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Abstract

Integration of 2D nanomaterials withpolymer or semiconductor metal oxide could help in
the development of lowgostsensaos for rapid detection of volatile organic compourfd©Cs)

at room temperature.

This study focuses on the fabrication of robust room temperature sehswrstine radially
aligned nanorutileand zirconium disulphidpolyaniline (PANI) nanocomposs for chemical
sensing of VOC:s.

ZrS;was fabricated using both bottemp and topdown method of synthesis. Heat up and hot
injection methods were employed to fabricate arrays of morphologies phZn®materials
usingthe colloidal method. However, theanomaterials showed higitophilicity which was
confirmed by both XRD and XPS. The XPS peak of S2p was conspicuously absent while the
peak Zr3d wawery noticeablein the XPS spectra. XPS and EDS measurements indicated
replacement of sulphur atom by thea@m on the surface of the nanomaterials. The stability

study showed the nanomaterials were not stable in ambient environment.

Nanoparticls of 11 nm and few layeredanosheetaere obtained when bulk crystal sangple

of ZrS; were exfoliated in cyclohexy2-pyrrolidone and Nmethyl ¢2-) pyrrolidone.
Isopropanol served as a green solventtlierexfoliation of fewlayered Zr3 from the bulk

crystal sample compared to amide solvents which are not environmentally friendly.ddpwev
the pristine Zr@nanomaterials could not sense VOCs at room temperature, this could be as
result of low conductivity and amber of layers of the nanomaterials obtained using
nanomateria exfoliated inisopropanol. The sensitivity of raw PANI wasegtly enhanced

with loading of ZrS nanomateria The sensor displayed respomisé 0.43, 0.58, 1.04 and
0.34% which correspond to methanol, ethanol, isopropanol, and acetonesvappactively.

The relatively better responses of the sensere creditel to the synergtic effect of
ZrS/PANI composite structure. The sensor showed good response to low concentrations (7.7
ppm, 11 ppm, 5.8 ppm and 6.1 ppm) which correspond to methanol, ethanol, isopropanol, and
acetone respectively. The sena@s more sesitive to isopropanol compared to other alcshol
tested for in this work. The behaviour of the sensor changed ftypedo ntype on exposure

to ethanol vapour at elevated relative humidity. The sensor displayed good sensitivity,
reproducibility, rapid @sponse and recovery times towards alcohols and stability over 60 days.



The hierarchical morphology, high surface area, high porosity and humidity contributed
immensely to the titania sensorthre sensing of VOCs at room temperature. ThezBénsor

showael high sensitivity with responsef -38.27,-86.75,-9.83 and 1.24% which correspond

to methanol, ethanol, isopropanol, and acetone respectively. The sensor is more sensitive to
ethanol gas compared to other chemegdourgested. The sensor displayeabd sensitivity,

reproducibility, rapid response aretoverytimestowards alcohols and stability over 45 days.

The surface area of the nanorutile decreased by 35% on laafdiingy, this could the main
reasorthere waso response observed when the ramnaposite of TIQ-ZrS, was tested for
chemical sensing at room temperature. The active sites for adsorptie@vapourwere not

available probably due to the covering of pores of the nanoastieell as low conductivity of

ZrS, at room temperature.

Both sensors of nanocomposite of zirconium disulphide and polyaniline as well as titania
could find application in breath analyseaince the least detection for a breath analyser is

reported tde 200 ppm.
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CHAPTER 1: INTRODUCTION
1.1 Background and motivation

Volatile organic compounds (VOCSs) can be simply defined as chemicalsatfeatheability

to vapourize in ambient environment. These substances are omnipresent in both indoor and
outdoor premisesThe impact of indoor environmental contamination and gioluarising

from VOCs has not beetakenvery seriously until very recently. The need for monitoring
VOCs is very paramount since most people carry out their daily activities in enclosed premises.
Statistics from World Health Organization (WHO) shows tliase to 4 million of people die
yearly due to indoor pollution yearlyChemicals like acetone, ethanol and formaldehyde have
been identified as common indoor pollutanh a country likethe United State of America,

the environmental protection agency (EPA) regulates VOCs outdoor due poskibility of
formation of photochemical smog under precise conditions. According to \Vékfanic
pollutants are classified under three categories: very volatile organic compounds, volatile
organic compounds, and semi volatile organic compounds. Theficktss is shown in

Table 1.1

Table 1.1 Classification of volatile organic pollutants (adapted from WHO)

Description Abbreviation Boiling point range Examples of
( C) compounds
Very volatile | VVOC <0 to 56100 Propane, butane
organic compounds methyl chloride
Volatile organic| VOC 50-100 to 246260 | Formaldehyde, d
compounds limonene,

toluene, acetong
ethanol,
isopropanol,

hexanol

Semi volatile organi¢ SVOC 240260 to 386400 | Pesticides,
compounds plasticizers, anc

retardants




VOCs are generally available at hoared work; it is inevitable not to be exposed to airborne
VOCs. Common sources of VOCs include oil and gas field, siieustrialchemicals, fuel
combustiorsuch apetrol,wood, coal, natural gagrinting presses, pharmaceutical plants, and
from solvents such as glues and paints. Industrial processes and emission from automobile

vehicles have been reported as the main sources of outdoors VOCs.

