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Abstract

WS; is a material that has a twdimensional, layered structure. Theoperties of Wghave
made it an attractive material to be used in various applications such as sensovs|talot
devices and even as electrocatalysts. fiép@rties include &@and gap that is comparable to
that of silicon, electrocatalytic properties and good electronic properties. These properties
have made WS a candidate for application ascaunter electrode in dysensitized solar
cells. The counter electrode catagsthe redox reaction of the iodine electrolyte used within
the cell. The synthesis of Wihanostructures using the colloidal synthesiseported in this
project Colloidal syntlesis, unlike readily used methods suchea®liation and chemical
vapour depositiorhas advantages such as nsjehthetic conditiongieaction parametetkat

can be variecind the possibility of scaling ufhe reaction.Therefore the effects of the
capping agents, tungsten precursorsvaf as the sulphur precursors on the properties of
WS, were investigated. The use deglamineas the sole precursor producéts, with a
flower-like morphology. When oleic acidias added in different ratios to oleylamine, the
morphology changkto a staked, petalike morphology and flatteed out as the oleic acid
ratio was increasd. When oleyl alcoholwas used as a cecapping agentthe lower
concentration of oleyl alcohol produced flowde WS, and evolvednto flatter, folded WS
nanosheets as thaeyl alcohol concentratiowas increased. Octadecene as acepping
agent produced WSwith a flowerlike morphology. All the W$S produced from these
capping agentaeresemiconducting with visible light absorption. The metal precursors had a
significart effect on the structure of the WSAmmonium tungstate ((NPho(H2W12042))
producedhighly crystalline,flat, disclike materials while tungsten hexacarbonyl (W(€)O)
and tungsten hexachloride (WClesulted in the formation of less crystalline material that
lacked the optctal characteristics of W SWCls also produced a mixture of W&nd WQ,

while W(CO) formed very small flakes. Sulfur precursors varied from thiourea to
thioacetamide to diphenyl thiourea. Semiconducting>W@&s obtained from all these
precursors. The mphologies were flowelike for thiourea and diphenyl thiourea, while
thioacetamide formed WShat had a crumpled shdée morphology. Electrocatalytic
measurements through cyclic voltammetry revealed that thepid8uced in some of these
reactions arepromising as they were able to oxidize and reduce the iodine electrolyte.
However, some showed an inefficient reduction of the electrolyte. Reversibility was observed
as a significant problem as the reduction of the electrolyte was not as efficient as the

oxidation.
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Synopsis

The aim of the study was to synthesize 2D laydvegjsten sulphid@eanostructuresWs,)
using the colloidakyntresis method ando evaluate their electrocatalytic properties using
cyclic voltammetry for potential application as counter electrodes irs€elgsitized solar cells
in order to replace the expensive Pt counter electrode. The layout of the dissertdmomis s

below:

Chapter 1: is comprised of the general background and rationale for the study as well as

aims and objectives.
Chapter 2: is the literature review ofransition metal dichalcogenidg, in particular the
properties of Wsand the varias methds used to synthesize the materifttsaddition, a

short reviewon the application of W%as acounterelectrode for dye sensitized solar cells

Chapter 3: reports on theeffect of usingvarious ratios of organic capping ageots the

properties oWWS; nanostructureformed during synthesis.

Chapter 4: reports on the effect of differertungstenprecursos on thestructure and

properties othe WS, materials.

Chapter 5: reports on theeffect of different sulphur precursorson the structure and

properties ofthe WS, materials.
Chapter 6: reports on the investigation WS, asanalternative electrode for DSSCs through
cyclic voltammetry scans of thin films made from the Msaterials produced in previous

chapters.

Chapter 7: critically looks at the carlusions and suggests possible future studies.

Xiii



Chapter 1
Introduction

1.1 Background

Since the Kyoto protocol, several countries have committed to decreasing their fossildfuel
greenhouse gasmissions This protocol is an international agreementwaen several
countries to reduce greenhouse gases, because emission of these gases have been the major
cause of global warming or climate chanbjeorder to mitigate this issue, alternative energy
sources are required to relieve the dependence onfisslséinergy. The dependence aral
generateclectricity in South Africa is very high while the supply is not sufficient. This has

led to some rural areas in South Africa still not having access to electricity or the electricity is
very expensive. It isherefore important that technologies are developed for the harvesting of
alternative energy in such a way as to provide more affordable electricity as well as
protecting the environment and deciegghe fossil fuel emissiondt. is evident that the sun

is the most abundant energy source available. It is free and does not get depleted or lead to
the emission of any greenhouse gases. Hence solar power is an attractive alternative to be
explored for the generation of clean and affordable electricity in dttta. Over the years
research into solar energy has been extensive, starting with the first generation crystalline
silicon solar cells to the third generation inorganic thin film solar cells such as GaAsetc.
approach that many countries, includingug Africa, have taken to confront the energy
issue is nanotechnology. Many nanomaterials have been identified as probable or attractive
ways of harvesting solar energypm polymer materials to metal oxides and transition metal
dichalcogenides. These tedals have been flagged as possible components of solar cells
either as the active semiconductor or as electrode materials.

Semiconductor materials that absorb visible light are attractive in that they can act as active
materials in photovoltaic cell®r the conversion of photons into electrical currents. Some
materials are better used as electrode materials for the separation of charge carriers that the
semiconduting active materials produce.

WS is a layered material that has both semiconductinigcatalytic properties, making it an
attractive candidate for application as a counter electrode irsahystized solar cells
(DSSCs) . DSSCs were developed first in 1991



about 7% Since then, research into DSSRas grown rapidly. One of the major components

of the DSSC is the counter electrode. A role typically filled by platinum. The counter
electrode has two main functionscatalyseshe redox reaction of the electrolyte within the

cell and it collects eldrons from the external circuit and injects them back into the cell.
Although platinum has been used extensively as a counter electrode due to its efficiency in
catalysingthe electrolyte redox reactions, it is also very expensive and gets corroded by the
iodine electrolyte within the cell. This encourages the search for alternative materials that can
replace platinum. Transition metal dichalcogenides such ashai& been shown to have

the catalytic and conductive properties necessary to work as arcelatteode

1.2 Rationale for the study

As was mentioned before, platinum, although a good counter electrode, is expensive and
prone to corrosion and requires new materials to be developed to replace it. This also means
that suitable synthetic pathways WS are necessary that will allv for cost effective and
energy efficientfabrication of DSSCsVapour depositiorand exfoliation methods arbe

most widely used synthetic methods WfS,. These m#hods, however, are not easy to scale

up andthey havehigh energy requirements. Colloidal synthesis is one of the most scalable
methods of synthesis for W.SThere are many adjustments that can be made to the synthetic
method to optimize the formation afnsition metal dichalcogenid@s high yields. In the
instance where scaling up will be necessary fribguentlyused methods will not be able to

supply the demand, but colloidal synthesis.can

1.3 Aim of the project
The man aim of this projectvasto investigate theolloidal synthesi®f WS nanomateals
and to determine how certain reaction paramgtsush as capping agents, sulphur and
tungsten precursorsaffect the resultantWWS,. Furthermoreit was to determinewhat
parametersare necessary to obtain materials that are catalytically efficient.
In order to achieve the abovementioned aim, the following objectieescarried out:

1 Colloidal g/nthesisand characterizatioof WS, nanostructures using different organic

capping agent ratios
1 Colloidal g/nthesis and characterizatiorof WS nanostructuresusing  different

tungsten precursors



Colloidal synthesisand characterizatioof WS, nanostructureasing differentsulphur
precursors

Fabrication of thin filmsfrom the WS nanostructures for cyclic voltammetry
measurements

Performance of cyclic voltammgtito determine the eladicatalytic activity of the
WS, produced.



Chapter 2
Literature review

2.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of layeredialst@here an individual

layer consiss of a metalatomlayer sandwiched between two twgen layers in the X-X

form, M being the metal atom and X being the chalcogen afbine transition metals
involved are usuallyrom group 4 to group 6, e the chalcogen atoms are usually Bulp

(S), selenium (Se) and tellurium (Ta¥ shown in Figure 2.The M-X bonds are strong
covalent bonds within the layers, while the layers are held together by weak van der Waals
forcesas shown in Figure 2.2 (&)This particular layered structure means that thesichl

and chemical properties of these materials are highly affected by the number of layers
presenf There are approximately 40 combinations of layered TNMBd hese different
combinations give rise to different electronic structures and hence also exhibit different
electronic properties. Some of these layered TMDs show insulagingviou (HfSe»), while

others have senmetallic (WTe), metallic (NbSg) and semiconducting properties (W3

Some of these TMDs are unstable and react with the atmosphere which dimamghes

interest in theni*

Group 6 TMDs are the materials of interestthis case, especially Wlue to itsband gap

that lies between 1 and 2 eV which is appropriate for nagigelectronic applicationdWs;

also has better thermal stability, high surface %aremable band structiehigh carrier
mobility* and a high on/off rati’ that makes WS a suitable material for field effect
transistors. It also hathe potentialfor efficient light harvesting, low threshold lasing and
sensitivephotodetectio The tunable band structure makes it possible to maniptiiate
materi al’' s v e WSacan dlseundprgoolgrge ramouets of strain without
degradation, meaninij can be used in flexible and wearable elect®hiBhysicists have

found this material interesting as it has properties such a high quantum yield and a large

exciton binding energy that makes it suitable for efgtctronic application$.
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Figure 2.1 Periodic table showing the transition metals and chalcogen atoms found in

transition metal dichalcogenides.

2.2\WWSz structure

WS, made up of SV-S layers(Figure 2.2 (a))as described in section 2.dan stackinto
different polytypes namely 1T (trigonal), 2H (hexagonal) and 3R (rhombalhedhere the
letters represerthe symmetry of tb polytype and the number indicates the hanof layers

in a unit cell*1°The formation of these polytypes depends on the coordination spheres of the
metal atoms, as well as the stacking omfethe layes*'%12H and 3R Wghavetrigonal
prismatic coordination of the tungsten atoms while the 1T polytype slmtehedral
coordination of the tungsten atom tosélphuratomsas shownin Figure 2.2 (b)? The
stacking order refers to the sequence in which the individe-S layers stack. For
example 2H-WS; hasan AbA stackingorder, meaning the chalcogen atoms (capital letters)

in the layers occupy the same space or are alignédeach other in the layetswhile the

metal atom (small letters) is in a different posit{&ngure 2.2 (c)) The 1T polytype has an
AbC stacking order, where the chalcogen atoms in the layers are not aligned with each other
(Figure 2.2 (d)}! The 3R polytype has an AbA BcB stackingler as shown in Figure 2.2

(e). For WS the 2H polytype is the more thermodynamically stable type. The 1T polytype
can be obtained through specialized synthetic methods, but can easily be transitored i

2H type when heated’
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Figure 2.2 (a) Layered crystal structure of WSz with (b) a depiction of the trigonal
prismatic and octahedral coordination of the tungsten metal @ the chalcogen

precursors.’® The stacking orders characteristic of (c) 2H, (d) 1T and (e) 3R

polytypes.

2.3 Electronic structure and properties of transition metal dichalcogendes

The electronic structure of TMDs fideen studied extensively through density functional
theory (first principles calculations) as wellsavarious spectroscopy methddshe
coordination sphere of the metas well as its -@&lectron countaffects the electronic
structure of the TMDs produced, which further affects their properties. This is clearly seen in
the differences between the TMDs obtained from diffeggatips of transition metals. The
diverse electronic properties arise from the filling of the-honding dorbitals from Group 4

to group 10 metals. An exampkethat when the -@rbitals are partially filled, the materials
show metallidbehaviouras in 24-NbSe. Whereas when the orbitals are fully occupied as in
2H-WS;, the materials exhibit semiconducting propertfeanother significant property of

the materials, especially the group 6 semiconducting TMDs, is the gradual transition of the
band structure froman indirect to a direct band gap? This transition occurs when the
thickness of the material is reduced from bulk to monolayer form. From firstiglesc
calculatiors it was shown that for 2NWVS,, the band gap is indirect between the valence band
maximum( V B M)  apoint tarfd ¢he donduction band minim{@BM) at the midpoih



between the ¥ o0 i n t -pomtnadshoWwn irFigure 2.3 The band gagranstions to direct at

the K-point of the Brouillon zonén monolayers The transition of the band gap means that
the materials will have a higher quantum efficiency and more light emission which is ideal
for electronic applications such light etiiig diodes® The intrinsic band gap of 2WS;

makes it suitable fanse in transistor channéfs

4 layers 2 layers Monolayer

Energy

r MK I'T MK I'T MK I'T MK T

Figure 2.3: Representation of the electronic structure of W5as the number of layers

change from bulk to monolayer!!

The electronic band structure of the TMDs also gives rise to the optical properties of the
mateaial as shown in Figure 2.4 simplified band structure of MaXs shown indicatinghe
indred nat ur e o f-pointhaad thg difect mature of the gap at thpdint. It also

shows the nature of the excitonic transitidmst toccur within the material.
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Figure 2.4: Simplified electronic structure of group 6 TMDs showing the c@xistence of

the split direct band gap and the indirect band gag?

Although there is an indirect to direct band gap transition when the number of layers
decreaseit is known that even in bulk TMDs, the diteand indirect gaps coexist The

direct excitonic transitions are charactedzoy an AB excitoric pair.!® Different electronic
structure models & been proposed to explain theBAexcitonic pair and it has been
established that the direct transitions arise fredhtchnsitions and occur betweeyy and d?-

y° states of the valence band, thag split by interlayer interactions and sganbit couping,

and d? states”!® The valence splitting of Wi3s larger than that of MaS As it was shown

that the electronic structure of W8 significantly affected by the number of layers, it is
expected that the thickness of the material should cause a change in the band gap of the
material. When the thickness of the material decreases, the valence band maximum moves
downward (lower energy) anthe conduction band minimum moves upwards (higher
energy), hence an in@se in the band gap energis a layered matéd, it is expected that

the dimensionality of WS&is two dimensionalhowever it has been shown from various
results that W5is able to form 0D to 3D structurésThe dimensionality is based on the
spatial quantum confinement in onyo or three dimensions'’ 0D WS are typically
spherical quantum dots or inorganic fullerdike materials where all three dimensions are
smaller than twice their exciton Bohr radius. 1D M8 uctures such as nanofibers have
guantum confinement in two dimensions. 2D 3$8ch as nanoshiseexperience quantum
confinement in one dimensidnt has been found that lateral quantum confinement in WS

enhances its luminescence efficiency and widens the band gap of the niterial.



2.4 Raman spectroscopy of WS

Since the start of research into 2D layered materials, Raman spectrossd@ehamployed

to give insight into the crystal and electronic structure, lattice vibrations and even the sheet
thickness of the materiafsBecause of the layered nature of these materials and the van der
Waals forces that hold the layers together, these materials can be easily exfoliated into fewer
layers. Most of the Raman measurementsedom WS were done on exfoliated sheets. In

this work, the Wgsheets are obtained from colloidal synthesis, hence the correct assignment
of Raman peaks is important in order to correctly deduce the crystal and electronic structure
as well as to correctlassign the crystal vibrations of WSynthesizedvia the colloidal
synthetic routeThe crystal structure of WSs well known. The point group symmetry of

WS, however, changes depending on the number of layers present in the material. Bulk WS
has @h symmetry, while the fewer layered WSvith an odd number of layers hasD
symmetry and the even numbered layers hasa ymmetry?1° This change in symmetry

with the layer number or sheet thickness, means that the Raman modes will change with the

sheet thickness, but has also sometimes led to the incassignment of Raman modé$

WS, has 18 vibrational modes at tbentreof thehexagonal Brillouin zong;lowever only 4

of those modes alRaman active. These modes are 3 ,O 3 andtwoO 3 modes.

