell parametars 6.2170b = 3.6770 ana = 7.7940 A?*® Ta,0s was
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noted previously as the product of any of the prafpens in Chapters 3 and 4 where the
sealed tubes either failed to seal sufficientlyceaicked during the heating process. The
pattern given in Figure 5.26 was indexed using b6, and refined to the best unit cell,
using CELREE®! giving an orthorhombic unit cell as seen in Tabl&35 The unit cell

parameters match those of the publishegD¥ atructure®?®
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Figure 5.26: PXD pattern for the productsSe©800b_4h showing a match to the 3@
structure, (D5000 diffractometer).

Phase a b C
S-0800b 4h| 6.218(6) A| 3.664(9) A| 7.798(8) A
Ta,Os 6.2170 A | 3.6770A | 7.7940 A

Table 5.13: Unit cell parameters from the indexedqgber patterns d-O800b_4h compared
to the published values for Xa.2%3

TG-DTA analysis was obtained for the powders predumn S-O800b_4has in Section
2.4.4.3.The trace in Figure 5.27 shows very little altematin mass as the sample is heated
from 20 to 1000 °C in the presence of air. The daiggest firstly, that the stoichiometry of
the oxide formed in the preparation is indeed stabid unchanging and secondly that the
TaOs phase (by PXD) is the dominant phase at 1000 °€C cam therefore be used as a

reference for the other TG-DTA data.
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Figure 5.27: TG-DTA data from the bulk powders of@aproduced ir5-O800b_4h

SEM analysis shows the particulates ob0zawith no plate-like morphology. It seems that

the oxide does not maintain the plate-like morpgglof the sulfide precursor.

The TaOs from S-O800b_4hwas used as a reference for the UV-vis DRS meammts on
the nanofibres. The UV-vis DRS data is shown in Fga29 and shows a band gap onset, of
3.79 eV, (calculated as described in Section 2.4v8)ch is in reasonable agreement with

estimated values from other authors of 3.80-&8v*
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Figure 5.29: UV-vis DRS data for the ;T bulk powder produced i8-O800b_4h The data
show a band gap onset at 3.79 eV which is compatatihe 3.80 eV observed by other
researcher§®*+

5.3.2.2 Preparation S-O400b 4h and S-O400b 16h

The reaction of TaSpowder and oxygen at 400 °G-0400b_4Hh did not go to completion.
There was a mixture of white oxide and black selfhases. The white oxide was found on
the surface of the product powder and sulfide bénian the alumina boat indicating that
oxide diffusion within the T#Ds structure is limited and therefore a coating atlexprotected
the underlying sulfide material. PXD confirms thig showing peak positions that match

those expected for tantalum oxide and a numbdreopblytypes of tantalum sulfide.

20¢



11000

- Ta205
-TaSy

5 10 15 20 25 30 35 40 45 50 56 60 65 70 75 80

Figure 5.30: PXD analysis of the products fr6r®400b_4h

il

SEM shows a mixture of morphology with a high degoé angular sharp crystallites, (Figure
5.31). There is also the presence of some plateftikmations specifically seen in Figure
5.31(b). This indicated that at this temperatuee tiansformation from sulfide to oxide fails
to maintain the original morphology of disk-likersttures and forms a crumbled powder

instead.

Figure 5.31: SEM micrographs fro8:0400b_4hshowing: (a) general morphology; (b)
plate-like crystals, (SEM #4)

After 16 hours, $-O400b_16h the bulk materials appeared uniformly white itocw though
with a slight greyish appearance. TG-DTA (Figure2p.®as performed to see if the greyish

appearance was due to small amounts of black bag present. The initial loss in mass,
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(Region A) is probably due to water coming off Hample. There is then an exothermic event
that happens at 600 °C (Region B), resulting invilegght change of about +3.5 wt%. This
weight change is very strange as any residua} Waftild lead to a weight loss of up to 9.8 %
as a result of the molar ratio of 2:1 for the thntaspecies as shown in Equation (5.9) and the
loss of the heavy sulfur species.Dawould, as seen previously, have no change in mass
heating in air at these temperatures.