The era of nanotechnology has paved way for a rapattien of volatile chemical compounds
which have great advantages over the conventional methods of detection of chemical
compounds such as gas chromatography (GC), ion mobility spectrometry (IMS) and reaction
mass spectrometry. The development of nanoi@ogy has led to production of nanosensors
such as breath analysgE-nose and wearable nanosensors which provide a quick, affordable,
harmless and a portable device for measuring VOCs with high sensitivity, good selectivity,
ultra-fast responseecoverytimes and good repeatability. Chemical sensors find application in
the following fields: healthcargenetics, diagnostics, drug discovery, food processing,

environmental and industrial monitoring, quality control, defence and setetity

Since the discovery @raphene, &vo-dimensional (2D) material with great exotic properties

and wideapplications. But its application is not extended to optoeleitrapplications due to

lack of band gap. This have resulted into avalanche of other 2D nanomaterials among them are
transition metatlichalcogenides (TMDCS) Fascinating chemical and physical characteristics

of 2D materials have made them to be explored in sundry applications shefnnaselectric

device, field effect transiste(FET), photodetectgy solar cells, fibre lassroptics, tribology,
electrode mirials, catalysis and sensan the last two decade$’®°. TMDCs materials
represent a new set of sophisticated class of materials that paksgs®d structure just like

the clay structure, it may have single or few atoms depending on the thickness of the
nanomaterial®+213 A TMDC has a structer whichis quite different from graphene. A
monolayerof TMDC is athree atomstick which is madeof a layer of transition metal atoms

such as Zr, Hf, Ti, Ta, Mo sandwiched between two planes of chalcogen atoms such as S, Se
and Te!®!% These materials have some fantastic charatiesithat they exhibitvhen they

exist as mono or few layered materiaBD nanomaterials have been deployed as sensors
because of their layered structures. They possess high surface area and special semiconducting
features arising from the manipulatio their band gap makes them suitable in sensor

application*>16,



Unlike the group VIBmemberssuch as Mo WS, MoSe and WS which have been
investigated widelyfew works are available on group IVB despite theoretprajections
showcasedabout these nanomaterialas possessg astonishing propertiesTheoretical
speculation has proved Tiias a good potential fochemical sensingt is believedthat TiS
has more active sites for gas absorpttbanMoS; owing to crystal structure and bonding that
existed between the metal and the sulphur afdnitswas also predicted thatonolayerZrS;
could find applications in chemical sensing, howeverZvfth a defect such &-vacancies
will behave as a better sensor grared to Zrswith no defect®. Presentlythe application of
ZrS; been demonstrated as an optical coupled plasmeaguale resonance (CPWR) sensor

but not as a chemirestive sen&bor

Decomtion of polymersor semiconductor metal oxidevith TMDCs could greatlyenhance

the sensor attributes arising from synsiig effects.Shokouhet alfabricateda nanohybrid of
TiSzand polyvinylpyrrolidone (PVP) for sensing ethanol vapour, the sensor displaysgula
fastresponseecoverytimes of 2 s and 60 sespectively The delayed recovery time that is
often associated with TMDCs has been eradicated by forming close integeloetween the
nanocomposité’. Qin et almadeananohybrid of TiG-WS; by loading quantum dsbf TiO2

on WS nanosheets for sensing Blgias. The sensor displayed better response (17 folds) and

recovery times, selectivity and stability compared to bare3Ws
1.2 Problem statement

The poor or no sensitivity of metal oxibased semiconductor sernstor chemicavapoursor
gagsat room temperature Bareventedheir usagen detection of flammable and explosive
gasesthis hascaused a great shift tavo-dimensional (2D) nanomaterialdResearchers are
now investigating other 2D materials since grapheaepropertiethat makeat applicable in

gas sensingThe layered structure and large surfa@®olume ratioof 2D nanomaterialsiake
them suitable for gas sensingith a fascinating good sensor characteristic towards volatile
organic compounds. Therefore, these nanomatédréale ben explored recently for their gas
sensing attributesiowever they still have drawbackie poor sensitivity and recoverability.
Several studies have shown formation of hybrid nanomaterials could greatly improve the
performance ofransition metal dichalcogenid@s gas sensing. The construction of proper
close interface between the compositd aihance the electrical and chemical functionalities

of the sensor. Integration @MDCs with metal oxidespolymers and carbon materiaisl|



boost the sensor characteristicsTéiDC-basedsensorswvith a geometric advantage of the

nanocompositenaterial
1.3 Aim and objectives

The aim of this research is to synthesize nanocomposite cataly#ie wansition metal
dichalcogaide, ZrS with dandelion shapediO. and polyaniline and to evaluate their
performance ithe chemical sensing of volatierganic compounds at room temperature.

To achieve the abowmentioned aims, the following were identified:
1. Colloidal synthesis of Zr§hanomaterials using hanjection and heatip method.

2. Determine the optimal conditions for the synthesis of BEhomaterials by varying the

reactiontime, coordinating solvents, temperature of reaction and concentration of precursors.

3. Fabrication of few layered Zs$rom the bulk crystal sample via liquid exfoliation with

green solvents.
4. Synthesis of dandehcshaped Ti@by facile hydrothermainethod
5. Synthesis gbolyaniline (PANI)using facile chemical polymerization method.

6. Functionaliation of both the titania and polyaniline by decoratitheem with Zr$; via

ultrasonication.

7. Characterization of the synthesized nanomateaiats heterostructurassing techniques
such as SEM, TEM, HRTEM, WVis, AFM, FTIR, BET, TGA, Raman spectroscopy, XRD
and XPS.

8. Application of pristine and heterostruauranomaterialsn sensingof VOCs at room
temperature.

1.4 Thesis outline

Chapter 1. Introduction

This chapter enumerates the details of this research in topics. It provides insigtheinto

background, problem statement, motivation, aim and objectives

Chapter 2: Literature review



This chapter discusses the current state of research with respect to advances in the synthesis
routes of group IVB transition metal dichalcogenides and their nanocomposites with metal

oxide or polymer for chemical sensing of volatile organic compounds atteroperature.
Chapter 3: Colloidal synthesis of ZrS

The chapter is a journal article submittedthie Journal of Crystal Growth and is currently
under review. The article reports thre novel synthesis of ZeSsia thecolloidal approach. The
effects of using different sulphur precursors, different ligand antigands were also

investigated. Thetability of ZrSwas also probed.
Chapter 4: Synthesis of rutile titania

This chapter entails facifabrication, characterization of radially aligneahorutiletitania and

their applications for sensing primary alcohol and acetone gas.
Chapter 5. Synthesis of ZrSnanomaterials

This chapter demonstrates a faditg-down approach of obtaining fevayerad ZrS via

ultrasonication and its characterization.
Chapter 6: Nanocomposite of PANEZrS; and its applications in chemical sensing

This chapter describes the fabrication of nhanocomposite ofa® PANI, characterization

and its application for sensing selected primary alcohol and acetone at room temperature.
Chapter 7. Nanocomposite of TiQZrS,

In this chapter, the synthesiEZrS; and TiQ, characterization and its sensing potential towards

volatile organic compounds outlined.