The B¢ mode is forbidden in théackscattering configuratict® WS, also shows muki
phonon modes or second order modes, depending on the laser excitatiorusedrgyprobe
the materiaf® These modes usually appear at frequencies Itiaar 350 crit. It has been
shown that the mukphonon peaks disappear white laser energies increa$eThe B
mode is an ifplane vibrational modevherethe W and S atoms vibrate horizontally in
opposite directiongs shown in Figure 2.5 (aJhe Aig mode is an oubf-plane vibration
where the two &itoms move iropposite directions verticallfFigure 2.5 (b)) The Ay mode

is observed at 420 chin bulk WS and the Eg mode is observed at 356 ¢niThe B
mode appears at very low frequendecausat denotes a shear mode tltainsiss of the

vibration of two rigid layers
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Figure 2.5 Representations of thga) E'2g( ) and (b) A1g( ) Raman modes of WS

When the laser energy is resonant with the excitonic energies of the material, interesting
features appear in the Raman spectra, such adb#eevation of a longitudinal acoustic mode
2LA(M) at 351 cm'. The longitudinal acoustic mode (LA) occurs at thepdint in the
hexagonal Brillouin zone and it refers to theplane collective vibratiowof the atoms in the
lattice® It has been likened to sound waves. This phonon can also be described as periodic
expansions and compressions of the latticeéndirection of propagatiofl It has been found

that the Exg and 21A(M) mode frequently overldpdepending on the laser wavelength used.
While othe's have assigad the peak at 350m! to Elg instead of the 2LA(M) mode for
exfoliated WS nanosheet® The frequencies and intensities of the Raman modes are
frequently reported as being useful tools to use in the determination of the number of layers
or thickness of W5 Several theories have been suggested from various stsiigg the

three visible first order modesif\ El2g and 2LA(M). For WS of 1-4 layers, the first order

Ely and Ay mode appear at 356 cnand 417crt respectively® while for bulk WS the

E'g mode frequency decreas® 355 cm! andthe frequency of the A mode increases to

420 cmt?%2324 The second order 2LA(M) mode appears at 350%.ctut shows no

significant frequency shifts whethe number of layershange?®

The increase in the frequency of the,Mode as the layers increase is attributed to the weak
interlayer interactions caused by van der Waals forces betmesghbouringayers®®?4 The

A1g mode is an oubf-plane mode that involves the stretching and compressing of the S
atoms. With a monolayer, there is no interlayer interaction wélStlatoms oheighbouring
layers. VWhen layers are added, the van der Waals interactions act like springpgeanten

the S atomxompress and expand simultaneousiyre isa stronger interlayer interaction

which leads to an increase in the frequency of this mbtfdhe increase in the frequency of
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the Aig mode is also said to be caused by the increase oksitering force acting on the
atoms as the layers increaSeThis indicates thafis the number of layeiisicrease the
collective force that acts on the atoms due to the relaxafitime layers is increasgd The
decreased frequency of thé,Emode is caused by stronger dielectric screening of Coulomb

interactions between effective charges in the material Wiematerial is thicket®??

The changes in the frequencies of these modesnthat the separation between them also
changes. It has been found that the distance between dla@d\E-q increases from 62 ctn

to 66 cm' as the number of y&rs increase, because of the blue shift of thgndode?® At

times, when the &g and 2LA mode cannot be differentiated due to overlap, the average of
the frequencies is taken and subtracted ftbenAlg frequency in order tbtain a relative
separatiorf® The overlap of these two modes often causes an incorrect estimatiba of
thickness of the material’he intensities of the three mamodes have also been used to
estimate the number of layers in the material. Rad used the intensity ratio between the

Ely and tle Aig mode anddeduced from their results, that the ratio decreased with the
number of layersThe decrease meaissattibuted to the decrease of theg mode intensity,

dueto weak interlayer couplingf However Berkdemiret al. showed that théhtckness of the
nanosheethas no significant effect orthe intensity ratio betweethe E'2q and Ay modes?

This discrepancy could be caused by the difference in the laser wavelengths theteddare

the separate studieSome reports have shown that the intensity of the 2LA(M) mode can be
used to determine or estimate the number of layeW¥3n It was found that the £ mode
intensity increases when the layers increase while that of the 2LA(M) mode decreases when
the layers increas® The increase inthe intensity of the A,y mode is also attributed the
interlayer interactions increasing as thgels increae, as mentioned befot®** In order to

use the intensities in the estimation of layer number, usually the Raman modes with the
strongest intensities at a specific excitation wavelength are chosen. For the resonant

excitationwavelength of 514 nm, the 2LA(M) andiAmodes are strongest. The intensity

ratio (O o ) between the two is used as a fingerprint for layer number. It has been

reported that for monolayer WShis ratio is always above? It has also been found tha
vibrations occur between the\8-S layers. Theskyers can also be denoted as rigid layers

and these layers also vibrate with respect to each other, giving redeear (S) and layer
breathing (LB) modes. These modes have been used to obtain the shear modulus of TMDs, as

well gaining information on the stacking orders of TMDs that were mentioned earlier in the
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description of the crystal structure of WASThis shows that Raman spectroscopy is a
valuable tool to probe the structure of TMDs. The S aldrhodes are found at low

frequencies® 20 cm1).

2.5 Synthesisof TMDs

The synthesis of TMDs consists of two main categoa#sp-downand bottoraup synthesis.

2.5.1Top-downsynthesis

=

Bulk WS2 Individual sheets of WS2

Figure 2.6 Diagram depicting the basic mechanism of topdown synthesis of transition

metal dichalcogenides.

Top-down synthesisivolves exfoliation of bulk TMD crystaisto nanosized particles and is

usually in the form of the following procedures:

) Mechanical exfoliation
Mechanical exfoliatioris one of the firstand most widely usedop-down method for the
production of WS monolayers. It relies on the weak van der Waals forces between the
stacked Wglayers. The Scotchape methodas it s ¢ o mmanmolves using f er r e
adhesive tape to peel off the laydrom a bulk crystal until only one layer is left which can
be transferré to the desiredsubstraté'2 This method producesigh-quality nanosheetbut
is time-consumingand low yielding A method of mechanical exfoliation using gold was
developed where a gold film on the tape is used to peel off the layers. It proredffitient
in that it producedarger nanosheets.dwever gold is an expensive metal that is usually
discarded after exfoliation which is not economically feasiblee time it takes to produce
these nanosheets does not change and #ld ig still na satisfactory'? Other new

adaptations for mechanical exfoliatiarere developed such as namechanical exfoliation
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as shown in Figure 2.7which uses a sharp tungsten probe to peel off the individual layers

from alarger crystaf

Figure 2.7: Nanemechanical exfoliation using tungsten probé.

The biggest drawback of this method is that ialsourintensive and ultimately prodas a
very poor yield of W@nanosheets. The namneechanical exfoliation technique also requires
complex and expensive equipment fow yields of products’ It is therefore not a suitable
method for large scale production WS, but is commonly used for proaff-concept

applications andemonstration offiigh-performancelevices10:12

(i) Liquid phase exfoliation
Liquid phase exfoliation (LPE)s a better exfoliation method than the mechanicalte
because it producdsgher yields of nanosheéfsThis method typically involves sonication
of the WS bulk crystal in various solvents. The main consideration in this method involves
the solventused. The solvent not only has to overcome the cohesive energy between the
layers duringsonication,but also has to be able to prevent the exfoliated nanosiests
aggregation Therefore, surfactant moleculesuch as sodium cholatgyith comparable
suface energy to the material are usually uS&dthough the yield is higher compared to
mechanical exfoliation, sonication of the bulk crystal causes breakage of the ngtstee
are already exfoliated.HEre is no control over the size of th@nosheets or the thickness of

the nanosheets. The process of sonicating the bulk crystals tsredsmonsuming

(i)  Chemical exfoliation
Chemical exfoliationmainly involvesusing lithium ions as an intercalating agent. In this
method a solvent is used ¢ether with a litum source such asBuLi where the ithium
ions intercadte between the layers and fotmWS,. The lithium intercalated material is then
exposed to water which reacts with the Li, evolvinggds which causes ghexfoliation of

the shets.!? The lithiation of the materiahowever leads to a rearrangementtb lattice
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which causes a phase transition from the 2sphto the metallic 1T phaselt has been
found that the yields obtained fdni$ method are very high. The drawbacks are that this
method is carried out for long periods of time, with highly explosive lithium compounds.
Also, there is the challenge of controlling the exfoliation as the lithium can also cause the

formation of LiS.1°

2.5.2Bottom-up synthesis
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Figure 2.8: Diagram depicting basic bottoraup synthesis of transition metal
dichalcogenides.

Bottomrup synthesis involves growing TMDhanocrystals from suitable chalcogen and
transition metal precursors. The diffity of bottomup synthesis lies in the understanding of

the energetics and control over the kinetics of the reactions. Because even though there are an
infinite number of metal and chalcogen precursors that are available, it has been difficult to
undersand the energetics and kinetics involved in the fommatof two-dimensional
particles?’” TMDs are naturally layered materials in their bulk fornd ance thinned to
nanometredimensions, the nanosheets become more unstaldeod understanding of the
control over the growth of these nanoparticles will help to develop method&vbat the
formation of nanosheets instead of bulk structures. Thigismportance of research into the
bottomup synthesis of TMDs. Tonderstandvhat conditions are best suited the selective
growth of nanosheets or whatever other preferred morphology or dimensionality of the TMDs
that is required The main bottorup techniques include gas phase synthesis, hydro and

solvothermakynthesis, microwavy@ndcolloidal synthesis.

(0 Gas phase synthesis
Gas phase synthesis is the most widely used synthetic batidecthnique for TMDs. In its

most basic form, this method iolves two main types of reactions:
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() Vapour phase deposition, where gaseous metal and chalcogeuargors react and the
product isdeposited onto a substrat€his is a simple technique where the metal and
chalcogen precursors areacted in gaphase ad the TMD monomers are deposited onto a
substrate as a large area thin film, however it has been found to form polycrystalline thin
films instead, wih uncontrollable thicknesg® This method requires very high temperatures

and low pressures tbe able to volatilize the matand chalcogen precursorMany
considerations have to be taken in this case especially with regard to substrate interactions.
The substrate used has to be flat and chelyicaért so as to not react with the TMD
monomers thaare deposited on.itattice mismatch between the substrate and TMD lattice
have to be minimized while van der Waals interactions must be promoted between the
substrate and TM®so that the resultant nanoshean be easily peeled 3ff

(b) The direct sulfurization of metal or metal oxide thin films by a gaseous chalcogen
precursor. This method, although similar ttwe direct deposition mentioned above, is
different in that i eliminates the transport of TMD monomers within the tieacchamber to

be deposited® It involves gaseousulphurvapoursflowing over a metal or metal oxide thin

film, sulfurizing them into M& This method is aelatively simple method of producing
TMDs, but also comes with a few limitations. In order to control the thickness of S M
nanosheets, precise control of the metal or metal oxide thin film thickness is required. It has
been found that obtaining unifoity of the predeposited thin filmis difficult which results

in MS; nanosheets with neaniform thickness and high grain and defect densities which
severely hindersstelectronic propertie€-22 Zhanet al,* found that when using metal films,

the sulfurization doesn’t always go the compl
sample which ended up with pwith metallic electronic properties. The switch from metal

to metal oxide thin films was done in erdto ensure that the products are completely
semiconducting and have no metallic proigsr from unreacted met&.Song et al !
developed atomic layer deposition (ALD) where precise control of the metal oxide film
thickness could be controlled in order to achieve uniforrikltywever the suitable precursor

used to form e WQ films is not readily available, which makes this method not very
accessible and the standard inert and hydrophobic substrates used for this synthesis do not

efficiently initiate WQ growth.

Apart from the two maiwapourdeposition methods, othedaptations of these methods have
been used such as metalorganic CVD (MOCVD), where Mapour pressures of

organometallic precursors are uséd@hermal decomposition d@hiosaltshas also been done
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by decomposing precursors such as amom thiomolybdate (NB2MoS; into MoS at

elevated temperatures. The resultant products usually &alpdur deficiencies due to

oxygen contamination. Further annealing at temperatures as high as 100@ sulfur-rich
environment is necessaty reducethe oxygen defecf§ Another nethod is the vaporization

of TMD powders and recrystallizing them onto a substrate to foriyhayystalline flakes of

TMDs3** that are not uniform due to the random growttine flakes onto theubstrate The
advantages of gas phase synthesis of TMDs are that the nanosheets produced are of very high
guality so that they are compatible with existing technologies and the synthetic methods are
scalable compared to nteanical foliation method€’ The resultant nanosheets are also of

large area and this method, if developed properly, is able to procafeescale2D TMD

nanosheetg?

The major drawbacks of the gas phase synthetgthods ardhat it requires the use of
temperatures as high as a 1@0(and at times the use of harmful gases such aS.Hor
instances where precise control of the thickness of the TMDs is important, CVDvierpot
suitable as there is no control over the growth of the partiCiser drawbacks includine
difficulty of obtaining méal or metal oxide thin films of a thickness exactly to what is
required of the TMDs&nd the use of generic substrates such as 86, films are deposited
onto the substrates during synthesis and need to be peeled off and transferred to target
substrates which caubeeakage of the films.

(i) Solution based syntheses
Solution based synthesésld the advantage of being high yieldingthods that can be
scaled up and optized for mass productiorilso, these methods are flexible in that many
parameters can be varied to fine tune the types of TMDs obt&iMadious morphologies
with different properties can beroduced with avariety of precursors or capping ligands or

reaction temperature.

(a) Hydro/solvothermal method

This synthetic method involves the reaction of tungstensatphurprecursors in an aqueous

or nonaqueous soludn in an autoclave at elevated temperatures and pressure for several
hours. Hydre and solvothermal methods are mostly similar, with the same kinds of
precursors being used for both. The only difference is that solvothermal synthesis uses high

boiling point organic solvents instdaof water.The main advantage of hydro/solvothermal

16



methods are theolWer temperatures used (32808 ) compared to CVB® The main
drawback of these two methods are the long reaction times whicherénogn 1648 hours

and therequirement of high pressuréghe flexibility of this method means that by varying
different parameters, different types of TMDs can be obtained. In the case of work done by
Chakavarty et al, large microrodsand particles werebtained by vaing the tungsten
precursof’ Large mesoporous Warticles were obtained whesetrimonium bromide
(CTAB) was added to the hydrothermal ré@e mixture3®

(b) Microwave-assistedsynthesis

The microwaveassisted synthiet method is a fast and energy efficient way to produce
nanoparticles. It involves mixing the metal and chalcogen precursors in a solvent and
irradiating them with microwaves for a few minutes. The biggest advantage to this method is
the fast reaction timand this method has been used widely for the synthesis of metal and
metal oxide nanoparties®® However, this method is not widelsed for the synthesis of
layered TMDs. Some work has been done to synthesize Ws8hg thismethod. Chaturvedi

et al developed aolventessplasmaassisted microwave synthesis of YWhich is like a
combination of CVD and microwave synthesis. This method pratlacge hexagonal WS
nanoplates® The drawback here was the longer reaction time but also a complex reaction
setup that required a vacuum. The same type of method was uselénze/N Oz and MoQ

to produce WSeand MoSe by Chenet al who found that by varying the thickness of the
metd oxide film on the substrate, they could influence the growth orientation ¢dybes*°

Just like colloidal synthesis, various morphologies and types of TMDs can be produced via
this methodLiu et al produced inorganitullerenelike WS, nanoparticles by incorporating
polypyrrole nanofvers in the reaction mediuthWS; nanowires were obtained by Panigrahi

et al, however the microwave part of the synthesis only yielded an intermediate that
required annealing at 750 for 1.5 hours*? which loses the energy efficiency associated
with microwave synthesis. &r mophologies such asiicrorods®’ nanosheat nanocones

and nanoworm$® were obtained by varying parameters such as the concentrations of the

precursors used.
(c) Colloidal synthesis

This method also involves the reactiof metal and chalcogen precursors in a high boiling

point organic solvent which also acts as a capping ligand. The reactions are usually carried
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out under an inert atmosphere at elevated temperafu8e€s ). The reaction times are
much shorter compared to the very long reaction tiofidg/dro/solvothermal methodlVhile

the exfoliation methods suffered from nrscalability, colloidal synthesis is a method that is
scalable and usually produces high yieltimanoparticle$.The use of capping or stabilizing
ligands means that the surface chemistry of tmparticles is modified in such a way that
the nanoparticles can be dispersed in various anfedi specific applicationsThe capping
ligands also lend in the stabilization of the particles, preventing agglomeration. One of the
biggest advantages of colloidal synthesis is in its flexibility. The ability to change different
reaction parameters wrder to tune the types of TMDOxbtained as well as their properties.
This is what makes colloidal synthesis one of the most studied syntmetiedpres for

nanoparticle¥ and why it is the method of choice in this study

Colloidal TMDs have a tendency to form nanostructures and fllkeermorphologies, to
minimize surface energies. Colloidal methods to produce TMD nanosheets with precisely
controlled, size, shapeniformity and layer thickness are not very common. There are many
reaction parameters that infme the morphology of TMDsuch as temperature, reactant
concentration, the rate of decomposition of the precursors and the types of capping ligands
used® Colloidal synthesis poses a few challenges sashthe difficulty of isolating
nanosheets from solot, the difficulty in preventing restacking of the nanosheets and also
the difficulty of obtaining flat nanosheets from a continuously stirred reaction medium.
Although colloidal synthesis is a flexible technique for the synthesis of narcbgsyti
undersanding how these nanopartislare formed has been a difficult topieno theory or
model exists that is able fally describe or predict how the nanopadghill evolve within

a set of parametefs.