2TaS, +4.50, 0 - Ta,O,+ 20, (5.9)
The increase in mass is indicating an increase&ygen content so species with lower oxygen
content than T#s were investigated. A theoretical transition asvamon Equation (5.10)
would yield a theoretical weight change of +3.7%l amtherefore a likely candidate for the
reaction phase. This is suggesting that at 400 ¥Cré#action does indeed get close to
completion but with Ta@as the majority phase in the product rather tha®J

2Ta0, + 0.5, 0 [ Ta,0, (5.10)

It possible therefore that the nanofibres producettis, S-O400n_4h will be of the Ta@

structure rather than the Ja.
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Figure 5.32: TG-DTA trace fd8-O400b_16h
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5.3.2.3 Preparation N-O400b 4h

The products from this reaction were red in coland appeared to have changed very little
when compared to the starting material. PXD ansliigswever showed the presence of small

amounts of TgDs and TaON indicating that some reaction has takacep
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Figure 5.33: PXD analysis fd+-O400b_4h

5.3.2.4 Preparation S-O800n 4h

The reaction produced white fibrous material whighs removed from the furnace and
analysed by PXD and SEM. The PXD looks more crys@lFigure 5.34) when compared to
that observed for the low temperatu&@400n_4h (Figure 5.42(a)). The pattern given in
Figure 5.34 was indexed using Dicvot®and refined to the best unit cell, using CELREF
giving an orthorhombic unit cell as seen in TablE25. The cell parameters are a reasonable

match to those of the published,Dg structure?*
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Figure 5.34: PXD data for the nanowires fr8r©800n_4hshowing a match to the structure
for TaOs, (D5000 diffractometer and double-sided adhesardan tab).

Phase a b C
S-0800n_4h| 6.21(1) A | 3.66(1) A | 7.778(1)
S-0800b_4h| 6.218(6) A| 3.664(9) A| 7.798(8) A
TaOs 6.2170 A | 3.6770A | 7.7940 A

Table 5.14: Unit cell parameters from the indexedger patterns of preparati@
0800n_4h compared to the published values fopae’>

SEM Shows the presence of ribbons or belts, witligh tendency to curl up into scroll like
formations or twist into ribbon-like curls, (Figuge35). The widths of the bundles ranged
from a few microns to a few tens of nm, with aspettos of ~5000, (lengths ~0.5 mm,
Widths ~100 nm). These are similar in many respecthe sulfide fibres from which they

were formed.
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Figure 5.35: SEM micrograph showing the@aribbons fromS-O800n_4h (SEM #4).

TEM shows nanofibres with a high degree of crystaliphic texture aligned towards the
direction of propagation of the fibre. (Figure 5.3@he SAED inset has been indexed to the
published structure of 7@s and the directions of spots and correspondingvakies have
been marked. The direction of propagation of trglaxis of the fibre corresponds with the
00l direction as has been found with theN=ananofibres. The 110 direction is found to be
perpendicular to the long axis of the fibre, agsimilar to the nitride nanofibres produced in
S-N950n_4h Section 5.3.1.3. The general reflection condgifor the space group indicate
that the 00l should only show alternate spots as lwhich is indeed the case. There must be
some cooperation between growth of the oxide idatcrystal structure out of the sulfide
structure that promotes growth along the 00l diozctind prohibits growth along the 110
direction of the orthorhombic structure. The oxiderds produced from single crystalline
tantalum disulfide fibres do not have the cleangtar effect in the bright field image that has
been observed in the ammonolysis reactions. Thé&adiion contrast on the TEM
micrograph in Figure 5.36 suggests more of a bgpel structure. However this is more likely
due to bending strain caused by the minimal bendfripe nanoribbon, similar to that noted

by Horet al. in NbSe nanoribbons®
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Figure 5.36: TEM micrograph with SAED inset showtgigical TaOs nanowires.