Chapter 8: This chapter presenta general conclusion from the research, as well as

recommendation for future work.
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CHAPTER 2: LITERATURE REVIEW
2.1 Transition metal dichalcogenidedor chemical sensing

Among the new materialor sensor applicatignmuch attention is being given to two
dimensional (2D) chalcogenide materials which have diverted a great research to explore them
in the last few decades34>® Transition metal dichalcogenis€TMDCs) materialgepresent

a new set of sophisticated class of materials that possegered structure just like clay
structure, it may have single or few atoms depending on the thickness of the nanot&terial

The shift to TMDCs emanated as a resuthefexfoliation of graphene about two decades ago,

a singlelayered carbon with outstanding properties such as conductivity, mechanical, thermal,
and electrical properties. Unlike graphene, a TMDC monolayer is three atoms thick consisting
of a layer of tansition metal atoms such as Zr, Hf, Ti, Ta, Mo sandwiched between two planes
of a chalcogen atom such as S, Se ané'f.érhereareweak vander Waals forces that exi

in between the layers and covalent bondthin the materials These materials have some
fantastic characteristics that they exhibiten theyexist as mono or few layered materié2f
nanomaterials have been deployed as sensors as a result of their layered structures. They
possessa high surface area and special semiconducting features arising from the manipulation
of their band gap nkéng them suitable in sensor applicatioh TMDCs have some drawbacks
which limit theirapplication in gas sensing such as: (i) cross selectivédysensomay respond

to many gases at a time, without being able to distinguigitiagas from the other (ii) TMDCs
sensor response time is very slacking and the recovery time is often partiabfijlaity of

TMDCs which refers to the tendency of the serssoface to be somewhat topped by oxygen

or moisture in ambient environment. This may slowly devalue the activity and stability of the

sensor over time.

Numerous methods have been used over the years to eradicate these drawbacks, which include
novel metatoping and forming a junction with metal oxide semiconductdrsrelation with

TMDC materials the monolayers and felayers ofhafnium dichalcogenides have astonishing
physical properties speculativelyout are rarely investigated!?314 Results have
demonstrated that, the calculated room temperature mobility forafib HfSe monolayers

is about 5.3 and 10.3 times respectively; greater than properly investigated®1d®ey also
exhibited greater sheet current densities much hitlaethat of MoS, this remarkable quality

makes them valuable materials in FETs applicattorNotwithstanding these eminence in
theoretical projectioncorrespondingly few experimental results are available presumably due



to the complexity in syntheses methods oa essult of oxophilicity of the nanomateriaf®?”.

In the few published works, most of the studies use exfoliation method or chemical vapour
deposition (CVD) method for their fabricatiéft319202!, The thickness and lateral dimension

of the nanosheets cannot be manoeadiwigh the use of the mechanical exfoliation method
151819 CVD is one the favourite methedf producing theroup IVBTMDCs except for Tis

2122 The method is economical, gas carry outand produces product with high quality
however, the CVD method still has some demerits. Ultrathin 2D TMDCs are mostly
synthesized on substrates like mica, sapphire; &@ hexagonal boron nitride (hBMWhich
require them to be conveyed to other substrates for further appliB&tidA°>. For application
purposesit is betterthat these nanosheets are in discrete form than to be produced on
substrateg*. Hence the solution method is ik preferred forthe synthesis of 2D TMDCs to
CVD method.

There are three common ways of preparing mono o+ldgers TMDCs: (a) exfoliation, (b)

chemical vapour deposition and (c) waemical/solutio -based.
2.2. Exfoliation

This method okynthesis can be subdivided into twmechanical and liquid exfoliation. It is
employed in the fabrication of mono and féayers of 2D layered materials. Mechanical
exfoliation is a physical process which requires the use of the sapteltechnique teeparate

off from the bulk of the material. The adhesive force of the tapesielpreak thevan der

Waals forces that esti within the layers of the material. The isolated layer can undergo
successive peeling to give mono and dayers sample which ishén deposited onto a
substrate. This produces high quality siAgigered nanosheets though with low output while
liquid exfoliation is a solutiofbased method with great output. The first report on exfoliation

of TMDCs from bulk samples was published ©08 by Novoseloet alwhere nono layers

of MoS; and NbSe were isolated from the bulk of the matenising scotchape?®. Group

IVB TMDCs have been prepared using mechanical exfoliation of the bulk. The group IVB
TMDC nanomaterials are easibffected in ambient environmemind thus get oxidized
26212829 T prevent their oxidation, exfoliation was carried out in a glove box and vacuum
transfer chambers or immediate passivation with protective encapsulation layer was used in the
synthesis'®3931, Chaeet al fabricated few layers of HiSield effect trasistor on a Si@Si
substrate inside an integrated vacuum cluster system to prevent ambient oxidation. They

realized uniform ambient oxidation of the Hf®aterial, preferentially at defect sites which



resulted to thickness enlargement. The oxidized.H#Sformed poorly as field effect
transistor compared to the unoxidized sampli a similar report Kanazaved alsynthesized

few layer nanosheets from the bulk using scotch tape on single crystalti&Small piece
that was obtained on the tape, was then cleaved numerougddigtgain thin film of average
size of thickness on Sgbi/Al>0s substrate. The ADz substrate surface was passivated with
hexamethyldisilan€HMDS) before exfoliated HfSwas transferred ont. In another similar
work by the same group, HfSlakes were exfoliated on A>substrate and the exfoliation
method sed suffered from the difficulty in manipulating the size and thickness of the

fabricated TMDCs, as well as not being able to be scaled up for large batch pro#fuction