2.6 Colloidal growth mechanisms

There are two main colloidal growth nemisms that attempt to exgpi how nanocrystals

grow: The classical nucleatohte or y ( CNT) a n dhe lclassi@lrnuckatiadnh e or y
theory states that a thermodynamic system teondsiitimize its Gibbs free enerdy

Therefore during colloidal synthesis, when nucleation betwesiibbs free energy increases

as the monomers aggregate to forgger units. The Gibbs energgntinues to increase until

the monomers reach the critical radiug. (The critical radius is the radius of the nuclei that

prevent dissolution of the nucleilt is also at the stage where the free energy is at its

18



maximum.Once the nuclei reach the critical radius, they begin to form stable rilivtefree
energy proceeds to decrease frometes the stable nuclei grow as shown in Figure The
CNT, however only describes the nucleation part of the process. The gt geescribed

using separat@rocesse$

ﬂG 1

surface energy

AG

bulk free energy

Figure 2.9 Diagram of the classical nucleation theory showinghe dependence of the

free energy §¥/G) on the radius (r) of the nuclei*

Lamer incorporated #h CNT into histheory, but also proposeskeparationbetween the
nucleation and particle growth phases. Lamer showed thdhea precursors are heated
monomers begin to form. The concentration of monomers [M] increases until it reaches
supersaturation orcritical nucleation [Mc]. Once nucleation of nanoparsdérs, the [M]

begns to decrease because as the nanoparficten, the monomers are rapidly consumed.
Nucleation eventually stops when the monomer concentration drops below the equilibrium
monorer concentration [Ma], which is the concentration required to prevent dissolution of
very small particles. Once the monomer concentration is below [Ma], the very small particles
that have a radius less than the critical radig)sé-dissolve and particgte inthe growth of

the larger, more stable nucf&i* Having these theories in mind, it can be inferred, especially
with regards to the particle size distribution, what effect different parameters will hdkie o
resultant nanoparticles. Parameters such as heating rate, growth temperature, precursor type
and concentration as weks capping ligand§ some of which wil be discussed in later

chapters
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Figure 2.1Q Diagram showing the separation between nucleation and growth based on

Lamero6s theory.

When it comes to the growth of anisotropic materials suctaassheets, kinetiggaysa role

in the growth mechanissn Within colloidal synthesis, anisotropic materials can be achieved
by the use of various capping ligarfdS.he capping ligands have been shown to be able to
selectively stabilize certain crystal facets which cause them to groiffeaient rates, hence
causing anisotropi growth of the nanoparticlePue to the flexibility of the colloidal
synthetic method, TMDs with varying morphologies have been synthesized. From nanosheets
to nanoflowers, nanpferes and evemicroboxes’ Nanomaterials can be classifi@to
categories: nanobjects and nanostructures. Naolgects are materials that haveeon
external dimension at the nanoscale, while nanostructures are materials that are usually larger
than the typical nanoscalaaterials,but are made up of nanoscale internal structures. For
example when individual nanosheets aggregate to fanioro flowers These are also
classified as hierarchical nanostructuf®és.

2.7 Application of WS, as a counter electrode in dyssersitized solar cells

In solar cells, W& has the capability to function as the active semiconductor material or as

the electrodes that capture the generated charge cabersensitized solar cells (DSSCs)
were first demonst r atneldl &sya chedpét algraative to sikiconGr & t
photovoltaic(PV) cells* Over the years, as research into DS8@reased, these types of

solar cells have shown to have several advantages which make them a promising third

generation PV technology. DSSCs are easy to prepare, lmaveproduction and
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environmentatoss. They have shown enhanced performance in outdoor conditions and have
also been found to outdslicon-basedsolar cédls in indoor applications® High temperatures

and vacuums are not necesséoy the fabrication of these cells, whidiso leas to the
lowered produddbn costs. These cells are bifacial so they capture light from all angles,
making them very efficiet®® A basic DSSC consists of three main components: a working
electrode (TiQ) sensitized by an organic dye, an electrolyte solution (Lil ahdrid a

counter electrode (PHas shown in igure2.11

Photons

Conductive glass (FTO)

Dye sensitized TiOz2 Conductive glass (FTO)

Electrolyte Counter electrode

Figure 2.11 Diagram of a basic dyesensiized solar cell.

TiO2 is awide-bandgapsemiconductor and does not absorb visible light efficiently, which is
the reason for its sensitization witisible-light sensitive dye. The dyassists the Ti©to
absorb viddle light more efficiently® The electrolyte acts as areetron donor that rapidly
donates electrons into the oxidized dye, to regenerate the dye ortretutye to its ground
state.The basic operation of the DSSC starts aitsorptiorof photons by the sensitizer dye.
The photons excite the electrons in thge and the dye further donates electrons into the
conduction band of the Tigwhich causes the dye to be oxidized. The electrons travel to the
counter electrode through the external circuit. The oxidized dye is replenisigedbipn of
electrons fronthe electrolyte andslis oxidized to 1 The electrons in the counter electrode

then regenerate the electrolyte by reducing the iodide to the triiodide.

WS will be used as a replacement of platinum as the counter electrode (CE). Platinum has
shown highphotoelectric conversion efficiency (PCE) as a @GEwever platinum is an
expensive and scarce noble metal which hikes up the production costs of the D&»las

been shown to have good conductivity, electatalytic capabilities and is relatively
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inexpensive. As a CE, WSvill act as a catalyst, promoting the reduction of the oxidized
electrolyte which will result in the regeneration of the sensitizer dye. It will also collect
electrons from the external circuit, returning thenc ka i nt o irfcutaon®tQydlid ' s ¢
voltammetry is the electrochemical method that is used to evaluate the electrochemical
catalytic activity of the counter electrode.tireeelectrodecell consisting of the working
electrode, reference electro@dmdthe counterduxiliary) electrode ishe basic setip of the

cyclic voltammetry measurementsPotential will be swept & a constant rate while the
resultant current is observed. For the iodidef/triiodide redox couple, 2 peak currents are
usually observedFigure 2.12)hat correspond to thelfowing reactions:

© ¢Q ©d0 (1)

c0 ¢Q ©° 0 (2

The first reaction has been found to have the biggest influemdbeoperformance of the
DSSCs?

6 e Cosse ”

— Ni, 33C00 67Se Ox-1 Ox-2
34 —Ni, Co,,Se

ST Nio 67C°o.338e

— NiSe

— Pt

1
w

Current density (mA cm™)
o

06 -03 00 03 06 09 12
Voltage (V vs Ag/AgCl)

Figure 2.12 Cyclic voltammograms showing the two oxidation and reduction peaks
associated with the 113" electrolyte 52

Several different transition metal chalcogenide materials have been used as substitutes for
platinum as counter electrodes in DSSCs. Cahalhidesof different compositions have

been used and even CoS/rGO composites. These have achieved photoelectric conversion
efficiencies(PCE) between 6.5 and 9.4%¥From the work that was done on Mo&nd

WS, researchers have fod that these materials have good PCE, even more than that of
platinum.Edge oriented Wghas had the highest PCE of 8.85%, where the HQitabnum
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was 7.2%° The edge orientation of W3s important as it has been shown to be more
catalytically active thn the basal planes of the nanoshddtsS; nanofiimsand other Wg

nanomaterialshowed efficiencie®f 8.3%° and7.73%" respectively.
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Chapter 3
Synthesisof WS, nanostructures with various ratios of organic

capping agents

3.1 Introduction

The flexibility of colloidal synthesis comes from the fact that nanopestican be modified

by alteringvarious reaction parameters. Capping agents are one of theiantpoarameters

that must be considered in colloidalnflyesis. e to their sizenanoparticleshave much
higher surface energy compared to bulk partidéemoparticles tend to agglomerate due to
instability caused by the high surface enerdié<apping agents are nesules that bind

onto the surface of the nanoparticles to stabilize the particles and prevent agglomerago
binding of the capping agents occurs through van der Waals forces, chemisorption or
hydrophobic interactions.The surface chemistry of nanoparticldspends layely on the
capping agent$ Because of the surface mfyng effects of capping agents oneth
nanoparticles, the nanoparticlase able to be dispersed in various media and are made
compatible with various solvents, hence pravidihe ability to tailor the nanoparticlés
specfic applications-®’ Some capping agents such as citrate and alkylamines have the

additional role of reducing theetal ions in solutiod®

Capping agents are also able dause anisotropic growtbf nanoparticlesy selectively
capping ertain crystal facet$® The anisotropic growth comes from the differing affinities
that the capping agents have to certain facets of the particles. The functional groups bind to
the facets through dynamic adsorption and desaorpiitie facets for which they have the
highest affinities will bind more strongly to the capping agents. The affinities are governed
by the geometry of thet@ms in that crystal planeDuring crystal growth, atom deposition

on the strongly bound facets is limited, meaning the growth of these fac#tsver than
those that are weakly bound. In the end, the facets with the slevthgnoll be preserved and

are the facets that wile exposed in the resultant nanopartit?és The resultant shapes of

the nanoparticleare consequentichangedoy the capping agents used &®wn in Figure

3.1. The figure shows how using sodium citrate {8l&) or polyvinyl pyrrolidone (PVP) as
capping agents results in vastly different silver nanoparticle morphologies.has kben

shown with various ®tal nanoparticlesuch as silver, platinupand palladium to name a
few 10,12,13
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Figure 3.1 Schematic showing the preferential binding of capping agents to specific

facets of silver nanoparticles?

TMDs are naturally anisotropic materials and éffflect of capping agents wasostly seen in

the control of the number of layers in the nanosheets more than the control of the shapes of
the sheets. An exampleaw shown when oleic acidleylamineandoleyl alcohol were used

to synthesize W& nanomaterials. It was found that using oleic acid caused the formation of
monolayer WSgand oleylamineresulted in fewlayered WSg This was attributed also to

the affinty of the @pping agents to the edge sites of the matEriBifferent types of
molecules can be used as capping agents. From surfactamtsetidmonium bromide
(CTAB) to organic molecules such ateylamineand polymers such as polyvinyl alcohol
(PVA) or polyethylene glycol (PEGY!® In this study teylamine,oleyl alcohol, oleic acid
andoctadecenare used asrganiccapping agentfor the synthesis of Wishanomaterials
These molecules have the same chain length as well astdedbond in the chainfhe
double bond iroleylamine oleic acig andoleyl alcohol is situated between th® and 18"
carbon in the chain, while that ofdtadecends situatedbetweenthe F' and 29 carbon in

the chain. The othatifference betweethem beig the head group as shown in Figure. 3.2
Oleylamine has been shown to be an excellent cappingealndingagent!’, thereforejt is

used as the main capping agent while the other capping agents are used@sragpagents.

The use of ceurfactants is to determine how the other capping agents affect the morphology
and thickness of the WS
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Figure 3.2 Capping agent molecules: (a) oleylamine, (b)-@ctadecene, (c) oleic acid and

(d) oleyl alcohol.

3.2Materials and method

3.2.1 Chemicals

Tungstic acid (HWO4, 99%), thiourea (CS(Nhb, 99%), oleylamine (70% technical grade),
1-octadecen€d0% technical grade) , oleic acid (90% technical grade) and oleyl alcohol (85%

technical grade). All chemicals wepurchased from Sigma Aldrich South Africa.

3.2.2 Experimental procedure

Tungstic acid and thiourea in a Indblar ratio were placed in threenecked round bottom

flask. Ratios of oleylamine with the other capping agents as shown in Table 3.1 were added
to the flask. The mixture was purged with gas at room temperature while stirring for 20
minutes to eliminate any air in the reaction sa#s Thereafter the mixture was heated to
300 and held for two hours. The resultant black product was cooled to room temperature.

The product was washed with equal parts ethanol and hexane -gine@iovernight.

Table 3.1 Table showing ratios of oleylamine to the other capping agés used in

capping agent study

Oleylamine Oleic acid/ oleyl alcohol/octadecene
0% 20 ml 0o mi
25% 15 ml 5mi
50% 10 ml 10 ml
75% 5ml 15 ml
100% oml 20 ml
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3.2.3 Characterization

Powder Xray diffraction (PXRD) was carried oubn the Bruker MeasSrv (D2
205530)D2205530 diffractometer usinGukK o r adi at i Anat 30 XV/3Q mA.4 0 6
Raman spectroscopy waerformed on aHoriba J-Y T64000 micreRaman spectrometer

The excitation wavelength used for all samples was 514 nm. Fourier Transform Infrared (FT
IR) spectroscopy was performed on a Brukensor 27 spectrometéfransmission electron
microscopy (TEM) was done on tHeEl Technai T12microscope with an accelerating
voltage of 120 kV. Scanning electron microscopy and energy dispersive spectroscopy (EDS)
was performed on th&El Nova Nanolab microscope.'H-NMR spectroscopy was
performed on a Bruker spectrometer of 500 MHAhe UV-Vis absorption characteristics

were measured with théarian Cary Eclipse (Cary 50) UVis absorption spectrophotometer

3.3 Results and discussion

3.3.1W$S nanostructures synthesized with onlyeylamine (OLA)

PXRD and Raman spectroscopy were used to probe the crystal structure of the material
produced. The PXRD pattern in Figure 3.3 (a) shows distineV3A reflections, matching

to the PDF card number @B4-1398. The pattern shows the (002) plane, which is attributed

to the ecaxis of the material. The presence of this plane indicates the layered structure of the
WS; and the presence of more than one layer ob.¥WShe crystallinity of the WSis not

very high as evidenced by the lack of separation of peaks in t48J3@nge on the pattern.
Decreased crystallinity is usually observed with very small or very thia MéSerias1® A

peak a25J (*) is visible which is due to excess tungstic gdi@PDS-ICDD pattern no: 84
0886)2° The Raman spectrum iRigure 3.3 (b)indicates two modes charadgtic of 2H-

WS,. The 2LA (M) mode at 353 cfand the Ag¢(3) mode at 418 crh From various studies,

it has been shown that the frequencies of these modes, especifdly are affected by the

number of layers in the material as discussed in the literaview. The Ay3) mode is

located at 418 crhwhich indicates two layers of W3"?? The intensity ratio P o )

between the 2LA and#(3) mode is 1.4, which is also indicative of a double layer of.%/S
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Figure 3.3: (a) PXRD pattern and (b) Raman spectrum of W5synthesized with only

oleylamine as a capping agent.
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Transmission and scanning dlen microscopy (TEM and SEM) have been used to visualize

the structures and morphologies of the Mg&rticles formed. The TEM micrograph kilgure

3.4 (a)shows the flowetike WSt hat was produced.

appear to be conoted at a central core growing outwardisstead they appear to be

The

pet al

assembled randomly. The TEM image also shows that the compactness of the flowers is

different. Some flowers show more compact petals (green circle) while others look more like

crumpled/fotled sheets (red circle). The more compact flowers could possibly be formed by

the continuous folding over of the sheatto a flowerlike morphology.From the SEM

micrograph in Figure 3.4 (b) the petalspear to be made up of assemblies of sheets that ha

their edges expose®erhaps the small sheets are made of a bilayer ti$ aggregate to

form the flowerlike morphology. This morphology could possibly lead to a very high surface

area which would be beneficial in catalytic applications.
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Figure 34: (a) TEM and (b) SEM micrographs of flowerlike WSz synthesized with

only oleylamine as a capping agent.