The UV-vis DRS (Figure 5.37) of 3@s nanowires show a band gap of 3.81 eV in agreement
with estimated values from other authors of 3.80"8W** A small blue shift is noticed that
could be associated with the particle size relatigm described above when the nanofibres
are compared with the bulk materials fr&0800b_4h(Figure 5.29)with a band onset of

3.79 eV.

Absorption Arb. units
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Figure 5.37: UV-vis DRS data collected &O800n_4h showing a band gap onset at 3.81
eV for andS-O800b_4h showing a band gap at79 eV.
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5.3.2.5 Preparation N-O800n 4h

The white fibrous material fro-O800n_4hwas analysed by PXD showing a crystalline
pattern that matches to the peaks expected frof@sT'aThere also appears to be a minimal

amount of TaNs present, (Figure 5.38).
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Figure 5.38: PXD analysis of products frocasO800n_4h

The peaks from the main oxide phase were indexddyame an orthorhombic unit cell with
unit cell parameters given in Table 5.15. The valwatch with minimal contraction of the

andc unit cell directions showing that the phase islifkto be the T#s structure.

Phase a b C
N-O800n 4h| 6.25(1) A| 3.654(7) A| 7.782(6) A
Ta,05 6.2170 A| 3.6770A | 7.7940 A

Table 5.15: Unit cell parameters from the indexedger patterns oN-O800n_4h
compared to the published values fop@a®*

SEM analysis shows the presence of a fibrous mdoglowith many similarities in

appearance to those seen in the precursor, (Fguf). Aspect ratios were recorded at less
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than the 4000 from the precursor indicating thatfthres have been reduced in length during

the synthesis. Typical aspect ratios were ~333 leitlgths ~10Qum and widths ~300 nm.

Figure 5.39: SEM micrographs frofmtO800n_4h (SEM #4).
The morphology of the oxide nanowires producedN+®800n_4his remarkably similar to
that seen in the nitride precursor. The SAED dadiécated that there is a reasonable degree
of crystallinity to the wires with crystallographiexture observed running along the long axis
of the wire though it is more subtle than that obsé in the sulfide precursor reactionS; (
0800n_4h. The SAED pattern spots are more diffuse indicatirat there are more crystals
diffracting at slightly different angles spreadiagt the resolution of the spots. The pattern
again indexes to the structure of,0a as inS-O800n_4hwith the direction of propagation
along the wire, being the 001 direction, as seeignre 5.40(b) running from position 1-2.

The direction that is perpendicular to the longsax the wire again is the 110 direction,

(position 3-4). The positions 1-4 correspond to xetk spots 0f006, 006, 110 and 110
respectively.

BET analysis recorded a specific surface area @gfg™ which is comparable with
the other values for nanofibrous materials disadisd®ve. It is slightly lower than that of the

nitride material but still a factor of 40 abovetlofthe bulk.

21¢



Figure 5.40: Bright field and corresponding dakdiimages of the products Nf
0800n_4h (T20 Microscope).

5.3.2.6 Preparation S-O400n 4h

Initial reactions at 400 °C showed an amorphouslycbas seen in Figure 5.42(a) by PXD.
The positions of the diffuse peaks approximatelyaimdo those expected for both the,®a
and TaQ structure, though resolution of the peaks doesahaiv for the determination of the
likely underlying crystal structure or indeed tla¢io of Ta:O within the amorphous mass.