Liquid exfoliation can be further subdivided into two main types. The one type is simple and
does not involve intercalation. The bulk sample is dispersed into the appropriate solvent or
surfactant followed by exfoliation through a sonication process. The second type istapgwo
process with intercalation preceding the exfoliation process itvarg*2%3334 This method
entails insertion of alkali metals into the bulk material with compounds like 4 iBiutyl

lithium or organolithium compounds in solventfel74 days at room temper &
for 3-4 days, succeeded by dispegsin an appropriate solvent. Care must be taken to ensure
complete exfoliation, if not there is the tendency of generation of metal nanoparticles&nd Li
being precipitated during the process. The lithiated layered materitovered througla
filtration technique and thorough rinsing with solvent saslmexane to eliminate lingering
impurities of organic residues atite alkali metal. The intrinsic properties of the dispersing
solvent or surfactants is crucial which is to break the coheserggthat ext in the layered
material and also determines the exfoliation oufdtt The surface tension of the solvent
needs to match the surface energy of the dissolved bulk sample. It is necegsarthtoright
solvent for dispersion of the bulk powder as this preventtaeking and aggregation of
nanosheets in the solvent. Colen®tnal reported that experimental parameters such as the
starting mass of the bulk material, sonication period, dagation conditions and nature of
solvent determines the concentration, thickness, lateral and broad size of the exfoliated
nanosheets produced. An increase in concentration was favoured by increasing the sonication
time (200 h) for Mog moreover, the namaterial had small lateral sizes and broad size
distribution?°. The solvents that are commonly used are isopropanol (IP), dimethylformamide
(DMF), hexane, Nmethylcyclohexyt2-pyrolidone (NCHP) and MNnethyl2-pyrrolidone

(NMP) 35, NMP is the most suitable solvent fiwe fabrication of MoS but due to its toxicity

and difficulty in obtaining free standing nanomaterial after sonication, its application is limited.
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This has led téheuse of other solvents such as aqueous solution or volatile solvents. Coleman
et alused this method to prepdew-layers of some TMDCs and metal chalcogenides. For a
solvent to be suitable for isolation of Mo& was observed its surface tension should be about
40 mIn? 2°, However, when water is used as a dispersing agent for a material that hydrolyses
in water, the nanomaterial gets oxidized. Traces of waterdt@ndency to oxidize group IVB
TMDCs through hydrolysis, resultingnto the production of metal oxidesMOXs) 2627303¢
Sherrellet algave an insight to the oxidation of BiS he group synthesized Tifanosheat

by insertion of alkali ions into TiSpowder exfoliated in deionized wattrereafter It was
observe that the exfoliated nanosheets were quickly destabilized by oxygen. The TiS
nanosheet suspension in water was oxidized to oxitkaium.It first generated TiSO species

as the intermediate product,the same time BS gas was liberated to the emviment. This

was evident, as a colour change was observed in the suspension, it first turned to grey and then
to white within 7 days of observatidh This method is so popular in the synthesis of single
layers of MoSg WS;, MoS, WS, TaS, TiS; and ZrS . The obtained MoSand WS
nanosheets using this methwere observed to undergo phase transition, it translated from
semiconducting (2H) phase to nsamiconducting (1T) phase. A thermal annealing process
was needed to reverse it to the semiconducting pHadthe use of csolvents has been
developed to enhance the exfoliation process. For this, the use of Idahdality parameters

(HSP) theory must come into play. Using HSP theory, a yaofed mixture of solvents have

been explored to fabricate M@ hanget al exfoliated MoS nanosheets using a-solvent

of water and ethanol. In a similar wayloS, was also effectively exfoliatl using a mixture of
chloroform and acetonitril8®. Kaur et al synthesized fevlayers of HfS by dispersing the

bulk HfS in NCHP and ultrasonicated the solution. For the exfoliation in NCHP, the sheet
formed was more stable in air as the solvent shielded the nanomaterial against ambient oxygen
for a few days compared to using/iR and DMF as solvents®. Li et al synthesized Zr§
nanosheets by dispersing the bulk of the powddP jrthe suspension was then sonicated to

give afew layers of Zrg?’.

Zengbs group were the first to report on si
intercalation method to produce single layers of MO®S, TaS and TiS by proper
adjustmenbf the amount of lithium intercalated, which was followed by exfoliation in ethanol

or water“®, In another related experiment, the same group executed a systematic study by

manipulating circuit parameters such as voltage and current for the for production of few
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layered inorganic compounds, such as;TTaS, WSe, ZrS, NbSe, BiTes, SkSe and BN.
They optimized the parameters and produced high quality Nb®eBN nanosheet§.

Tandem molecular intercalatigiMI) is an improved method of exfoliation which is a facile
singe step process that does not involve sonication, operated under safe and mild conditions.
This method makes use of Lewis bases (short and long alkylamines or alkoxides) intercalates,
in which shot initiator molecules will be the first to intercalate, followed by long primary
molecules. Group IV and V TMDCs are better synthesized using weak Lewis bases such as
alkylamines while alkoxides are more appropriate for the synthesfsgroup IV TMDCs
Single-layered WSg has been exfoliated by intercalation of an alkali ethoxide and alkali
hexanoate in dimethyl sulfoxide (DMSO) with agitation lasting for several hours at room
temperature. This process is well accepted for the synthesis HZF&, NbS and MoS %2

The use of surfactants or polymers has not been welbrp like the use of solvents
presumably due to the high cost or toxicity of some of these surfactants. Sodium chlorate is the
common surfactant that is being used, it helps to coat the sheets in dispersion thus preventing

agglomeratiort®,
2.3 GasPhase method of metal powder production

Gasphase method of synthesis is a bottgmmethod of production of materials from unit
atoms. Chemical vapour deposition and chemical vapour arphgae methods that are

commonly being deployed in TMDC sthesis in particular group 1IVB TMDCS.
2.3.1 Chemical vapour deposition

Chemical vapour deposition (CVD) is a methodology that involves decomposition or chemical
reactions of gaseous precursors through thermally induced niegpending on the nature of
material or the application, sometimes the use of subtrate may be idodi the furnace

onto which the product is formedCVD is generally deployed as a botiarmp method for
synthesis of various 2D materials in the last decade, especially the gr8ufgNNDCs
6.11134445464748 |n the synthesis, an inert gas (e.g., Ar) aady&b are introduced, which help

to eliminate oxidation of the material, at the same time reduce formation of impurities
9,13,17,23,49,50
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2.32 Chemical vapourtransport

There are more reports on the use of chemical vapour transport (CVT) on the synthesis of
group IVB TMDCs than mere CVB"L. CVT requires the use of halogens suchgasslthe

transport gas and is used for bulk single crystal, which takes days for the synthesis to be
completed. The synthesized materials are then exfoliated into single or feedlalyeets.