Proton NMR spectroscopywas usedto identify the ligands bound to the surface of the
nanoparticles. When the capping agents are bound to theeswiffdlse nanoparticles, line
broadening and signal shifts occur on tReNMR spectre?® Figure 3.5 shows th#H-NMR

spectra of pureleylamine and thé@OLA cappedWS; particles. The double bond proton
resonance peaks situated at 5.34 ppm are shifted to 5.4 ppm @LfheappedWS,
nanoparticles as shown in Figure 3.5 (a). Another characteristic resonance peak belonging to
the methylene protons adjacent to the amigeoup has a resonance peak at 2.67 ppm as
shown in Figure8.5 (b). This resonance peak is weakened and severely broadened so that it
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appears to be absent. These results show the presence of oleylamine on the nanoparticle

suiface.

(a) OLA capped WﬂSz

J‘L L W, (_Jl \“\MJ Lk I W

LR S B B s B s B S B B B S B S R B S e
58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 32 3.0 28 26 24 22 20 L8 16 14 L2 1.0 0.8 0.6 04 02 0.0 -02 -0
f1 (ppm)

Figure 3.5 H-NMR spectra of (a) WS nanoparticles capped with oleylamine and (b)

pure oleylamine.

UV-Vis spectroscopy is able to provide information on the optical and electronic properties
of the WS produced. The absorption spectrum in FigBré@ shows three weak absorption
peaks attributed to the three distinct excitons associated with semiconductWwjS:2H
Exciton A and B, at 670 nm and 524 nm respectively, are a paiapgpatdue to interlayer
coupling within WS.2* Exciton A and B are direct transitions that occur betweerspie
valenceband and the conduction band at thedint of the Brillouin zoné? ExcitonC at450

nm is a high energy exciton that is caused by optical transitions between densities of state in

the valence and conduction band of A¥S
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Figure 3.6: UV-Vis absorption spectrum of WS: synthesized with only oleylamine ag

cappingagent.

Oleylamine has been shown to preferentially passivhteedge sites of the sheets, because

the edges of the sheets contain tungsten atoms that are not fully coordinated, hence causing
them to havehigher surface energ}??%2?’ The formation of the nanosheet assemblies into
flowers could be related to the reduction of the surface energy of the particles. Since
oleylamine stabilizes thedges more strongly, they hal@wer surface energy and are
exposed as shown on the SEM image (Figure 3.4 (b)). The basal plane may not have been
stabilized as effectively, causing their surface energy to remain high. Therefore the
nanosheets assemble twrrh a flowerlike morphology to reduce the surface energy. The
formation of only a bilayer of WSmay be due to the fact that excess oleylamine attaches

weakly to the basal plane, preventing the growth of more than 2 layers,of WS

3.3.2W$S nanostrucures synthesized with ratios GfOctadecene (ODE)

The PXRD patterns in Figure 3.7 indicate that the crystal structure of the materials is that of
2H-WS,; (PDF: 01084-1398). As the ODE concentration increases from 25% to 75%, the
(002) plane at 1 decreass and ultimately disappears at 75% ODE. The (002) plane
represents the-axis of the material. Where the (002) peak is diminished, it is indicative of a
single layer of W& The crystallinity is also decreased at the 75% concentration of ODE.

This is eviegtnced by the very few, poorly defined peaks. For the lower concentrations of
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ODE (25% and 50%), the (002) plane increases in intensity and broadens, which indicates the
presence of a few layers of WS hese patterns also show the presence of iWPurities

(*) which may have been caused by oxidation during synthesis at high temperahees.
increase in impurities as more ODE is used could be due to less reduction occurring as the
concentration of oleylamine decreases significarithjs is supported by hEDS spectra in

Figure 3.8 that show the presence of oxygen in addition to tungstesulfurd

—— 25% ODE
—— 50% ODE

101

—— 75% ODE

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2q (Degrees)

Figure 3.7: PXRD patterns of WS synthesized with increasing concentrations of

octadecene
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Figure 3.8: EDS spectra of WS prepared with a (a) 25%, (b) 50% and (c) 75%

concentration of octadecene
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Raman spectroscopy was used to probe theatrgsucture The E,¢(3) and Ag3) modes

are depicted on the Raman spectra in Figure 3.9. On closer inspection, a shift to lower
wavenumbes is observed for the 43) mode as the concentration of ODE increases. At
25%and 50%0DE, the A¢3) mode is at 419 cthanddecreases to 417 chat 75% ODE.

As was previously stated, the£8) mode frequency is highldependent on the number of
layers. It has been shown that when thg(@ mode is situated at 419 &pit is indicative of

a four layer material. The frequency decreases to 41%wdmch is characteristic for a single

layer of WS.2222 Therefore the increasing concentration of ODE affects the thickness of the
material. The decreasing thickness is also supported by the diminishing (002) plane intensity
on the PXRD pattern. The'(3) mode remainat a Raman shift of about 355 ém

— 25% ODE Elz ©
50% ODE ! A, ©
—— 75% ODE

Intensity (a.u.)

O R s m e e e S e S Y EL A m e
250 275 300 325 350 375 400 425 450 475 500

Wavenumber (cm™)
Figure 3.9: Raman spectra of WS synthesized with different concentrations of

octadecene as a ecapping agent.

The TEMmicrographs in Figure 3.10-fashows the WSobtained from the diffent ODE
concentrations in order to observe the morphology produced. At a 25% ODE concentration
(Figure 3.10 (a, B) the WS takes on a shedéike morphology. The sheets appear to be
crumpled or folded in places. This is understandable asaftatimensimal nanosheets are
more unstable and folding and crumpling is a mechanism to reduce the surface&nkeyy.
crumplingof the sheets makes it appear as if theeW a flowerlike morpholggas shown

in Figure 3.10 (b)When a 50% concentration of ODE is used, the flowerlike morphology is
more pronouned as shown in Figure 3.10 (c, d). Most of the flowers appear to be made up of

36



folding nanosheets that overlap onto each other. It is also evident that not all zferivisi
are in a floweitlike morphology. Some exhibit the crumpled nanosheet morphokigyre
3.10 (d). An ODE concentration of 75% produces thin, crumplec 8ieets that also have a
flower-like morphology (Figure 3.10 (e)). The red ovalRigure 3.10 (f shows a section
where it appears that a few sheets have assembled or agglomeejsairdgtor sheets have
folded over onto each other. The folding of the nanosheetsdioesmot form very dense

flowers compared to the 50% ODE concentration.
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Figure 3.10: TEM micrographs of WS obtained using (a, b) 25%, (c, d) 50% and (d)
75% concentration of octadecene.
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FT-IR spectroscopy is able to give an indication of the capping of the ligands on the surface
of the nanoparticles.hle FTIR spectra of pure-bctadecenand oleylaminere depicted in
Figure 3.11 (a)The prple labés correspond to band=xclusive to oleylamine, while the
black labels correspond tiandsexclusive to octadecene. The blue labels ardémelsboth
capping agents havin common. In Figure 3.11 (b) and @&k the WS FT-IR spectra. The

first observatia is that the4C-H) and (=GH) stretches between 2750 ¢rand 3000 crmt are
present butveak. There lso exists weak and broad pedak406 cm' and 940 crt which
correspond to the (G bending mode and the (C=C) bend from the amine capping agent
respedwely (Figure 3.11 (c)) These results suggest that oleylamine is present as a capping
agent. The peaks corresponding to thenanfiead group have disappeavduich suggests

that chemisorption onto the WShrough the amine has taken place. The lack of any
distinctive octadecene bands on the \aterials makes it difficult suggests that there was
no coordination obctadecene onto the particldsoctadecae is a norcoordinating solvent

It is, thereforepossible that octadecene did not coordinate t&\Bg however was inserted
between the WS§layers. As was shown with the Raman spectra that the layers decreased

when the octadecene concentration increased.
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Figure 3.11: FT-IR spectra of (a) pure oleylamine and octadecene and (b, ¢) WS

synthesized wih both capping agents.

Due to the limiting information that was obtained from-IRT spectroscopy:H-NMR was

done on the 75% ODE concentration sample to determine the presence of octadecene on the
surface of the WS As was said earlietH-NMR is a useil tool used to identify the ligands

that are capped onto the WgBanoparticle surfacelhe WS spectrum contains resonance
peaks that belong to both oleylamine and octadecene. The resgeaks of the oleylamine

vinyl protons are situated between 5.381&.39 ppm as shown in Figugel2 (a). These
resonance peaks are shifted and slghtbadened on the WSpectrum as shown in Figure

3.12 (b).A peakshift and broadening also observed for the methylene protons adjacent to

the amine group at 2.67 pp The shifts and broadening indicate that oleylamine is indeed

capping the Wgsnanoparticles.

40



In the case of octadecene, the double bond proton resonance peaks s@peauligplet at

4.95 ppm as shown in Figure 3.12 .(d)hese resonance peak® gpregnt on the W5

spectrum and hawaightly shifted as wellThe WS spectrum also contains a weak resonance

peak at 5.8 ppm that also comes from octadecene, suggesting that octadecene has also capped
the WS nanoparticles. Octadecene is not expected totbapparticles as it is a nen
coordinating solventjowever the double bond could be involved in a weak dative bond that

results in the capping of the nanoparticles.

(a) Oleylamine (OLA)
| AN
(b) ODE and OLA capped WS2 H H
— H
‘ ”‘ / HQN/I\H
| ‘|V| \
,J._/ | y J\ S M} Lm»/\w’\ﬂu\"\,m famto
H H
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Mll\ !.
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Figure 3.12:'H-NMR spectra of (a) pure oleylamine, (b) WSand (c) pure octadecene.

UV-Vis absorption spectra shown in Figure 3.13 are able to reveal the semiconducting nature
of the materials. The UWis absorption spectrum for 25% ODE shows the three
characteristic absorption peaks of-#¥&. The A and B excitonic pair that is caused by
interlayer and spiorbit couplingis present? including exciton C which is caused by optical
transitions between densities of state in the valence and conduction bands.?8f N¢She

ODE concentration increases, the absorpfieaks weaken until they disappear at the 75%
concentration of ODBWith 50% ODE, the Bexciton decreases. The presence of both A and

B excitons is only seen in few layered W3so the weakening of the-&citon could be due
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to the decreasing dhe number of layers, which is suggested also by the Raman spectra.
Table 3.2 shows the positions of the absorption peaks. An absorption spectrum that is void of
the three characteristic W®&xcitons as shown for the 75% ODE spectrum is usually seen
with WS, quantum dot$® This kind of absorption indicates a significant widening of the
band gap, due to quantum confineménhn this case, the WSormed are not quantum dots,

but single layer WS Bulk WS exhibits absorption of light starting at 920 Antherefore,

the WS, in this caseshows a significant blue shift which is caused by quantum confinement.

—25% ODE
50% ODE
75% ODE

Absorbance (a.u.)
]

T T T T T T T T T T T T T
300 400 500 600 700 800 800 1000

Wavelength (nm)

Figure 3.13: UV-Vis absorption spectra of WS prepared using various concentrations
of octadecene

Table 3.2 The wavelengths at which the absorption peaks of W$eaks appear

A (nm) B (nm) C (nm)
25% ODE 628 536 451
50% ODE 620 - 445

75% ODE - - -

3.3.3WS nanostructures synthesized with ratio§ @eic acid (OAc)

The PXRD patterns of the WSynthesized with oleic acid are depicted in Figure 3.14. Using

a 25% oleic acid concentration produces very crystallind\2%4 (PDF: 02084-1398). The

high intensity (002) plane indicates the wa&thcked stricture. With the addition of more
oleic acid to the reaction mixture (Figure 3.14 (b)), two different materials are formed. 2H
WS, as shown by the indexed planes and a highly crystalline ammonium tungsten oxide
(NH4)o.5(WO3)* matching to PDF: 0D739917.The intensities of the WS002) plane are
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decreased, indicating the formation of fewer layers compared to the 25% oleic acid
concentration. There also exists(E)0) plane that belongs to WAQPDF: 00-041-0905.

When the oleic acid concentrations are @ased, there might lzedecreasededuction of the
H>WOs4 precursor, leading to the formation of W@ithin the flask. The ammonium ion
(NH4") could possibly come from the NHjases that are produced from the thiourea
precursor or from the RCO®NH," acidbasecomplex that forms between the two capping
agentst From the patterns in Figure 3.14 (b), it appehet the WS peaks are broadening,
with some peaks disappearing, indicating the decrease in crystallinity pasVsell as a

decrease in the thickness of the material.

— 25% Oleic acid * 50% Oleic acid
—— 75% Oleic acid
—— 100% Oleic acid
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Figure 3.14 PXRD patterns of WS synthesized using various concentrations of oleic

acid.

The Raman spectra depicted Figure 3.15shows two modes of 2HWVS;: Ely(3) and
A1¢(3). Close inspection of the spectra shows that the frequency ofi§t® mode decreases
from 418 cm' to 417 cmt as the oleic acid concentration increases from 25% to 100%. The
decrease of the #(3) mode frequency indicates the decreasihthe number of layers of
WS,. This is also observed on the PXRD patterns. Thg@ mode shows no appreciable
shifts as the oleic acid concentration increases. The frequency ofijtsg Anode for the
25% oleic acid concentration suggest® layers ofWS,. The Ag(3) mode for the higher
oleic acid concentrations is situated at 417'csuggestinga single layer of WS. The
presence of the (002) plane in the PXRD pattdnogvever shows that Wscontains more

one layer.
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Figure 3.15 Raman spectraof WSz from various concentrations of oleic acid.

TEM and SEM images in Figure 3.16 show the morphology and the evolution of the
morphology of the Wgproduced as the oleic acid concentration increases. The particles
synthesized with a 25% concentratidnoteic acid (Figure 3.16 (a and b)) have a stacked,
petatlike morphology thais between 110 nm and 160 nm wide as shown in the TEM and
SEM images. There also exists some slightly crumpled sheets in the midst of these stacked
petals. With more oleic atiin the reaction flask (50%), the stacked pék&l morphology
changes into flatter sheets with curled up edges (Figure 3.16 (c)). The SEM image (Figure
3.16 (d)) shows a collection of nanosheets with their edges exposed. A 75% oleic acid
concentration ppduces nanosheets that are flat in some areas and in other areas they are
oriented sideways (Figure 3.16 (e)). The sidented sheets appear to be slightly wrinkled.