TG data was recorded as in Section 2.4.4.3 butaompkes of ~ 5-10 mg (Figure

5.41(b)) and shows a 6 % increase in mass a®Kidised, indicating that the nanofibres are
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not of TaOs stoichiometry; however, the increase in mass tsattoibutable to any obvious
stoichiometry, and therefore likely to be a mixT&Os and TaQ, as shown by the PXD.
The increase in mass above 3.5 % will likely be thuéhe uptake of oxygen in the structure
from other suboxides that may be present, e.g. TaO.
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Figure 5.41: (a) PXD pattern showing oxide nanosvwéamorphous nature, (D5000
diffractometer); (b) TG analysis showing a 6 % i@ in mass on heating in Ar/air mixture;

SEM (Figure 5.42(a) and (b)) shows the presendargé brittle ribbons with other structures
that have probably originated from splintering difoons during the sample preparation for
SEM analysis. The aspect ratio of the fibres i9~(660um length, Ium width).

TEM shows the nanowires to be amorphous with regioinpolycrystalline nature,

indicated by the diffuse rings in the SAED pattéfigure 5.42(c)).
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Figure 5.42: (a) SEM micrograph showing large ritdyd8-O400n_4h) (b) SEM
micrograph showing a fragmenting ribbd8EM #3) and (c) TEM micrograph showing a
nanowire with the electron diffraction pattern ing&-0400n_4h) (T20 microscope).

5.3.2.7 Preparation N-O400n 4h

Initial reactions at 400 °C showed an amorphousiypcbas seen witB-O400n_4h. PXD,
(Figure 5.43) shows diffuse peaks approximatelycimag the position of those expected for
both the TaOs and TaQ structure, though resolution of the peaks doesatiotv for the
determination of the likely underlying crystal stture or indeed the ratio of Ta:O within the
amorphous mass. The fibres were red in colour atolig that unlike in the bulk form Ta3N
nanofibres do react with oxygen at these low teapees. The thermal stability of the fibres
is obviously an important property with higher teargture applications. In Figure 5.4 it was
noted that the bulk nitride converts to oxide ia giresence of air but not until the TG reaches
temperatures above 450 °C.

TG data was recorded as in Section 2.4.4.3 butaompkes of ~ 5-10 mg (Figure

5.41(b)) and shows a 5.69% increase in mass a®xidised, slightly less than for the sulfide



precursor, indicating that the nanofibres are mdtagOs stoichiometry; however, the increase

in mass is not attributable to any obvious stoictetry.
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Figure 5.43: (a) PXD pattern showing oxide nanosvwéamorphous nature, (D5000
diffractometer); (b) TG analysis showing a 6% inseea mass on heating in Ar/air mixture;

SEM (Figure 5.42(a) and (b)) shows the presendargé brittle ribbons with other structures
that have probably originated from splintering difoons during the sample preparation for
SEM analysis. The aspect ratio of the fibres irhbmases is ~ 50 (~ 1Qdn length, ~ 2um

width).
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533 Sulfidation Reactions

5.3.3.1 Preparations O-S1000b 14h

Upon opening the tube furnace and removing the imlaitoat, it was noticed that there was a
black powder and a small amount of black fiborougemal on the edge of the boat. The
products of the reaction were analysed and chaisete

PXD analysis of the residual powder showed the 8Rttype of Ta$ as the dominant
phase, as shown by Figure 5.45. A small amount2 (% by peak intensity using
PowderCell’®) of the 1T polytype is present in the pattern glavith a small amount of
starting material, indicating that the reaction dad go fully to completion; it is likely that the
small quantity of TgOs present was outside the flow of £&hd protected from reaction by
the other reactants. This reaction used ~ 2 g afeoprecursor rather than the 1 g as in the
other preparations. The presence of both 3R anplolyfype is not unprecedented as at 1000
°C the 1T should be the dominant phase (as seemdtiof 3.3.3.1 from the products of
TaS,1000_Std) however as the cooling was slow, the 1Tla®uld likely convert to 3R-
TaS at around 600 °C. The peaks in the pattern wedtexed and refined to give unit cell
parameters in a hexagonal unit cell as shown ineré&l6. The accuracy of the unit cell
refinement is greater than that of the publishellles leading to the conclusion that the
structure is the 3R-TaSThe use of the Scherrer equation on the primaak yeelds a value

of ~ 2um for the average particle size.
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Figure 5.45: PXD pattern from the residual powdsresponding to the 3R and 1T phases of
TaS, (D5000).