CVT is also used to synthesize transition metal trichalcogenidess)(MKich are then
subjected to pyrolysis to give MX¥’,%. Wenetal synthesized Zrgnanoflakes by reacting a
stoichiometric ratio of elemental sulphur (S) and 4rSlwas added in excess due to its ease

of evaporation at high temperatures. Various temperatures were evaluated, and in each case,
the reaction was held for 1 h. Zn8as forned and later decomposed to Zda further heating.

The opti mal temperature was obse¥ mnasmilaat 800
manner with little adjustments, letial synthesized Hfgby using HfCk powder and S powder.

Both the metal precursor and S powder were placed upstream of the quartz tubes and heated at
a temperature of | e s s ated Wwaa mseried id the IOt zone iatlae t h
temperature of about 930 eC. afewminuesandtheng was
stopped. The unreacted precursors were immediately eliminated with the aid of magnets, after
which the furnace was cooled dowmaturally 2. Zhenget al similarly synthesized HfS
nanoforest by placing the substrate in the hot zone; and the metal precursor and chalcogen
precursors upstrearmhe heating was done at the sametimb,e t emper at ur e was
and 160 eC respectively, oper at ed fofothe 10 mi
reaction, the furnace was rapidly cooled défvrizhanget alcomparably reported on synthesis

of both ZrS and ZrSeby CVD at elevatedtempdraur es above 800 eC synt
temperature was sustained for about 20 minutes and nanostructures ahdr&Se were

grown on substrates. Yanet al synthesized HfSnanoflakes using S powder and HfGt

HfO> powder as precursors. The precursors were placed upstream and the substrate at
downstream and the reaction was operated at
the furnace€ . Shimazuet al synthesized a single crystal of 218/ heating Zr, 8and b in a

sealed evacuated quartz operated for 3 days at 8@ 0 !.&iS, was also prepared by Gao

et alusing three temperature zones in which Ti#lSHand S powder were placed at upstream

where low temperature was applied, @hesubstratevasplaced at downstream operated at

4 5 0 %.eC¥D is not commonly used for titanium dichalcogenide synthesis, they are often
produced through sokhdtate reaction method mixture of titanium powder and sulphur

powder are blendetbgether before being transfed and sealed into an ampoule under a
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vacuum. Itis then calcined using muffle furnace fohE2500e C. Af {the tenw@eratdre

i s el evated t o 800 e Ch aftardvhiamthe reacten isstodpedanodd a n ¢
allowed to cool taoom temperaturg®>"°8 Fabrication of high quality 2D ultrathin TMDCs is

very difficult asthis method does not allow easy manipulation of reaction parameters

2.4Wet chemical synthesis

This method involves the use of surfactants or polymers in the solution during thesisynthe
process.It is much easier fahefabrication of nanomaterials at low temperatures such as 130

e C affecs better control of kinetic parametersinlike CVD which requires high
temperatures of at | east 400 e Qeadiondyetsmay r ur
completion®®. The wet chemical synthesis method has four main variations which include

colloidal, hydrothermal, sol gel and liquid exfoliation techniques.
2.4.1Colloidal synthesis

Colloidal synthesis provides favourable merits, such as easy to direct and proper grip of the
crystallinity, monodispersity and control over the edges of TMB¥¥2 The method has

been deployed for the production qdantum dots, metal nanoparticlemnomaterialsetc.

When applied for the synthesis of TMDCs, reaction variables which include reaction time,
temperature, nature of the metal precursor, chalcogeargma@and the type of ligand used are
crucial in determining the shape and size of the nanomaterial that is f&f{fidthis synthesis
technique can be furtheubdivided into twohot injection andheatup (Onepot synthesis

596485 |njection synthesis is often used when either or bothéhetant(s) is/are solvent(s).

The precursor that is in solid form is first dissolved in an organic solvent (ligand), then purged
for about 20 mintes The temperature of the system is raised at a controlled rate to a
predetermined temperature, at thisrpahe injection of the other precursor is introduced into

the hot system by means of a syringe under vigorous stirring. The injection may be rapid or
slow depending on the nature of the product required-g@haynthesis is a nenjection
technique whih is commonly used when both metal and chalcogen precursors are solids. In
this case the reactants are first mixed with the surfactant at room temperature before heating is
introduced under inert conditions. Ligands that are commonly usibe aolloidal synthesis

of TMDCs include oleylamine (OLA), -hexadecylamine (HR), oleic acid (OA),
oleylalcohol (OYA), trioctylphosphine oxide (TOPO), dodecylamine (DDA), squalene, 1
dodecanethiol (DDT), stearic acid, octadgl@mine(ODA) and toctadecene (ODEf+656¢,

The use of ligads in colloidal synthesis helps in controlling the morphology during the
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synthesis of semiconductor nafmicro- crystals by coordinating to the surface of the growing
nanoparticle§®. This method of synthesis is quite popular because of its simplicigyuJd of

ligands has eased the synthesis of hierarchical structure based morphologies such as comb
like, diski like, dendritelike, snow flakelike, rod-like, floweri like and urchiitlike structures,

which show unique properties by combining the featuresnmfometer and nanometer

building blocks in one cryst&>°”.

The olloidal method has been empkd in the synthesis of single f@w-layeredTMDCs.