The SEM image (Figure 3.16 (f)) shows agglomerations of-edgated sheets. Where gnl

oleic acid is used as a capping agent, the W&terials are agglomerated as shown by the
TEM and SEM images (Figure 3.16 (g, h)).
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Figure 3.16: TEM and SEM images of WS synthesized with (a, b) 25%, (c, d) 50%, (e,
f) 75% and (g, h) 100% concentratbn of oleic acid.
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From a study done on Wg5eanosheets, it was reported that amines have the greatest affinity

for the edge sites than carboxylicaciel3.he st acking of the “petals
the surface energy of arfyeestandingpetals?® When the concentration of oleic acid is
increased, the morphology of the Y&$hanges from stacked petals to flatter nanosheets. The
flattening of the nanosheets can be dumtwe effectivepassivation of the basal plane of the

WS, by the higher concentration of oleic acidowever when only oleic acid is used,
agglomeration occurs which indicates that oleic acid on its own is not an effective capping
agent in this synthesis. It was repdria the colloidal synthesis of quantum dots, that a high
concentration of oleic acid, causes delayed nucleation and ultimately results in larger
quantum dots! The agglomeration observed when a 100% oleic acid is used could be due to

the delayed nucleation.

The FT-IR spectraof pure oleylamineand oleic acid are depicted in Figure 3.17. |)e
relevant stretching andending modesire labeled The red labels correspond to the bands
that the two capping agents have in commin.Figure 3.17 (b), the spectra of WS
synthesized with different concentratsoof oleic acid are showrBetween 2800 crhand
2900 cm! the asymmetric and symetric CH stretches are visibldrigure 3.17 (c) shows a
closeup of the region betweer08 cm'® and 1600 cm. At 1460 cmt! there exists a weak
peak (*) that has been assignecatmetal carboxylate barid This band indicates that oleic
acid is coordinated to the metal ion via the C@&ad group. At 1403 ci the symmetric
stretch of the carbgkate group of teic acid is visible, although weak for some of the
samples. The disappearance of the C=0 band could indicate that oleic acid restbahd
particles as a bidentate ligaftdiThe 25% and 50%leic acidsamples also contain &l
band at 114%m?, indicating the presence of oleylaminehd’band disappears when the oleic
acid concentration increasdse 75% and 100% This result suggests that the higher

corcentration of oleic acid causitdo dominate as the capping agent for the materials.
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Figure 3.17: FT-IR spectra of (a) pure oleylamine and oleic acid as well as (b, ¢) WS

synthesized with different concentrations of oleic acid.

For further clarificiion of the binding of the capping agents, proton NMR was done on the
WS, sample that was synthesized with a 50% concentration of oleic acid and oleylamine in
order to determine whether both capping agents are indeed capping the particles or just one.
Someof the characteristic resomze peak from oleylamne and oleic acid are shown in

Figure 3.18. Tie methylene protons adjacent to the carboxylic and amine groups are situated
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at 2.34 ppm and 2.67 ppm respectively. Thecspen of the W$ particles containshese
resonance peaks that are shifted and broadened. The same is observed for the alkene proton
resonance peaks at 5.34 ppm that that shifted and broadémnsdesult shows that both
oleylamine and oleic acid are capping the nanoparticles.

(a) Oleic acid (OAc) M
\
H H o I

N "

(b) OAc and OLA capped WS2

-

(c) Oleylamine (OLA)
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Figure 3.18: 'H-NMR spectra of (a) pure oleic acid, (b) capped WsSand (c) pure

oleylamine.

Three characteristic absorption peaks of-\213, are depicted in the U¥is absorption
spectra in Figure 3.19. The-B direct excitonic pair as well as the-e@citon which
corresponds to optical transitions between densities of state in the valence and conduction
band. The Aexciton absorption occurs at 633 nm for the 25% oleic acid concentration. Fo
the higher concentrations (5®%), the Aexciton blue shifts to 618 nmmdicating that the

WS, formed are smaller. The W8btained with a 100% oleic acid concentration shows red
shifting of the Aexciton. This is caused by the aggregation of the WSw~vas shown in the

TEM and SEM images in Figure 3.16.
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Figure 3.19: UV-Vis absorption spectra of WS synthesized with various concentrations
of oleic acid.

3.3.4WS nanostructures synthesized with ratios degl alcohol

When oleyl alcohol was added as acapping agent to oleylamine, the crystal structure of
the products maked that of 2HWS, (PDF:01-084-1398 as shown on the PXRD pattefins
Figure 3.20. When only oleyl alcohol was used without any oleylamine, no reaction occurred.
Instead, the reagents coagulated and stuck to the bottom of the reaction flask. The maximum
concentration of oleyl alcohol used is therefore 75%. The presence of the (002) plade at 14
indicates that the WShas awell-stacked layered structure. The peaks marked with an
asterisk are of the 3R/S; polytype (PDF01-084-1399. The 3R polytype occus only with

the 50% and 75% oleyl alcohol concentration. A 3NTDO) plane appears at 2§°DF 00
041-0905. WS is prone to oxidation at high temperatures, especially when aliquots are
extracted from the flask.
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Figure 3.20: PXRD patterns of WS synthesized with different concentrations of oleyl

alcohol.

The Raman spectra in Figure 3.21 show thg(® and Ag3) modes characteristic of the
2H-WS; crystal structure. No significant shift of thags) mode, which remains at 418 ¢m

for all the oleylalcohol concentrations occurs, as shown in Table 3.3. There is a slight shift of
almost 1 crrt for the Exy(3) mode, from 354 crhat the 25% and 50% concentration to 353

cm® for the 75% concentration. It has been shown that the frequency of:tf®) Emode

slightly decreases as the number of layers increase. From studies done on the number of
layers, the frequencies of both modes have been assigned:tevith8vo to three layers as

shown in the table 33:3* Hene, we can conclude that the Wirmed from using oleyl

alcohol aghe co-cappingagent has between 2 and 3 layers.
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Figure 3.21: Raman spectra of W% obtained from varying concentrations of oleyl

alcohol.

Table 3.3: Raman shifs of the El2g and Aig( ) modes of WS synthesized with various

concentrations of oleyl alcohol

Elxg( ) Axg( ) No. of layers
25% 354.5 4187 2-3
50% 3546 418.6 2-3
75% 353.9 4185 2-3

The WS produced from a 25% concentration of oleyl alcohol are thin sheetarthéolded
and crumpled into an almost flowkke morphology as shown in the TEM image in Figure
3.22 (a). The SEM image (Figure 3.22 (b)) shows amtgated sheets with some flowerlike
structures. It appears that the flowerlike structures are formmm the folding and

aggregation of these edgeented nanosheets.
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Figure 3.22: (a) TEM and (b) SEM micrographs of WS synthesized with 25% oleyl

alcohol.

The flowerlike morphology is also formed with the 50% oleyl alcohol concentration as
shown in he TEM image Kigure 3.23 (9) . These structures don’t
indicates growth from theentre The structures appear more like assemblies of nanosheets in

such a way that the edges are exposed. Figure 3.23dl3EMimage that also shes the

exposed edges of the nanostructures. The second SEM micrograph (Figure 3.23 (c)) shows
the exposed edges also, however in this image the nanostructures seem to have fused together

to form a continuous hierarchical structure.
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Figure 3.23 (a) TEM and (b, c) SEM micrographs of WS nanoflowers synthesized with

50% concentration of oleyl alcohol.

A 75% oleyl alcohol concentration produces sHiet WS, that are crumpled and folded
over at the edges ahownin Figure 3.24 (a, b). The sheets apptabe very thin. The
folding over is probably due to their instability and needing to reduce their surface €hergy.

From the SEM image (Figure 3.24 (c)), the sheets are visible with their edges exposed.
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Figure 3.24 (a, b) TEM and (c) SEM micrographs of WS synthesized with 75% oleyl

alcohol.

The FT-IR spectra of pwe oleylamine and oleyl alcohol are shown in Figure 3.25T(a8.
blue labels show thieandsthat both capping agents have in common. Figuz8 (b, c)show

the spectra of the WSarticles. It is evident from Figure b that the (HE and ¢C-H)
stretches that come from both capping agents is gre@atween 3300 cthand 3400cm?
there exists a broadened peak that corresponds to thl &Betch of oleyl alcohollt is
possible that oleyl alcohol binds to the particles with thee lpairs on the oxygen atom,
leaving the GH intact. It is evident that this peak is more prominent for the 50% afd 75
oleyl alcohol concentrationsThis indicatesthat for these particles, there is more oleyl
alcohol capping the particles than oleylamiRgure3.25(c) shows a broadened peak that is
assigned to the (OH) stretch of oleyl alcohol. Again it is evident that this peak is more
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prominent for the 50% and 75% oleyl alcohol concentrations. The absence mtraggn
containing modes makes it ifficult to elucidate the adsorption of oleylamine on the

nanoparticles.
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Figure 3.25 FT-IR spectra of (a) pure oleylamine and oleyl alcohol as well as (b, ¢) WS

synthesized with both these capping agents.

Proton NMR was also used on the 50% olegbhbl concentration WsSamples to elucidate
the presence of both oleyl alcohol and oleylamine as capping agents for these samples.
Characteristic peaks belonging to both oleylamine and oleyl alcohol are depithedih
NMR spectra in Figure 3.26.h€& methylene protons adjacent to the alcohol and amine
moiety are situated at 3.67 ppm and 2.67 ppm respectgeshown in Figure 3.26 (a) and
(c). The methylene protons that are one carbon away from thkoalgomoups is shown at
1.57 ppm in Figure (a)The spectrum of the WiJarticles has the vinyl pton resonance
peaks at 5.4 ppmt &lso containshe peaks for thenethylene protondirectly adjacent to the
alcohol group at 3.67 ppm (shown as inset with black bordém. methylene protons
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adjacent tohe amine group appear to be shifted and broad@addnset spectra)ndicating
the capping of oleylamine as welrrom theseresults it can be concluded that both

oleylamine and oleyl alcohol passivate the nanoparticles.
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Figure 3.26: 'H-NMR spectra of (a) pure oleyl alcohol, (b) capped WSand (c) pure
oleylamine. The insets (d, e) are a magnification of the areas on the spectra indicated by

the rectangles.

The absorption spectra in Figure 3gYows the characteristic excitons associated with 2H
WS,. The direct AB exciton pair that appears with few layered Y48d the € exciton peak

that is due to optical transitions between densities of state in the valence and conduction
bands. From the spectra, it is evident that the B peak is not very poaapyamobably due to

the formation of bilayer WS The interlayer coupling may be weak due to the presence of
only two layers in each sheet. It is also evident that the 75% oleyl alcohol spectrum is slightly
blue shifted to 615 nm compared to the other $pectra (both at 618 nm). The blue shift can

be attributed to a slight decrease in the size of the nanosheets obtained. From the table it is
shown that the A exciton peaks are at wavelengths that are significantly shorter than those on
bulk WS (920 nm),indicating the quantum confinement effect that has occurred within these

nanocrystad.!!
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Figure 3.27: UV-Vis absorption of WS using various concentrations of oleyl alcohol.

From the above data, it is evident that the oleyl alcohol concentration affects the morphology
and the optial properties of the materiaFirstly, it was shown that as the oleyl alcohol
concentration increased, the morphology evolved from fldiker nanstructures to
nanosheets. It has been suggested that the formation of flowerlike morphology in 2D layered
materials is a way for the particles minimize their surface erfér@gpping agents such as
oleylamine and oleyl alcohol also play the role of stabilizing the particles. As was mentioned
in thesedion (3.1), capping agents can selectively cap certain facets of a particle more than
others.From a study done on W&ét was found that oleylamine has a higher affinity for the
edge sites of WSdhan oleyl alcohol. This meant that the when more oleylans present

in the vessel, lateral growth of sheets is hindered whilizdmtal growth is promotet? This

means that the basal plane aod energy remains high and the formation of flowers occurs

to minimize that surface energy. This can be seen also in thewW\&e only oleylamine is

used as a capping agent in Figure 3.4. We know ftleatstanding2D nanosheets are
unstable and hence d¢ia to fold in order to stabilize themselvéseestandingnanosheets

are observed when 75% oleyl alcohol concentration is used. This could mean that the oleyl
alcohol passivates tHece standinghranosheets better than oleylamine. This could mean that
oleyl alcohol passivates the basal plane (002) better, hence the formation of thin nanosheets.
Secondly, the increase in the concentration of oleyl alcohol impacted the optical band gap of

the material. The improved bagdpcould be caused by thin fre¢ending nanosheets. It has

57



been shown ititeraturethat thin WS have a larger optical band gap than thicker sheets. This
is becausef the band structure transitions from an indirect to a larger direct barid Ghais.

is shown by the slight blue shift of theexciton on the absorption spectra (Figure 3.27).

3.4 Conclusion

From the studies, one of the main observations was that when the concentration of
oleylamine is high in the vessel, W&nds to forma flowerlike morphology. As the
oleylamine concentration decreases, the flelker morphology evolves into flat and almost
free-standing sheets. It has been established that the edge sites afeM$osunstable and

in the flowerlike morphology, the edge sites arestrexposed, indicating that oleylamine
efficiently stabilizes themln order to achieve WiShanostructures that have more exposed
edge sites or a dominating edge orientation, oleylamineeidbést capping agent for that

purpose as it has produced flowerlike YWi&ere it is in high concentrations.

1-Octadecene

It was shown through Raman and PXRD that increasing the octadecene ratio affects the
thickness of the W Soroduced. The morphologyahwas produced consists of folded sheet

like morphology to a flowelike morphology. The Wg5produced with octadecene as a co

capping agent showgoodvisible light absorption.

Oleic acid

Using a concentratiorof oleic acid higher than 2b produces a mixre of products (WS

and (NH)os(WOs). This makes the use of high concentrations of oleic acid undesirable.
Oleic acid needs a esurfactant to prevent the agglomeration of the>\M&eets. Although

the high concentration of oleic acidauss the formatim of mixtures, it is able to control the
thickness of the W&o a certain extentA 25% oleic acid concentration produces AMfth

many layers. High concentrations of oleic acid alsocreasdahe crystallinity of the W5
produced. It appears that oleicich binds to the Wgin a bidentate manner. Oleic acid

dominates the capping of the nanoparticles as its concentration increases.

Oleyl alcohol
Oleyl alcohol cannot be used ascappingagent in this synthesis without an additional
reducing agent. The oeoentration of oleyl alcohol can be tuned in order to tune the

morphology of the W5obtained. A high concentration of oleyl alcohol should be used if flat
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WS; sheets are the desired morphology. The:Wé8ned with oleylamine and oleyl alcohol

as cesurfadant is a good semiconductor with appreciable optical absorption in the visible
range. Ol eyl al cohol s we ak exnmakss it pdssiblenta t y
determine the morphology of the material. A higher concentration of oleyl alcohol also
increases the crystallinity of the \W$®roduced. There does not appear to be any real

thickness control as the data suggests that all thepMBuced contains approximately two

to three layers.

Overall, the study also suggests that in order to obtaia W8 appreciable crystallinity,

oleylamine has to be used with asrfactant.
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Chapter 4
Synthesis of W3 nanostructures with different tungsten

precursors

4.1 Introduction

One of the most important parameter considerations in colloidal syntiesi®e types of
precursors used to form the monomeffie chemistry of the precursors and ligands
determine the evolution of the nanoparticles over firReecursor reactivity infiences the
nanoparticle growth and growth r&t&For nanoparticles to begin growing, free monomers

are required. These are obtained by the reaction of the precursors through reduction or
thermal decomposition. The reactivity dfet precursors isfl@cted by the ligands they are

bound to For example, precursors with strongly bound ligands decompose slower than
precursors with ligands that are weakly boéinBor the heatip synthesis used in this study,

the ideal precursors would be precursors that are stable at room temperature but can undergo
rapid decomposition at elevatéeimperatures, preferably belo®3003 . In ideal cases, the
precursor should decomposg¢ a rate that wouldllaw for uniform nucleatiort This is

usually a precursor that decomposes at a moderate rate, because when the nucleation rate is
too high or too low, very wide size distributions and lalds occutt It has been showthat
precursors are able to influence the shape, size, compostonyield of the resultant
nanoparticles Arellano et al showed that the morphology of CdSe nanoparticles could be
changed with a variation of cadmium precursor. Gd&€bduced spherical nanoparticles,

while Cd(NQ). and Cd(CHCOO)» formed agglomerated bar and fsldapednanoparticles
respective}.®

Three different tungsten precursors are used in this study:){A\W207)s (@ammonium
tungstate), W(CQ)(tungsten hexacarbonyl) and W@ungsten hexachloride) as shown in
Figure 4.1. Ammonium tungstate is a tungsten oxide that contains ammoniumititingits
crystal structuré.lt decomposes into W{by the removal of water and ammonia §aa/Cls

and W(CO} are organometallic precursors. WG$ air and moisture sensiti¥eand has
relatively weak WCI bonds whichmeansthat decomposition occurs faster compared to
ammonium tungstate. W(C&has been said to be susceptible to oxidatiand decomposes

at approximately 156 ! which is faster than ammonium tungstate as well.
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Figure 4.1 (a) Ammonium tungstate anion [FW12042]1%,7 (b) WCls and (c) W(CO.