Phase a c
0-S1000n 14h 3.3180(8) A 17.8969(2) A
3R-TaS 3.320 A 17.90 A

Table 5.16: Unit cell parameters from the indexedger patterns o®-S1000n_14h
compared to the published values for 3R-T4$

SEM analysis of the low density fibrous materiabwh similar structures to those discussed
in the silica ampoule experiments in Chapter 3sMaas the only preparation in this section
to start with a bulk precursor and finish with anophase product. The yield was however
immeasurably small, reducing the potential of fhigparation as a useful synthesis for 7aS
nanofibres. The particles were seen to consist lotks of Tag and were present as

contamination within the fibrous mass. Both moilphees had an average ratio of Ta:S of

~ 33:67 by EDX, (t 2).
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Figure 5.46: SEM micrographs showing the generapmaogy fromO-S1000b_14h(SEM
#2)

5.3.3.2 Preparation O-S850b 4h and Preparation N-S850b 4h

A black powder was obtained from the alumina bbat was characterised to the 3R structure
of TaS with a small amount of oxide contamination. Ifpegrs that the reaction has not
reached completion even though the material wa®umiy black in colour. It is likely that a
small amount of oxide material remained in the diottof the alumina boat and was not
reacted with the GS The pattern given in Figure 5.47 was indexedgifitvol 6% and
refined to the best unit cell, using CELRE¥Fgiving an hexagonal unit cell as seen in Table
5.17. The cell parameters are again a good maicthdse of the published 3R-TaS

structure*?as in the higher temperature synthesis.

- 3R TaS,
= T3205

S y

h
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T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Figure 5.47: PXD for the products ©FS850b_4h (D5000 diffractometer).
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The pattern given in Figure 5.47 was indexed usiayol 6% and refined to the best unit
cell, using CELREE! giving a hexagonal unit cell as seen in Table 5Tfe cell parameters
are a good match to those of the 3R-Ist8icture, and have been compared to those @em

S1000n_14h

Phase a C
0-S850b 4h |3.313(1) A | 17.8468(4)
0-S1000n 14h 3.3180(8) A| 17.8969(2) A
3R-Ta$S 3.320 A 17.90 A

Table 5.17: Unit cell parameters from the indexedger patterns o0-S850b_4handO-
S1000n_14hcompared to the published values for 3R-TaS

-

SEM (Figure 5.48) shows sharp angular crystalléed a lack of round plate-like particles.
The morphology is directly comparable with that kigure 5.28, suggesting that the
sulfidation reaction is pseudomorphic in nature. EBdain confirms the 1:2 ratio Ta:S

indicting that the product is TaS

g °\& R -

of the powders from®-

Figure 5.48: SEM micrograph showing the general imoiqgy
S850b_4h (SEM #4).

5.3.3.3 Preparation N-S850n 4h

A sample of black fibrous appearance was recovérea the alumina boat used in the
preparation. The fibres were extremely similariose seen in the precursor. Aspect ratios
were recorded of ~ 4000, as observed in the nippi@eursor. The fibres consist of ribbons

and belts by conventional definitions (Section 3).1. These nanofibres have survived two
224



complete crystal structure changes from sulfidaitode and back to sulfide without loosing

their 1-dimensional microstructure, or fragmentatgng their lengths.

N J— e ~

Figure 5.49: SEM micrograph of the products frlr$850_4h (SEM #4).

Figure 5.50 shows the general morphology of thee§lin the three phases of the over all
reaction. The fibres were initially in the form ®8S from TaS,650 SAG before being
converted into TaNs in S-N950n_4hand finally in back into TaSagain afteN-S850n_4h
The fibres have withheld their fibrous nature tlgloout the processes and are clearly intact
with the 1-dimensional morphology characteristic n@nofibres. Aspect ratios have been
maintained, though the fibres are no longer amcéeal particulate free as in the initial sulfide

phase.
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Figure 5.50: SEM micrographs showing the geneajpimology of : (a)Tagfibres (Figure
3.17); (b) TaNs nanofibres Figure 5.10 and (c) Tat&nofibres (Figure 5.49) (SEM #4).