Caution is needed in the synthesis of group IVB TMDCs due taxipailicity nature of single

or few-layerednanomaterials to prevent contamination of the nanomaterials with metal oxides.
There is a ned to strictly avoid water or oxygen in the preparation of precursor solution. The
chlorides of group IVB (TiCl ZrCls and HfCkL) are commonly used in the synthesis of these
nanomaterials. These metal precursors are very hygroscopic; thus, they getseygdvdiile

weighing in ambient air. Hence, weighing should be done in a glove box. Pradtadiar

reported orsimple colloidal synthesis of hierarchical structures of, TiSing hot injection

method by dissolving elemental Sinroro or di nat i ng ODEwasmgctedt 300
and heated up for 15 minuteBhe metal precursor was injected into the system atvarl
temperature of 1 5ikestau@ueunke the flowdetike structure that wds e
observed at the higher temperattitén 2008, Parlet al synthesized mono layeo$ nanodisks
TiSsusing OLA in dried for m; S powder was di s
brought to room temperatur&€herefter, titanium wasinjected,and the temperature slowly
raised to 215 e C uradtediforl2ah Tthesampie alsajnedtwhsevacuuma c t i
dried. On exposure of the nanomaterial to air, the colour changed from black to brown;
however, when it was kept refrigerated under nitrogen, the colour remained unchanged. The
thickness of the TiSnanedisk was abou®.6 nm and a lateral size of 50 nm. Increasing the
concentration of the chalcogen atom with a rapid rate of temperature increase helped control
the lateral size of the nartisks. When the chalcogen concentration was increased by 100%,

a decrease in latal size was observed from 50 nm to 34 nm. At the same winen the
concentration of sulphur was increased by a double fold, there was reduction in the lateral size.
However, the synthesized TBiSingle layer nandlisks were easily destabilised at room
temperature, the S atom was displaced by oxygen atom in air. The authors were able to prove
this using time independent energy dispersive spectroscopy (EDS) and powdéf. XRD

rel ated wor k, Ch e o nbby disgalvingt PCl im YObA follewed ye d  Ti S

injection of CSintother eacti on mi xture. The reaction was
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Increasing the concentrations of both metal and chalcogen precursors was so pivotal in
controlling the lateral size of nanomaterial formed. When the comtiemts were increased to

2.4 times it produced Ti$ of lateral size of 40 nm. The group changed the S source to S
powder one pot synthesis was deployed to produce ié#ocrystad. The authours preferred

the use of CSover elemental S based on prodactdf highly reactive radicals by S powder

which resulted in structural degradation of the nanocrystals produced. Presumsaliigtter

to usea chalcogen that contains carbon for the synthesis of group IVB TMDCs as the carbon
can react with any tracesf metal oxides formed during synthesis. The method was also
employed in the synthesis of TiSay using elemental Se as source of chalcogen. Not much

has been reported in open literature on group IVB, in particular on hafnium dichalcogenides.
Few reportsare available on colloidal synthesis of fS Cheonds group rep
synthesis, in which the reactants HfCFDDT and OLA were heated up in a reantflask in

an inert at mo sthedustor of 20tH° 18 & similag Brk, the group also used

CSas a S precursor at 5nTheshneemgroup alsopsed aagsambliag o f
synthesis procedure to synthesize sulphides and selenides nanosheets of the IVB and VB
groups. To date, the st udonesavailabje ot Zigsyntieki® on 6 s
7077273 They distilled and degassed OLA prior to use in order to purify it. However, they did

not mentiontheox i phi |l i city and the ease of oxidation
group demonstrated the use of slow decomposing chalcogen precutB@3% ) and BS gas

in the generation of singlayers nanosheets of Group IVB metal sulphides. At high
tertper atur es (-ODTereleaskss D aton< Jgraduklly. In the synthesis ob HfS
nanosheet a combination of HECOLA and 1DDT were heated up in@actionflask in an
inert at mospher e abODT oWy deeco@poted tod3 tbing theentire T h e 1
synthesis time. Using the same procedure while differing the temperature and time of synthesis,
ZrS; and TiS nanostructures were also produced. The group also uSegad in a similar set

up; the HS was released slowly over 6 h and monolayefs® ZrS and HfS were obtained.

A high level of precaution needs to be exercised when usiSgitie to its toxicity which can

be fatal. The nanocrystals obtained were of a poorer quality compardtiegéobtained with

the use of 4DDT 7. Different S precursors can be used, such as elementéDBT1CS,
diphenylurea, thiourea and thioacetamide, @& DDT can be systematically introduced

into the heating system using hot injection protocol while otheupsecs that are in solid form

can be dissolved in the solvent prior to heating up with the metal precursos. @tn used

for hot injection as a result of its-gitu hydrogen sulphide generatioh.metal chloride is
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commonly used aghe metal precurso and there is a need to wash the synthesized

nanomateriathoroughly due to lingering impurities such as chloride ions.

Similar to group IVB not much work has been reported for group VB. Sekalwas the first

to report on synthesis of groulBVIMDCs. The group synthesized NbhS®nowires using

one pot synthesis. Into a threeeck reaction flask, a mixture of OLA, DDA atieeprecursors
(NbChand Se) were introduced. Temperature of f
N2 atmosphere andustained for 4 h. The reaction vessel was not cooled down and
nanomaterials obtainedererinsed with hexanet was then subjected to heating under N

at mosphere at 450 eC f or awrgdadidianeters YaryiBg h . T
from 2 - 25 rm. Whenthe reaction vesselas cooledo room temperature before washing,
nanoplates of NbSevere obtained. The nanoplates had lateral dimensions that range from
500-1000 nm and thickness betweer7Z®nm. The authors also varied the reaction parameters

in order to achieve different sizes or morphologies, but no changes were obgeMadsouri

and Semagina reported on the synthesis obNbfg a mixture of ligands to produce difat
morphologies varying from nanosheets, nanospheres, nanohexagons and nanorods. Increased
amounts of OA in OLA led to more production of the nanosheets, but better morphology and
laterally confined 2D nanostructuresere obtained with minimal use of OAAlso, of great

importance is the timing of the reaction, with Ot2&f reaction, monolayer of Nb8anosheets

were formed with OLA as the sole solvent and as the reaction time was increasagefsw

of nanosheets were formét Hanet al synhesized NbSby a one pot synthesis method in

which stoichiometric ratios of Nb€hnd :DDT were introduced inta threeneck reaction

flask containing OLA in a glove box. The use of glove box indicated that the nanomaterial is
sensitive toimpurities (Q/H20). The reaction was operated for 30 minutearaélevated
temperature of 280 eC after which it was <co
reaction was conducted in an inert atmosphere. The synthesized ultrathin triangular NbS
nanosheets hadthickness of 3.9 nm which was ascribed to represent fiveddyer