4.2 Methods and materials

4.2.1 Chemicals

Ammonium tungstate ((NhoH2(W20r)e), tungsten hexachloride (W§199.9% reagent
grade), tungsten hexacarbonyl (W(€O97%), thiourea ( 99% reagent grade), oleylamine

(70% technical grade). All chemicals were obtained from Sigma Aldrich.

4.2.2 Experimental procedure

The tungsten qrecursor (ammonium tungstate or WG W(CO)) was mixed with thiourea

in a 1 mmol:4 mmolratios at room temperature. Oleylamine (20 ml) was added to the
mixture in athreeneckedround bottom flask. The mixture was purged with g&s for 20
minutes at rom temperature. Thereafter the mixture was heated t@ 308der N gas. At

3003 , the reaction was timed for 1 hour before cooling. The resultant black product was
washed several times with 1:1 volume of ethanol and hexane. The nanoparticles-were re
dispersed in chloroform for characterization.

Ammonium tunggateWS; indicates W$ synthesized using ammonium tungstate as
precursor.

WCle-WS; indicates WS synthesized using WEASs precursor.

W(CO)-WS; indicates WS synthesized with W(CQ@)as precursor.
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4.2.3 Characterization

Powder Xray diffraction (PXRD) wa carried outon theBruker D2 diffractometer using
ClKa radiat iBmt 30 Rv/30 mASRadah andsolid-state photoluminescence
(PL) spectroscopyvere done on the HoribaY T64000 micreRaman spectrometefhe
excitation wavelength used for all samples was 514 nm. Fourier Transform Infraré)(FT
spectroscopy was performed on a Bruker Tensor 27 spectrometer. ThaslAbsorption
characteristics were measured with Warian Cary Eclipse (Cary 50) U\Wis absorption
spectrophotometefransmission electron microscopy (TEM) was done orFtBleTechnai
T12 microscope with an accelerating voltage of 120 K\AEOL EM-2100High-Resolution
Transmission Electron MicroscopHRTEM) was used for further structural analysis.
Scanning electron microscopy and energy dispersive spectroscopy (EDS) were peoformed

theFEI Nova Nanolab 60fhicroscope.

4.3 Results and discussion

PXRD and Raman spectroscopy were used to probe the crystal structure of the materials. The
first noticeable trait seen from the PXRD patterns in Figure 4.2 (a) is thaphfSared using
ammonium tungstate is very crystallinad pure. The peaks all mattd that of 2H WS,

(PDF: 00084-1398). The pattern showshégh-intensity peak at 14 that corresponds to the

(002) plane. This plane is related to thaxts or the basal plane of thenoarystals. The high
intensity shows that the WShas a well stacked, layered structtfewith the use of
organometallic precursors, Waind W(COgy, the crystallinity of the material diminishes, as
shown by the poor separation between the peaks. The (002) plane is absent in these patterns.
Ther exists a plane at 1&at could be due to oxide {products'®1#A shift to lower angles

is observed for the (11@lane at 58 (marked with an asteriskgs well. This shift has been
observed inWS; nanosheets andanowormsthat had been synthesized by k&t al'® The

shifts wereattributedto decreasing crystallinity. It is evident in the above patterns that the
crystallinity of the materials haalso decreased, which could be tieason for the shifts of

the peaksThe (100) o0 (101) planes are asymmetrictijs indicates that the stacking of the
sheets is turbostrati€. This means that the stacking of the basal planes is out of alignment.
This is usually caused by the surface passivation of oléy&athat prevents the sheets from
stacking in a perfectly ordered fashion.
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Figure 4.2 PXRD patterns (a) and Raman spectra (b) of W5synthesized using three
different tungsten precursors and (c) Raman spectra of the W&land W(CO)s samples

at 532 nm exitation wavelength.
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The Raman spectra in Figure 4.2 (b) also reveal significant differences between the materials
synthesized with ammonium tungstate compared to those of &GIW(COg. Firstly, the

two main distinct peaks for V§S&ire prominent in thammonium tungstaté&/S,, while they
weaken when the organometallic precursors are used. This is due to the deterioration of the
WS, crystal structure. From the PXRPpatterns it is evident that the crystallinity is
deteriorated and the formation of mixtsr@d unknown products occurs which in turn means
that the distinct 2HWS, Raman modes are weakened or even absent. For the ammonium
tungstatews,, the 2LA(M) mode is situated at 350 ¢mnand the Ag(3) mode is situated at

415 cmt. For WS with a few layers, the £&(3) mode is expected between 419°camd 416

cmt.2® The downshift of this peak could be due to localized heating of the sample which has
been shown to cause a shift of Raman peaks to lower engr§i€om the spectrum, it is

clear that the Ay(3) intensity is higher than that of the 2LA(M) mode. The intensity ratio
between the 2LA(M) and #&(3) mode is 0.8, indicating that the \WSynthesized with
ammonium tungstate has three to four lay&t8This is in agreement with the high intensity

of the (002) PXRD plane in Figure 4.2(a). Figure 4.2 (c) shows the Raman spectra of the
materials produced with WEklnd W(COg at an excitation wavelength of 532 nm. The
expected 2HNS, modes are clearly present for the sample prepared withs, \Wi@ile they

areweakened for the sample prepared with W(£O)

The EDS spectra in Figure 4.3 indicate that for all three samples ekistesulfur and
tungsten species as expected. The ammonium tuny¥teontains some oxygen species
which could be oxides that exist the surface of the material due to oxidation over time.
The same is observed for the WAVS,. The WS produced through W(C®)xontains no
oxygen species which suggests that no oxides were formed on the surface of the material.
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Figure 4.3 EDS spectia of WS synthesized with (a) ammonium tungstate, (b) WGl
and (c) W(COs.

The low magnification TEM imageén Figure 4.4 &) showsthe WS, synthesized with
ammonium tungstate thadtas formed a diskike morphology. There also exists some
elongated structes that are shown in Figu.4 (b) to be multlayered WS, that is
orientated sidewayslt may be that the elongated structures occur when thelikksc
structures are edge oriented. Tinéerlayer spacing between the layers was measured to be
0.65 nm wich is usually observed for 2HVS,.2° Figure 4.4 ¢) showsthe HRTEM image

of the flat diselike WS, structuresExcellent crystallinity is observed whichiis agreement
with PXRD pattern.Further magnificatiorinto the area indicated by the yellow cirdle
Figure 4.4 (c)showsthe hexagonal packingf 2H-WS; is observed (Figure 4.4 (d)yhe d
spacing of th€101)plane is indicated in yellow to be 0.27 nm, which is characteristic of 2H
WS,.2%23 The SEM image (Figure 4.4 (e)) shows a large collection of Hikestructures

with some edges exposed.
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Figure 4.4 (a) TEM image showing WS nanodisks and some curled up nanostructures.
HRTEM images show the (b) layered structure of the W% (c) the crystalline basal
plane of the WS and (d) magnified image of the basal plane slwing the hexagonal
crystal structure of WSz, The SEM micrograph (e)of WSz disks/flakes synthesized from

ammonium tungstate.
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Figure 4.5(a) is a low magnification TEM image of the almost circular shaped particles
produced from WG| Figure 4.5b) shows tht there are highly crystalline areas and areas
thatare not veryrystallinebut contain wirelike structures. The wirearesmall andhin WS,

layers where the basal plane eaxas lies parallel to the electron beafigure4.5c) is an
HRTEM image of e highly crystalline areas of the samjhlattice fringes are clearly visible

and their dspacing was measured to 0.38 nm whiolresponds to the (020) lattice plane of
orthorhombic WQ ( -WO3).** These images indicate that W@rmed both WSand WQ.

WCls forms WQCI> when in contact with air. WQis easily formed from this tungsten
dioxodichloride compound. The particles appear to be highly agglomerated in the SEM
image (Figure 4.5(d)).

@

Figure 4.5 TEM (a), HRTEM (b, c) and SEM (d) micrographs of nanostructures
synthesized with WC&.
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The TEM images in Figure 4.6 show that some of the particles synthesized with §V(CO)
have sheelike morphology (b), while also having formed very small quantumliket
material (a). The deeased crystallinity observed in the PXRD patterns, as well as the weak
Raman modes, are caused by the size of these quantdikedwiaterials. It is evident from

the TEM images that the structures of the \Wigange with the change in theecursor This

is related to the reactivity of the precursors. Ammonium tungstate is less reactive compared
to W(CO) and WC. Ammonium tungstate decomposes into monomers at approximately
3003 , while W(CO} decomposes at 1530 and WC} reacts immediately with oleylamine
According to kinetic and thermodynamic studies, highly reactive precursors cause faster
nucleation and ultimately results in smaller partiél@is is also observed with the WS
produced from the organomdial precursors. WGI forms the small, thin sheets while
W(CO)s forms very small flakes. Ammonium tungstate produces larger dé8s, due to its

slower nucleation.

A

Figure 4.6. (a, b) TEM images of nanostructures synthesized using W(C®@)

FT-IR spectracopy wasused to determine whether oleylamine passivates the nanopatrticles.
The FTIR spectra of pure oleylamine cwof the WS samples are depicted in Figure 4tdsl
clearly evident that some of the vibrational modes oleylamine asepr in the WS
sampl es .H stiefches bBtwee28002900 cmt, the CH a n d H @®endsbetween
1250 1500 cmt. T h@ be@ is also present at 724 ¢miThe double bond C=C stretch is
also present at approximately 960 tnThe modes that are of most interest are those
belongirg to the amine head group of yl@mine, as they may indicate how the capping
agent is bonded onto the nanoparticles. There are twobihktls situated at 1600 ¢rand
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795cmiaC—N bend &anddndHs Sretah at 3300 cth Onall the particles the
NH: stretch at3300 cm' disappears, while both NHbendsat 1600 cm! and 795 cnt are
present. These are more pronounced in the particléisesypred with WGland W(CO3. It is
possible that the oleylamine is adsorbed onto the nanopsartgth the lone pair on the
nitrogenatomwh i | e | e a vH bogds imtact.lhis eNident that oleylamine has
passivated the nanoparticles. For the ammonium tungatStethe NH stretch and bends

are not present, which indicates that oleylamine is chemisorbed onto the WS
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Figure 4.7 FT-IR spectra of pure oleylaming as well as W$g synthesized with
ammonium tungstate, WCk, and W(CO)e.

Three absorption peaks are observed for the ammonium tungstate synthesisiswhich
characteristic of 2HWS,. The AB excitonic pair and exciton C aresgyved at 625 nm, 523

nm, and 461 nm respectively. The peaks A and B are the direct excitonic transitions that
occur at the Kpoint of theBrillouin zone between the conduction band and spét valence
band?* The splitting of the valence band is caused by-spiit coupling between layefs.
Exciton C is the optical transitions between densities of state in the valence and canductio
bands?® The optical band gap, based on the longest wavelength absorption at 625 nm is
approximately 1.9 eV, which is a significant blue shift from the bulk.\W&hd ga of 1.3

71



eV. This blue shift is an indication of the quantum confinement that exists within the

ammonium tungstatev/S,.18

The PL of the ammonium tungstate sample has a very weak emission at 658 nm and a
stronger emission at 603 nm as well as 550 nm. The peaks just above 550 nm are attributed to
the emission of the carbon peaks and the peak at 603 uichlw® the second order emission

of the carbon peaks. The weak emission at 658 nm could be attributed to the diretioA

of WS:.24 The vay weak emission is caused by the presence of more than one layes.of WS

The same is not observed with the materials synthesized with \W/@@)WCk. Their

optical absorptiorbegirs at 552 nm and 566 nm for W(C& and WC§ respectively. The

tailing of the absorption spectra in Figure 4.8(a) is due to the presence of particles of different
sizes as shown by the TEM and SEM images of bothet¥3, and W(CO}-WS,.

—_—W Cl, —‘.".fCIE W(CO}E—Ammoniumtungstate
[ W {CO),

Absorbance (a.u.)
Intensity (a.u.)

(b)

T T T T T T T T T T T T T T T T T T
200 <00 500 800 Too 800 200 1000 550 800 650 700 750 500 850 900

_—
=0
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Figure 4.8: UV-Vis absorption (a) and PL emission (b) spectra of the WSproduced
from ammonium tungstate (black), WCk (blue) and W(CO) (green).

4.4Proposed Mechanisms

Thiourea is the commasulphurprecursor used in this study. According to a theoretical study
done by Wanget al?® on the thermal decomposition of thiouréss able to undergo several
primitive decompositionpathways. It was concluded that thiourea undergoes 2 main
pathways. These pathwagemmonly end up with the formation of Ngi H>S and other
carboncontaining intermediates such as carbodiimide isothiocyanicacid. Apart from
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theoretical studies, experim@l studies have been conducted where it was found that the
main gaseous decomposition products of thiourea arg Q& andH>S. This occurs mainly
between 180 and 240 .27?8In the case of the formation of WSt is proposed that 45 or

CS are the active species that play a role in sulfurizing the tungsten precursor/intermediate to
form WS.

6™ 0 % 0 0000 (4.1)
or

¢0 ™ O % 0"y 0070610 ¢l O (4.2)

() Ammonium tungstate

Thermal decomposition @mmonium tungstate:

60 0 0 06 wuy 0O O &0 100 (43)

60 0G0 wuw 600 0Ppcwl IO 160 (44)

c00 0Pcol WOL way PO @O GOU T8P(45)

Formdion of WS
Based on the decomposition of thiourea, Wéah be formed in thregays:

y

cw U g0Y O co’Y g0 U ¢"Yor (4.6)
y

w0 ¢OY O 'Y ‘00 O or (47
y

cw 0 T0Y © ¢y 100 0 (4.8)

Equation4.8 is an unlikely reaction as the oxygen that is evolved woulikidize the W5,
turning it back into W@ The purity ofthe product observed on tH&XRD pattern indicates
that there isninimal reoxidation.

(i) WCle

WCls can react with OLA to form a VOLA complex!® This complex could have prevented

the formation of large WSsheetsbecauseof the long carbon chains of oleylamine cause
steric repulsion. Instead, very stiemall WS sheets were formed as seen on the HRTEM
image in Figure 4.5. There was a gas evolved whensW&4 added to the oleylamine in the
reaction flask as shown in Figure 4.9(a). This gas could have occurred when the oleylamine

W complex was formed,acsing the evolution of HCI ga¥vhen WC} was being added to
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the reaction flask, it was exposed to moisture in the air and that caused a slight reaction as
WCls is unstable in air. The reaction with air caused the dark blues YéGlrn into the

yellow WQO:Cl2 as shown in Figure 5.9(b). Tungsten dioxide dichloride is also an air sensitive
compound that is usually used as a precursor for the formation ef¥Te WQ that was
observed possibly came from the W& compound. WGl has also been found that when it
reacts with HS, it forms WCIS, intermediate¥-32before the formation of WSThis may be

the cause of the PXRD peaks that are unaccountecEépration4.9 and4.10 show the
possible pathways in which Wi@nd WS could be formed.