5.3.3.4 Preparation O-S850n 4h

The resultant nanofibres from the oxide precursaction were black in colour indicating that
the formation of sulfide had been achieved. Th®Rttern (Figure 5.51) however showed
significant amorphous character. This is unsunpgisis there was some loss of crystallinity as
the initial sulfide was converted into oxide (Senti5.3.2.3) There is one highly resolved
peak at 14 ° @ which corresponds to the 001, 002 or 003 lattiemgs of the 1T, 2H and 3R
polytype structures respectfully. There is notoheson within the data to successfully
differentiate between the different polytypes of ZaEhe peak is not however, expected in
the PXD pattern for the F@s structure indicating that the crystal structure transforms and
the sulfide has been formed. The few resolvabl&ge€ea not match those expected for the

any of the oxide phases described above.

-TaSy

5500

T U il
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0

Figure 5.51: PXD showing the match between the yetslofS-O850n_4h (D5000
diffractometer)
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SEM shown in Figure 5.52 shows the morphology & txide nanofibres, Figure 5.35.
Ribbons and belts are again observed ds-8850n_4h concluding that indeed the reaction
back to Tagnanofibres is possible with minimal change in nmmpgy. The aspect ratio of
5000 is retained although these fibres appear tettagghter and less curly. Pictorially the
products from O-S850n_4happear half way between the straight long suliiwes and the

curly oxide wires, indicating that there is retentof morphology at each stage.

Figure 5.52: SEM micrograph showing the nanofilmeined fromD-S850n_4h (SEM #4).

The pseudomorphic nature of the nanofibres is $lestvn with images of the different fibres
side by side. The nanofibres obtained framrS850n_4h originated as TasS from

TaS,650 SAG Figure 5.53(a) before being converted into,Jain S-O800n_4hFigure

5.53(b) and then back into Tal O-S850n_4hFigure 5.53(c). The fibrous morphology is
retained though there is a high degree in initiais| of aspect ratio in the first step of the
process. The average aspect ratio of the initidldeuprecursor approximately halves with
lengths approximately quartering during the oxidlatiprocess. The aspect ratio is then

increases on conversion back into the sulfide reter
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Figure 5.53: SEM micrographs showing the generapimalogy of : (a)Tagsfibres (Figure
3.17); (b) TaOs Fibres (Figure 5.35) and (c) Taftbres (Figure 5.52), (SEM #4).

5.4 Conclusions

The pseudomorphic nature of these reactions israpp&rom the retention of the fibrous
morphology as can be seen from Figure 5.50 and&iglb3. A clear trend in crystallinity is
observed between the products of the three prepasaB-N950n_4h S-N800n_4h and S-
N650n_4h the trend runs from most crystalline and leasbmuinous, at highest temperature
(950 °C) to least crystalline and most amorphoustha lower temperature (650 °C) as
reported by Hector and Hendersoh.The existence of single crystalline nanofibre3 aNs
remains unproven. There is however, a clear infladmam the precursor crystallinity as the
single crystal disulfide nanofibres once reactethvemmonia have more crystallographic
texture than those originating from the less chisaoxide precursor. The ramp rate of the
heating step to obtain the sintering temperaturg afeo have an effect on the crystallinity of
the products and the size of the grains; howevsthids not been investigated.