A great number of research has been reported on group VIB TMDCs most especially-on MoS
and WS which hare beendemonstratedh sensor applicatiorMahler et al synthesized both

prismatic 2HWS; and distorted octahedral AWS; structure<®. Hot injection reaction method

was deployed, the metal precursor was added to @Avial, andheinjection was made into
areaction flask containing OLA at 320 eC dr
temperature, CSwas injected into the system. This resulted in controlled monolayers by the

slow release of the precursoihe addition of HMDS after degassing helped in tuning the
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crystal structure of the nanosheets from prismatic to distorted octahedral structure which was
flowerlike in shape. In a similar report, Geisenheftfal synthested WSe using the hot
injection method whereby tungsten hexacarbonyl was dissolved in combination with TOPO
and OA and selenide precurd&r The mi xture was injected at
completed in halenhour. The ligand mixture helped to adjust the precursor reactivity and an
increased amount of OA limited the metal precursor reactivity, resulting in fewer nucleation
and thus bigger nanocrystals were formed dtial prepared Mogquantum dots by dissolving

the singlesource precursors, ammonium tetrathiomolybdate gptbSs) in three different

capping agents, OLA, OA and ODE The reaction mixture was
vacuum for 2.5 h with stirring. Afterwards the reaction was sustdore?ih atatemperature

of 250 e @masphere befordltheaaion was quenched. In a related experiment
Altavilla et alprepared both Mofand WS nanosheets using th&alts of Mo and W bgone

pot synthesis method. The singleurce precursandOLA was first degassed, and then the
temperature was raised306 0 e C » flow tbreOr5 toNL5 h. Interestingly, as the reaction

time increased so did the number of layers prodé€eshtunezet al, in a similar experiment
produced WSgenanosheets by injecting-tBrtbutyl diselenide (tBsbe) into a reacbn vessel

already containing WGIlin DDA atatemperature abav 1 0 0 e ggasi The eactiol

|l asted for 6 h under st r oisrptamsataple meta precussori r r i n
for the synthesis of group VI TMDCs, due to its ease to hydrolyse in air, thus the sample was
introduced into a threreck oundbottom flask in a glove box. It is well established that YWCI

is easily reduced in the presence of organics if overheated, hence the temperature during
heating must be well controlled. The organic solvent (DDA) was not used as supplied but was
deoxygmated and distilled before uSe Junget al, useda one pot methodo synthesize WSe
monolayer nanosheets. W(GQYliphenyl diselenidevere dissolved in OA, the system was
degassed, and the temperature was raised to
Monolayer nanosheets withlateral dimension of several nanometres were produced. The
group also worked with other surfactantstsas OYA and OLA. With OY Afew-layers (23)

with lateral size of few nanometers were obtained while with OLA rayers with smaller

lateral size were formetl . Zhouet alworking with mixed surfactants, explored the influence

of mixed solvents to produce different layers of the nanostructures of MwSWS using

injection protocols. The authors used Mo(A@nd W(CQOy, the surfactants stearic acid,
TOPO, ODA and squalene under&mosphere with stirring. The duration of heatirapyust

1 h before being quenched. In a similar reactiddoS, monolayers were also generated but

with a change of surfactants (OA, stearic acid and TOBPincreasing the concentration of
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the chalcogen source and decreasing the concentration of tHeametell as increasing the
temperature of the reaction mdliyers (35) of WS, nanosheets were formed. With little
modification both thioacetamide and Mo precursor were injected into the reaction system at
different times to produce few and mlliyers MoS nanosheet&!,

The mechanism for the formation of sindggered nanosheets of TMDCs is still complex.
Three approaches variables have been employed to optimise their forrfiegityn the use of
chalcogen precursor that gradually decomposes over aitorgduring synthesis or delay
injection of reactant foa long period secondly, the nature of the orgasolvent and lastly
the duration of the reaction have been varied.

2.4.2 Hydrothermal or solvothermal synthesis

Hydrothermal or solvothermal method is a versatile and effective synthetic route to produce
nanomaterials witla different array of morpholags. Hydrothermal synthesis is one of the
most important methods for producing fine powders of metal oxides. The process entails the
reactants being dissolved in a solvent, which is then introduced into an autoclave. If the solvent
for the reaction is neaqueous, it is referred as solvothermal; whereas, if the solvent for the
reaction media is water, it is termed hydrotherfiaTeflonlined autoclaves are used in this
process; they are preferred over glass and quartz autoclaves, since they can tolerate high
temperatures and pressures. Furthermore, they support alkaline solutions as hegtigas
resistant to hydrofluoric acid. The flexibility of the method makes it easier to manipulate
reaction parameters to produce nanomaterials with dgsioperties and quality. It has been
extensively used for preparing metal oxide nanoparticles, chalcogenide, and phosphide
nanomaterial$485 Chen and Fan synthesized NiSHiS;, CoS, FeS, MoSe and MoS

using hydrothermal synthesis at a low temperature while varying the synthesis parameters.
They found that adjusting the reaction variables could extend the method of synthesis to other
products®®. The method is commonly used foethynthesis of group VIB TMDCs and their

nano composite$6878883990  Hyang et al synthesized MoSnanosheetsvith a netlike
morphology of well linked nanoflakesa the hydrothermal routéhe nanoflower material ka

a thickness of a few nanometreBhe prepared material had a large surface area and good
conductivity giving it potential for application in higierformance supercapacitéfs Janget

al alsoprepared CdS nano particles using hydrothermal method as well as CdS nano wire/TiO

nano particle composite using solvothermal method to produce effective photocétalysts
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2.4.3Sokgel method