Wwoad w0loa w0l (Schemet9)

WO o Wy @ € aQwa doQE WY w' wo dy (4.10)

Figure 4.9 (a) White HCI gas evolved when WG is added to oleylamine and (b)
WO2Cl2 solid that forms when WCk is exposed to air.

(iii) W(CO)s

From previous studies done on the synthesis of iBn W(COY), it has been shown that
W(CO) decomposes at 150 *:

660 S o @864l

From theBoudouard reactioit is shown that carbon monoxide can form carbon dioxide and
graphite:
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¢6 6O 60 6(412)*

It was reported byPol et al that WQ can be formed by the dissociation of CO or.G®
form oxygen that in turn oxidizes the W to W& Metal carbonyls have been reported to be
susceptible to oxidain by air to forma metaloxide and CO or C©'° From the WQ, WS,
can be formed by reaction with,8 or CS as shownn equation4.6 and4.7.1t is not clear

what other byproducts could have been formed.

4.5 Conclusion

The colloidal synthesis of WSs sensitive to the typ of precursors used. Using different
precursors affects the crystal structure and the optical properties of the material as well as the
morphology. It was clearly seen that when organometallic precursors are used, the crystal
structure, morphologyand optical properties change significantli}VCls is unstable in
ambient conditions and easily reacts with moisture and air, which makes it an unsuitable
precursor to use in heating up colloidal synthesis. It also produces a mixture of small WS
nanosheets and @4 particles. The air and moisture sensitivity of W€uses the formation

of WOCl> that further reacts to form WLOW(CO) produces a mixture of WSheets and

very small quantum ddike flakes. The products produced have decreased crystallinity. The
difference in the types of products formed comes from fidist nucleation that occurs.
Ammonium tungstate is an ideal precursor to use as it produces highly crystalline and high
purity WS disk-like structures. The Wiroduced from ammonium tungstate absorisible

light and exhibits photoluminescence which is beneficial in the solar cell and other
optoelectronic applications. The exposathesobsrvedfrom this synthesis also makiee

WS, suitable forelectrocatalytiapplications such as electrodeglire-sensitizedsolar cells.

WCls and W(COg are not ideal precursors to be used in the heating up, colloidal synthesis of
WS, as they produce materials with decreased crystallinity and also undergo side reactions
that form oxide byproducts. Oleylamine hdseen shown to passivate the Wfanoparticles

in all three casedjowever it cannot be said that oleylamine affects the morphology of the
WS, that arises as it appears that the tungsten precursors are gfteetmorphology in this

case.
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Chapter 5
Synthesis of W3 using thiourea, thioacetamide and N, - N O

diphenyl thiourea as sulphur precursors

5.1 Introduction

Over the years, with further developmentté colloidal synthesis of nanocrystals, it has
been established dh the specific synthetic procedure determines the characteristics of the
nanocrystals formed. The reactivity of the precursors and the order in which the precursors
are added play a role in the resultant size distribution of the crystals as well asdhleaopl
electronic properties. Zhanet al studied the effects of elementslilphur thiourea and
thioacetamide on CdS nanocrystaBlementalsulphuryielded CdS nanocrystals that were
highly monodispersed, but with very low quantum efficiency. The CdS nanocrystals
synthested with thiourea were large and polydispersed as a result of rapid nucleation, while
thioacetamide produced monodispersed CdS nanocrystalet al also investigated the
effect of sodiunsulphide thiourea and elementatilphuron CdS nanocrystals. Tiseillphur
precursors affeted the resultant crystal phase of the materials as well as the morphology
(from nanospheres to nanorods) and also the photoluminescence prépEntestfects on

the properties were attributeal the reactivity or decomposition rates of the precursors. With
high decomposition rates?3Jons are released rapidly, leading to the rapid nucleation of
nanocrystals. In th€dS case, it was found that the faster nucleation led to more spherical
nanocrystad and as the nucleation rate decreased, more anisotropic growth into rods

occurred?

The effect of the sphur precursors was also shown in layered, early transition metal
dichalcogenides such as FiSIt was shown that using G®s a sulfur source yielded BiS
nanodiscs, while elemental pauryielded material®f poor quality The difference was in

the sulfur radicalshiat demental sulfur formed whiclwere very reactive, causing the
degradation of the TiShat had been formed in the procé&ar metalsulphidecolloids, the
nucleation stephas been shown to be influenced by the S or Se precursor. In order for
nucleation to begin, the S precursor bonds have to break, while {hedhycts can act as
coordinating ligands for the nanoparticles. This means that the relative stabilities or
reacivities of the precursors are a crucial factor in determining the formation of the

nanocrystals as well as the final morphology of the nanocrydtakhis study, three different
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sulfur precursors (thiourea, thioacetamide and diphenyl thiourea) shown in Figure 5.1 have
been used to synthesize Wisanostructures. Thioacetamide and diphe&hiurea are both
derivatives of thiourea which means that the reactivity can be compared using their chemical

structures.

I I 9
)‘I\ /@
@ HN" NH HCo NH2 - ™ N R

(b)

Figure 5.1 Chemical structures of (a) thiourea, (b) thioacetamide and (c) diphenyl
thiourea.

5.2 Method and materials

5.2.1 Clemicals

Thiourea ( CS(NE)2, 99% reagent grade), thioacetamide (3CBNH, 98% reagent grade),
diphenyl thiourea ( (Ph)NHCSNH(Ph) ), tungstic acid2{\HDs4, 99%) and oleylamine (70%

technical grade).

5.2.2 Experimental procedure

About 4 mmol of the sulfuprecursor was mixed with 1 mmol of tungstic acid in 20 mL
oleylamine at room temperature intlereeneckedround bottom flask. The mixture was
purged with N gas for 20 min at room temperature. Thereafter, the mixture was heated to
300 3 under N gas. Thereaction was timed for one hour after it had reached3300
Aliquots were extracted at the 30 min intervafter one hour, the reaction was cooled down

to room temperature. The black product was washed with equal parts of ethanol and hexane
and then aidried before characterization. The dry powder wadispersed in chloroform for

other characterization methods.

5.2.3 Characterization

Powder Xray diffraction (PXRD) was carried oubn the Bruker MeasSrv (D2
205530)/D2205530 diffractometer usi@K o adi at i o n A)(ah30 k\/3D 4h.6
Raman andolid-statephotoluminescence (PL) spectroscapgre performed on aloriba J-

Y T64000 micreRaman spectrometefhe excitation wavelength used for all samples was

514 nm. Fourier Transform Infrared (HR) spectroscopy was performed on a Bruker Tensor
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27 spectrometer. The UVis absorption characteristics were measured with/dmgan Cary
Eclipse (Cary 50) UWis absorption spectrophotometdiransmission ektron microscopy
(TEM) was carried oubn theFEI Technai T12microscope with an accelerating voltage of
120 kV. Scanning electron microscof8EM) and energy dispersive spectroscopy (EDS) was

performed on th&EI Nova Nanolab 60fhicroscope.

5.3 Results and discussion

PXRD was used to probe the crysstlucture of the materials produced. From the PXRD
patterns in Figure 5.2, it is evident that -®¥&, was produced with all three sulphur
precursors as the peaks match those of the PDR881398 card number. From the
patterns, the (002) plane is presdnticating a welstacked layered structuteThe peak
intensities are able to give an indication of the crystal planes that are ddnaindrin this
case, the (101) plane is dominant over the (002) plane. This indicates that the planes on the
edge sites of the material are dominant over the basal t&idée asymmetry of the (110)
plane at 58 indicates that the stacking of the layers is out of alignment atieet surface
passivation by oleylaminé The crystallinity of the Wsseems to decrease for thioacetamide
and thiourea derived WSFrom the diphenyl thiourea pattern, thereaigood separation
between the (101), (103) and (105) planes, but the separations decrease whetathida

is used and even more when thiourea is used. SomeiMffDrities are present, indicated by
the red (001) index at 24 The WQ is attributedto the oxidation of W% at high
temperatures. The impurity peak atJd6r the thiourea pattern is due smme unreacted
tungstic acid JCPDS-ICDD pattern no: 849886).%°
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Figure 5.2 PXRD patterns for WSz obtained from thiourea, thioacetamide and

diphenyl thiourea at 60 min reaction time.

Raman spectroscopy was usedaasadditional methotb probe the crystal structure of the

WS, produced. Two main Raman peaks are visible on the Raman spectra in Figure 5.3. The
2LA(M) and the Ag(3) modes. The W&rom thiourea and diphenyl thiourea exhibit similar
spectra, with the 2LA(M) mode situated at 353*camd the Ay¢(3) mode at 418 crh These
frequencies indicate that the nanosheets obtained from these two precursors are
approximatelytwo layers thick! The intensity ratios of theLA(M) to the Aii(3) mode, as

shown in Table 5.1, are 1.4 and 1.1 for thiourea and diphenyl thiourea respectively, indicating
the formation oftwo-layer nanosheet$!! The modes for the thioacetamide reaction
however have shifted to lower frequencies; 350cfar the 2LA(M) mode and 415 crhfor

the Aig(3) mode. The downward shift of theifls8) mode usually indicates the formation of
fewer layers of W& which can only be monolayer W.SHowever it is not the case here.

The PXRD pattern for the thioacetamidéS, possesses a (OP2dlane, indicating the
presence of more than one layer. So the downward shift of the Raman modes may be caused
by localized heating of the sample that occurs whetagerinducedheat causes an increase

in the temperature of the area of the samyierethe laser is focusedrhis local increase in
temperature has been shown to cause a redshift of thfs) Amode!? This could also

indicate that the WSproduced from thioacetamide has poorer thermal conductivity. The
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intensity ratio of the 2LAM) to the Ag(3) mode for the thioacetamid®¥S; is 1.5, again
indicating the presence of double layer MMSue to the excitation wavelength of 514 nm, the
intensity of the 2LA(M) mode is higher than that of thg(#) mode in all three cases. This

is because of the dble resonance process that occurs when the excitation wavelength is so

close to the Bexciton of the materidl.

— Thiourea
—— Thioacetamide
Diphenyl thiourea

2LA(M)

ALG
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Figure 5.3 Raman spectia of WS obtained from thiourea, thioacetamide and diphenyl

thiourea of the 60 min reaction time.

Table 5.1 Raman shifts of 2LA(M) and Aig( ) modes, including he intensity ratios

2LA(M) Axg( ) E g ]
=1
Thiourea 353.4 cmt 418.5 cm 1.4
Thioacetamide 350.2 cmt 415.5 cmt 1.5
Diphenyl thiourea 353.2 cmt 418.6 cmt 1.1
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The TEM images (Figure 5.4 (ahow that at 30 minutes the Wgarticles formed are flat,

almost circular structures that attach to each ofhentually these structures form a flower

like morphology as shown in Figure 5.4 (b). The flowke morphology is also shown on

the SEMimag i n Figure 5.4 (c). The *fl owers’ see
into three dimensional, almost spherical flowers. The edges of the sheets can be seen from the
SEM image (Figure 5.4(c)) as well. The flowers do not seem to be monodispetesedsof

size. The petals do not seem to be growing from a cecdralbut are randomly oriented

against each other.

(b)

Figure 5.4: TEM images of WS synthesized with thiourea for (a) 30 and (b) 60 minutes
and a (c) SEM image of the 60 minute WS
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Figure 5.5 (a, b) show the TEM images for WW8oduced from thioacetamide. It shows that
thioacetamide forms crumpled or folded Wsheets. Wrinkling and scrolling can be seen in

the nanosheets thaire reminiscent of the wrinkling seen in graphene sh&ethey also

show that the nanosheets start off small and grow into the larger, crumpled sheets as shown in
Figure 5.5 (b). The SEM image (Figure 5.5 (c)) shows some sheet bdgever the sheets

are highly agglomerated, making it difficult to deduce ater surface features.

Figure 5.5: TEM images of WS synthesized with thioacetamide for 30 (a) and 60 (b)
minutes, includinga SEM image (c) of the 60 min W&

Diphenyl thiourea forms crumpled and folded nanosheets as well as structures in a flower
like morphology. The formation of the flowers starts with the formation of flat, thin
nanosheets that grow and fold into a flowke morphology as shown in Figure 5.6

The folding into a flowetike morphology is usually a way to reduce the swfanergy of
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free-standingsheetd? The flowekrlike morphology can also be observed in the SEM image in
Figure 5.6 (c)These materials show an abundance of exposed edge sites as was predicted by
the dominance of the (101) plane on the PXRD pattétrmsnot clear low the naoflowers

are formed however it could be that the 2D nanosheets on their own have unfavorable
surface energy. So the 2D sheets agglomerate or stick to each other, hence minimizing the
surface energ}?, Although the focus of many stig$ has been on the flat monolayer WS
materials, 3D assemblies of these nanosheets into nanoflowers has many advantages. These
structures have high specific surface area, broad internal space, mechanical stability and
easy accessibility to catalyticalbctive sites®The presence of many edge sites is excellent

for electrocatalytic applications as the edge sites have been shown to be more catalytically

active than the basal planes of the matéfial.

Figure 5.6: TEM images of WS nanostructures obtaired from diphenyl thiourea at (a)
30 and (b) 60 min reaction timeand a (c) SEM image of the 60 minute WS

nanostructures.
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FT-IR spectroscopy (Figure 5.7) was performed on the Wi&terial to elucidate whether
oleylamine is capping the nanoparticles ot. riche basic oleylamine vibrations are visible
from the pure oleylamine spectrum. The spectra of the Wsticles have a different
spectrum than that of free oleylamine as expected. The inset in Figure 5.7 showslthe N
stretch of oleylamine that is absen the WS spectra. The NHwagging mode at about 798
cml is also absent in the WSpectra. The WSspectra do contain the GHCHs and GN
stretchesof oleylamine, although they are much weaker. The,\Mf&ctra also contain
broadened NHbend at aboutl618 cmt. This indicates that oleylamine is present as a
capping agent on the nanoparticles. The loss of tie ftretch could be that the amine is
chemisorbed onto the WScausing the MH bonds to be broken in order for the capping of
the nanomaterial$o occur. Oleylamine not only acts as a cappawgntbut also as a

reducing agent and solvent for these reactions.

~
=3
~
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Figure 5.7: (a) FT-IR spectra of pure oleylamine (black) and WSderived from thiourea
(blue), thioacetamide (red) and diphenyl thiouea (green) for the 60 min reaction time

and (b) magnification of N-H stretch on pure oleylamine.

Bulk WS exhibits an indirect, low energy band gap; W6 absorption and
photoluminescence spectroscopy is able to indicate the widening of the baaslwgdipas a
transition from an indirect to a direct band gap the materialget smaller. The UWis
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spectra in Figure 5.8 (a) show the characteristic absorption peaks-fa¥2HThree distinct
peaks are visible: exciton A, BndC. As was previously stad, WS that has more than one
layer, undergoes a splitting of its valence band. The split is caused bwrkpirand
interlayer coupling, which results in the formation of a pair of absorption peaks. (Ahe

peak denoted C is caused by high energicaptransitions between densities of states in the
valence and conduction band. This transition (C) is not present in bul®8m the
spectra, it is evident that the peaks are most prominent for dhM&ined using diphenyl
thiourea. The peaks weakeor thioacetamid®VS, and even further for thioure&S,. This
weakening could be due to the decrease in crystallinity of the db&rved on the PXRD
patterns. This means that the quality of the material is diminished and many trap states occur
within the naterial thatprevens efficient absorption of light, hence the weak absorption
spectra® The first absorption peak A occurs at approximately 627 nm and 617 nm for
diphenyl thiourea and thioacetamidéS, respectively. This is a significant blue shift from
bulk WS which absorbs light at the near infrared region (920 nm). This blue shift is due to
quantum confinement in the nanomaterfdhe blue shift is beneficial as it makes the WS

a suitable candidate for use in visible light electronic and optoefectdevices. The WS
derived from thiourea has a first absorption peak at a slightly higher wavelength of 670 nm. It
still shows a blue shift compared to bulk Y3 well. The absorption at higher wavelengths
could also indicate that the W§articles oldined from thiourea are the largest compared to
WS, obtained from thioaatamide and diphenyl thiouredhe PL spectra in Figure 5.8(b)
show only the beginning of a weak emission peak at approximately 775 nm for all three
samples. This emission is due te timdirect nature of the band gap of ¥¥5It has been
shown that once there is more than one layer of,\WW® emission is dramatically decreased
because of the shift to an indirect band ¢fap.
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Figure 5.8: (a) UV-Vis absorption and (b) PL emission spetra of WS, obtained from

thiourea, thioacetamide and diphenyl thiourea for the 60 min reaction time.