Oxidation of the sulfide nanofibres did not leadtie beaded appearance observed in
the nitride phases unless the beaded structureaWweady present, as is indicated by the
similar reactions from sulfides to both the oxidmsd the nitrides. It is likely that the
mechanism of oxidation is very different to thattbé ammonolysis leading to the different
structures or simply takes place in a slower andemmiform manner. The ammonolysis
tends to form a beaded structure with differentigened crystals while the oxidation forms
amorphous or polycrystalline structures. In Séadf experiments however a large beaded

effect was noted when converting from TiC to Zi® It is therefore likely that the beaded
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effect is more about the speed in which the chelnsmaversion occurs rather than the phases
which are being converted. This is evident from fénet that in comparing the oxidation of
TiC and Tag, one produced the beaded effect and the otherruiesvhile the ammonolysis
of TaS again produces a beaded effect.

It is possible to convert the nitride and oxidecsge into sulfides using GShowever,
it would be interesting to see if the formationnainofibrous material could be facilitated by
increasing the sintering temperature. It was olegbrin O-S1000b_14hthat minimal
nanofibres were formed from the bulk materials ighhemperatures, (though the yield was
immeasurably small). What therefore would happengreparation was attempted utilising a
nanofibrous oxide precursor and reacting with, @6 1000 °C for 14 hours? Would this
indeed have a reducing effect on the size and nobwgls, as is the case with the reduction of
trisulfide phases with Hused in the formation of many sulfide nanotubesrevibere is an
apparent size and morphology reducing efféct?° If so, would the reducing effect take
place in all directions i.e. produce nanopartiegadr would it result in smaller nanofibres by
reducing in an anisotropic manner?

The UV-vis DRS data shown in Figure 5.54 simultarsy show the comparisons
between the bulk and nanofibrous phases of botloxige and nitride. We observe a blue
shift as the morphology changes from bulk to ndofis much the same as the shift
associated with the reduction of particle size.wtiuld be interesting to do the catalytic
activity experiments and see if indeed the catalgitivity is improved as a result of the
morphology as well as particle size. Differentigtbetween the two is likely to be difficult as

the changing morphology will have an effect on pheticle size.
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Figure 5.54: Diffuse reflectance data showing tiygesimposition of the 4 different phases
described in this chapter on one set of axes.

The reactions described in this chapter also oiccarpseudomorphic way when starting with
a trisulfide precursor (Chapter 4) potentially aliog unprecedented control over the yield
and morphology of the products as a higher degreaniial control exists across both
systems than for any one system. E.g. in Sectior8.3.3% was shown how nanoribbons of
TaS could be produced in a 1:2 ratio starting matexi&d00 °C.

The concept of “Pseudomorphic reactions to nanametaterials” has opened up a
huge area of study. The examples listed in thiS@eof this thesis barely scratch the surface
of what is possible from the extension of this worRantalum nitride has many known
structures the stable ones as calculated by Staamgfl Freeman, using density functional
theory and include Edls and TaN as well as TaNs?** There are then further meta-stable
phases all of which could have interesting propsrtand potential uses in applications.
Changing the preparative conditions could indueeftrmation or conversion to nanometric
materials of all these phases. By changing theemxgntal parameters, e.g. sintering
temperature, it should be possible to form indepahdanometric phases outside the triangle

shown in Figure 5.1. An example of this would e tformation of TaON, another
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potentially useful photocataly§t *** %3 22y changing the ratio’s of the gasses and
temperature profiles or indeed by approaching #srdd phase via a solely nitride or oxide
phase. The chemistry and concepts of this chapterfaa from limited to the tantalum
system. The group at the University of Glasgow aghale has had much recent success in
the formation of the titanium analogues of the ahmh compounds discussed herein. This
has resulted in the formation of other nanomethages such as TiN and BHiOExtension
still further opens an endless supply of potentiabeful systems for which there is a single
possible nanometric phase and the ability to foothmitrides, oxides, sulfides and indeed
carbides. A possible example is the recent papgarding ZnO nanospher&sS. These
interesting spheres could, via the methods abeael 1o the formation of nanospheres of zinc
sulfide which has possible application in many loé turrently used fields for zinc sulfide,

e.g. IR optical materials and glow in the dark prad.
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