5.4 Proposed rechanisns

Because the reactiscarried out in this work are all heatiogp methods, we rely on thermal
decomposition methods to proposasgible reaction mechanisms for the formatioV\s,.

Below are proposed mechanisms for the formation of i the threesulphurprecursors.
Tungstic acid is a hydrated tungsten oxide that is used as the tungsten precursor in all three
reactions. It ha been found to decompose at 260into WOs; and steam as shown in

equation 5.0

@0 J00 u wd 00 (5.1)

(i) Thiourea

Studies have been done to elucidate the thermal decomposition of thiourea. Theoretical
studies suggest that there are almost eighteantion pathways that could take place during

the thernal decomposition of thioure®. Wang?* and Timchenk® et al showedthat from

1403 to 1803 thioureaundergoes isomerization mmmonium thiocyanat®.Q).

85°% 0  wuuw 0 OYS 45.2

From there,decomposition occurs resulting in the release of the main gaseous products

namely ammonia, carbodisulfide, cyanamideandsome HS.

50 w0 00 d (5.3

or

C6™'0 uwww 6°Y 06& <00 (5.4
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From these decomposition products, ¥¢&n be&ormed in the following ways:
cw L o0Y 1 co'Y 00 0 ¢'Y(5.5

¢w L TOY 1 oY 100 0 (5.6

Thiourea is able to also act as a reductantifer\P* when in excess and has been found to
also stabilize the ultrathin nanoshe@t§. The thiourea molecules can be adsorbed onto the
surface of the crystallites which will hinder theiemted crystal growth. This results in
nanosheets that have many defects. This may be the cause for the lowered crystallinity of the

WS, produced from thiourea.

(i) Thioacetamide

It has been shown that thioacetamide decomposes at 1béhe followingway:

0600 uu3 '0°Y 0k 66 Q5.7)%®
The HBS can further react with and reduce the AWOmM HWO4 to form WS, as shown in
equation 5.6 The PXRD pattern for thioacetamide derivddS, showed some W€

impurities, which may have been caused by thev@lved from the rezion.

(i) N, N éDiphenyl thiourea

|t takes a r eactdji with cacbbndisuliide (Cisonte make® tiphdny
thiourea?® Diphenyl thiourea is also able to form$igas when in contact with wafé@it has

also been shown that diphenyl thiourea decomposes betweeb9283 and has many
decomposition products such as pyridine and possiblya@®& HS 3! It could be that during

the course of the reaction, £&hd/or HS is being released. TherefoMs, could be formed
through the reaction of W{with CS or H.S as kown in scheme 5 and schemd-6om the
reaction vessels, thacetamide seems to have the fastest decomposition asiBation
occurred at 26 which is the lowest temperature between the three precursors. It has been
said from theoretical studies that precursors that are most reactive will form many nuclei at
once, causing the formation of smaller partiéfeBiphenyl thiourea formed WShuclei at

2883 and thiourea at 30®. From the classical nucleation theory, it was shown that the
surface energy of the particleecrease after nucleation and during particle growth.
Nucleation of WS from thioacetamide occurred at a lower temperature than that of diphenyl

thiourea and thiourea. Since the nucleation temperature for thioacetamide is lower, it may be
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thatthe surface energy of the nuclei was lower than those of diphenyl thiourea and thiourea
derived WS. In order to reduce the higher surface energies, thefi®i® diphenyl thiourea

and thiourea formed assemblies of the nanosheets into flowers, while thefrdWs
thioacetamide remained in a folded sHdet morphology.

5.5 Conclusion

Thiourea and its derivatives are able to actsaphur sources to synthesize \WSThey
produce WSwith asheetand flowerlike morphology. The Wproduced exhibits improde
optical absorption in the visible range compared to bullk.\WW8e morphology of the WS
shows many exposed edge sites whachessential for theelectrocatalyticapplication that
the WS will be used for. Diphenyl thiourea seems to be the &gghursource in this case,
because it produces more crystalline M$at has better optical absorption in the visible
range of the solar spectrum. The formation of edge exposedisAffBominent when using
thesesulphursources, making it a suitable reaction mdtfay producingelectrocatalytically

active WS materials.
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Chapter 6
Cyclic voltammetry of WS; materials for determination of

electrocatalytic activity as a counter electrode

6.1 Introduction

Dye-sensitized solar cells (DSSCs) have several advantages over other photovoltaic devices
such as easy fabrication, eftendliness,and transparency.The components of a DSSC
include TiQ semiconductor sensitized by a dye, an iodine elet&olgnd a counter
electrod€. The counter electrode reduces the oxidized electrdi@éginally, platinum was

used as the counter electrode due to its excellent conductivity and catalytic activity,
however, platinum is expensive and prone to oxidatieer éime? This makes large scale
fabrication of DSSCs impractical. Many alternatives to platinum have beenigatedtsuch

as carbon materiglsnickel cobalt selenidésindalloys of platinum with other metals.

Transition metal dichalcogenides (TMDs)ch as W5and MoS havedrawn attention as

they have promising catalytic activity. ias been showthat the edges of the TMD layers

have promising electrocatalytic activityMoS, with a flowerlike morphology was found to
perform very well as an eleode materidl becauseof the abundance of edge sitdhe

active sites are almost n@xistent on the basal plane of YW&id hence it is essential that the
particles used in this application are not flat. The edge sites have unsaturated metal atoms that
facilitate the adsorption process of the electrolyte to be reduthd. inorganic materials

have the advantage of being diverse, abundasy to modifyandof high catalytic activity
compared to carbon or polymer materials previously 8$&dm the preious chapters, WS
nanomaterials with flowerlike morphologies were shown. Someexdamples were used to

determine the catalytic activity for use as a counter electrode.

The nanomaterials are characterized through cyclic voltammetry (CV) to detevimatieer

they are able to reduce thg/Il electrolyte. The experiments are conducted throutines
electrodesystem consisting of a counter, reference and working electrode. There are certain
characteristics of the cyclic voltammograms thelp with the determination of the catalytic
activity of the materials. Firstjyt is the potential difference between the anodic and cathodic
peaks ([pp), sometimes referred to as the péadpeak separatiotf. The Bpp is inversely

proportional to the redox reactioate.ldeally, a very low Bppis required as that indicates a
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fast redox reaction rafeAnother important parameter includes the current of the cathodic
(Q) and anodic Q2 ) peaks. In a reversible redox system t%e @ P, meaning the

current of the peaks should be equal and the oxidation and reduction peaks should be similar
in shape:® In this study, the CV of some W#naterials obtained in the earlier chapters was

performed and their electrocatalytic activity investigate

6.2 Method and materials

6.2.1 Chemicals

Lithium iodide (Lil, 99%), iodine @ ACS reagent 99.8%), lithium perchlorate (LiGJO
99.99%), fluorine-doped tin oxide (FTO) glass slide antbluene. All chemicalswere
purchased at Sigma Aldricdouth Africa

6.2.2Experimental procedure

(i) Preparation of thin films

The WS powders (40 mg) were mixed with 0.5 ml toluene and sonicated for 30 minutes. The
paste was spin coated onto an FTO slide.

(i) Preparation of the electrolyte

Lil (0.27 g), b (0.1 g) anl LiClO4 (2.1 g) were mixed in 40 ml of acetonitrile and stirred for a

few minutes until dissolved.

6.2.3 Characterization

Electrocatalytic characterization was performed on a Metrohm 728 stirrer cyclic voltammetry
system. Measurements were done onGbeeral Purpose Electrochemical System software
(GPES.

6.3 Results and discussion
The most promising results obtained from the \M&noparticles were chosen and
represented in the results below. The cyclic voltammogram of the platinum electrode is
shown n Figure 6.1. Platinum is thstateof-the-art counterelectrode used in DSSCs and was
usedfor comparisonpurposes fothe catalytic activity of the WShanomaterials. The four
characteristic redox peaks are visible on the voltammodedralledwith the corresponding
redox reactions as shown below:

(1) c0° 0 cQ
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(2)¢0° g0 cQ

(300 ¢Q © ¢O

40O ¢Q ©° ¢g0
The left pair of peaks (1 and 4) are the most important peaks as they give an indication of the
catalytic ativity of the counter electrode as these peaks correspond to the oxidati@maf |

the reduction ofO. The peakto-peak separation (i) between these two peaks is 926 mV.

0,015

(2)

0,010 —

0,005

0,000 -

-0,005 —

Current density (A/cm?)

-0,010

(4) ,
Platinum

-0,015 T T T T T T T T T T T T T

-1,0 -0,5 0,0 0,5 1,0 1,5 2.0

Potential (V vs Ag/AgCl)

Figure 6.1 Cyclic voltammogram of platinum as a counter electrode.

Different WS nanomaterials frorthe previous chapters were used in the cyclic voltammetry
experiments to determine their catalytic activithe materials were WSsynthesized with

50% octadecene concentration, 25% oleic acid concentration andsyfiested using
diphenyl thiourea as a sulfur sourdagure 6.2 (a) shows the CV of the W$8/nthesized

with 50% ODE concentration. The first observation is that the cyclic voltammogram does not
have all the redox peaks necessary for efficient reduction arghtmn of the iodine
electrolyte. The peak corresponding to the reductio® o veryweak and not weltlefined

If the weak peak is used to determine thp,Et amounts to 540 mV. The shape of the two
peaks on the left show that the system isregersible. Reversibility is observed when the

two peaks have the same shape and their current density ratio is equal to one.
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When lower scan rates of 10 and 20 mV/s are used, the first oxidation and reduction peaks
weaken or become less prominent. Timdicates that with lower scan rates, insufficient
oxidation and reduction of the electrolyte occurs. The 100 mV/s scan rate produced a cyclic
voltammogram similar to that of the 50 mV/s scan rate, but with a slightly higher current
density.
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Figure 6.2 Cyclic voltammograms of WS i ODE at (a) 50 mVé and(b) 10, 20, 50 and
100 mV/s scan rates.

A 25% concentration of oleic acid produced W&th excellent crystallinity witha stacked
petatlike morphologywas usedThe morphology affords the With many exposed edge
sites, making it a promising candidate for the counter electrode application. However, the
cyclic voltammogram in Figure 6.3(a) does not have the last peak corresponding to the
reduction of O to 0. The WS synthesized here is not suitable for use as a counter

electrode in DSSCs, although it has many exposed edge sites, because the final reduction of

96



the electrolyte does not occur. Figure 6.3 (b) shows how the change in the qirdfike
voltammograms as the scan rates were varied. It is evident that the voltammograms, in this
case, contain only one peak. This indicates that the redox reaction is not happening as it is
required. It is also clear that the current of the only resufiaak increases as the scan rate

increases. This is due to the flux of the electrolyte towards the electrode being higher at faster

scan rates.
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Figure 6.3 Cyclic voltammogram of WS synthesized with a 25% oleic acid
concentration. (a) 50 mV$é and(b) 10, 20, and 100 mV/s scan rates.

The most promising of the WSamples comes from the synthesis with diphenyl thiourea as
a suffur source. The Wg5produced here has a flowerlike morphology which is expected to
have good catalytic activityThe cyclic wltammogram in Figure 6.4 (a) contains four peaks

with the fourth peak being very weak. The p¢adpeak separation () is 923 mV which is
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only 3 mV lower than that of platinum. The peak to peak separaty) (fdicates the redox

barrier for the"O o redox couple. Therefore a lowpg means better catalytic activity.
However, the current density of the YUS much lower than that of platinum which indicates
poorer electrocatalytic activity. When the scan rates change to 10, 20 andVI§0as
shown in Figure 6.4 (b), the characteristics of the cyclic voltammogram change. The cathodic
and anodic peaks disappear, indicating very poor redox reactions.
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Figure 6.4 Cyclic voltammograms of WS synthesized with diphenyl thiourea as a
sulfur source. (a) 50 mV/s only and (b) combined voltammograms with 10, 20, and 100
mV/s scan rate.
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It is clearly evident from the above results that the;\&8nples do not have very efficient
electrocatalytic activity towards the electrolyte compared tormlati Thisis most likely
caused by the presence of capping agents on the surface of thdovitbng a shell that
hinders the diffusion of the electrolyte towards the \&@&ive sitesOther factors that could
be influencing the activity include poor disp®n of the nanomaterials and the presence of

impurities.

6.4 Conclusion

Although platinum is expensive and is prone to oxidation by the electrolyte over time, it
appears to be the best option when comparedpgpedVNS, materials. The WSsampes that

were examined show poor catalytic activity and are not suitable fasuseunter electrodes

in dyesensitized solar cells. The currents obtaimgale too low, the final reduction peaks
were either weak or absent and theras no reversibility of the redo reaction. Using
different scan rates also showed the instability of the Wi&terials.In future, the post

synthesis stripping of the capping agent must be done.
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Chapter 7
General conclusions and recommendations

The study showshat the colbidal synthesis of WSs an effectiveway to synthesize W5
nanostructures. This method of synthesis fasothie formation ofthreedimensional
structures, rather than flat, twadmensional nanosheets. With regard to the sulphur
precursors, it was showindt thiourea derivatives are good sulphur sourcestlaaidthe
nanostructures can be tailored by choosing derivatives with different decomposition
temperatures or rates. It was also established that organometallic precursors are not suitable
for the collodal synthesis of WS More stable tungsten precursors amguneed to produce
pureand good qualityWS,. It was also shown that loathain organic molecules such as
oleylamine and oleic acid can be used to passivate the nanostructures, however, oleic acid,

oleyl alcohol and -bctadecene work better as additional capping agents to oleylamine.

It was shown that many of the samptestained tungsten oxide impurities. This was most
likely caused by oxidation that occurred when aliqguots were taken and the incomplete
decomposition of the tungstic ac{#i2WOas) precursor. The recommendation would be to
synthesize the materials in a géolvox unti the particles are dried. In additiamsing more air
stable precursors woulde beneficial in that they will nateact with the air before being

placed in the reaction flask.

Another recommendation is with regards to the application of thea&/Sounter electrodes

in dye-sensitized solar cells. The electrocatalytic activity of the; W&s not very good as
shown by the irreversibility of the cyclic voltammograms. This may have been due to the
presence of capping agents on the surface of thiclparthat made it difficult for the
electrolyte to reach the active sites on the particles. The removal or stripping of the capping
agents from the nanopatrticle surface is a strategy that could be used to improve the catalytic
activity of the nanoparties. The most used methods are solvent washing and annealing.
Solvent washing have pred ineffective in this case. Therefocgher methods that could be

used in future to strip the capping agents are to use gentle heating of the nanoparticles in pure
acetc acid. This method has been used for metal particles passivated with oleylamine.
Another recommendation is to use ligand exchange methods. This method entails replacing
the long chain hydrocarbons such as oleylamine with shorter chain molecules Hizeace
competitively bind to the nanoparticles. Other methods include using UV radiation to

decompose the capping agents.
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When it comes to the electrocatalytric measurements, it would be beneficial, in future, to
include cycling stability performance sts as well as electhemical impedance
spectroscopy (EIS) tests. The cycling stability tests would give an indication of the stability
of the materials over time. The results would provide a lifetime of the materials. The EIS tests
contain information afut the interface between the material and the electrolyte and the
reactions that occur at the interface. Having these two tests would give information on why

the current Wgare not performing as well as they were expected to.
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