The solgel method is a popular avenue to fabricate metal oxide catalysts suchdesooXii

and Si composites. A variety of materials whigftludes nanostructures, nanomaterial
nanoparticles, glass, ceramics, and nanocomposite are generally fabricated using this method.
This process generally takes place in three steps viz: hydrolysis, condensation, and drying. Sol
gel can be sublivided irto two types: aqueous sgel and noraqueous sefjel method*>%2,

To synthesizie these colloids, the common precursors are made of metal alkoxides and
alkoxysilanes. The use of tetramethyoxysilane (TMOS), ancethyiarthosilicat§ TEOS)is

most common. There is a need to first makemogeneous solution of the alkoxides to be
used?. This method is very suitable for production of group VIB TMDCs and their
nanocomposite 939495969797 The method offes some merits suclas low synthesis
temperatures, high reproducibility, cost effectiveness and products with high purity, porosity,
and large surfac®. A onestep direct setjel synthesis method was employed to prepare p

type fewlayer MoS films in a large volume via deployment of Montaining solgel
including 1% tingster?”. It is very funconal and good for large production using spin coating
deposition method oa variety of substrates to produce -2bS; thin film having uniform

surface area at moderate temperatures-3000 e C) f ol l owed by annea
Mo$S; produced was of gl quality and has great electronic properties with a narrow energy
band gap of 1.35 eV which is consistent with the material. The product istygfen

semiconductor which firglapplication in electronic devicé3
2.5Gas sensingnechanism in TMDCs

Semiconductor metal oxide sensors are pabulknown for sensing of gases in the last
decades especially toxic and dangergases, howevdhe need of elevated temperature for
their operation hainhibited their application in detection of flammable and explosives gases.
The discovery of graphena 2D material for gas sensingshed totheemergence of TMDCs

for gas sensing. TMDCs provide good selectivity, high sensitivity at room temperaéute du
ultrathin nature, high surface areas and adjustable bandgap can find application irthe
detection of these gase3he key principle in gas sensing in TMDCs is principally based on
chargetransfer activity connecting gas molecules and the imrteediazironment of the sensor
which leads toa change in the electrical conductivity of the sensor. Electrostatic force is
responsible for adsorption of gas molecules upon injection of the analyte gas on the 2D
material. When air is flushed in the test cl@m desorption of the gas moleculakes place
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in this case there is restoration of the sensor to its original tgpere 2.1 shows the
mechanism of gas sensing of a typical TMDC withaNgs. The kind of interaction that exists
between a gas analyémd sensing material will decide the level of the resistance adjustment.
Based orthecharge carrier of a semiconductor, it can be categorizedyge@r ntype. With

a ptype semiconductor there is an increase in the resistance of the sensor upotanteith

a reducing gas whereas there is reduction in the resistance of the sensortypéh n
semiconductor. The charge carriers ontgge semiconductor are principatpleswhile it is
electrons with rtype semiconductor. Due to high electron ntibbs, TMDCs are proficient in
sensing at room temperature and do not suffer from constant drift of signal which is typical of
metal oxide occasioned by forwards and backwards distortion of oxygen vacancies since there

is no oxygen atom present in the maof the sensof3°.
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Fig 2.1: Schematicillustration of sensing mechanism of TMDCEhe illustration is adapted

from Ggobeet al °°.
2.6 Attributes of a gassensor

Several parameters are very important in detemgrthe performance of a sensor which
include response and recovery time, the 3S (sensitsgtgctivity,and stability of the sensor),

operating temperature, concentratioranélyte humidity, and detection limit.
2.6.1Response

The response is obtainég calculating the ratio of difference in conductance change of the

analyte and in air and conductance in Biathematically this can be expressed as
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R 2.9

R — (2.2
R x 100 =x 100 2.3 (
R ——x 100 =x 100 2.4)

Reports have shown that the response and humidity have direct correlation. At extremely high
humidity level, water vapour is adsorbed on the surface of the sensor by physisorption which
may affect the electronic and ionic conducting properties oféheas. The adsorbed water

layer could serve as a barricade between the sensor surface and the analyte. Thermal treatment
can be deployed to eliminate the humidity; however, the heating effect may irgsult
agglomeration of the nanostructures. Report® lsown that acetone sensors perform poorly

in terms of response at high temperature arising from thermal ripening of the’$&nsor
2.6.2Response and Recovery Times

The response time can be defined as the time it a takes a sensor to attain 90% saturation upon
injection of analyte gas. The recovery time is the time taken to bounce back to 90%auf no
upon withdrawal of the analyte gas and consequently blowing dry air to the sensor. A good

sensor is expected to have rapid response and recoveryt¥mes
2.6.3 Selectivity/ Specificity

The pragmatic use of a sensor lies on this key parantleéeselectivity of a sensor estimates
the preferential ability of a sensor to detect analyte gas of interest in the presence of unwanted
gases. The value ranges from 0 to 1, the closer the value to 1 is an indication of high selectivity

of the sensot®.
2.6.4Detection limits

This can be defined as minimum concentration that can generate a signal response from a
sensor. Two methods are commonly deployed in determination of LOD. Firstly, thisneshe
widely used method in which repetitive measurements are conducted without any introduction

of any analyte gas and with introduction of minimum concentration of the analyte gas.
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LOD = LOB + SD low concentration of analyte (2.5
Where LOD = Limit of detection

LOB = Limit of blank

SD = Standard deviation

Thesecondnethod entails obtaining LOD by extrapolation frafinear calibration curvé®’,
A good sensor should be able to detect a very low concentrdtgas @nalyte. This is often

reported as part per million (ppm) or part per billion (ppb).
2.6.5Stability

This is another key factor which determines the reliability and dependability of a sénsor.
indicates the effectiveness and consistency of the sensor over a pegimad sensor should

have a good stability close te®years and be recyclable.
2.6.6 Sensitivity and grain size

The sizeof sensing material plays an important role in its sensing capability. A reduction in
the grain size contributes to considerable enlargement in surface area and hence more surface
sites for adsorption of analyte teact. This will therefore boost the sensing properties of the
sensort®2. No model has been proposed for TMDCs howgtleee different models have

been developed for a metal oxide sensor. Firstly, if the grain size (D) also known as crystallite
size B much bigger than spackarge layer (L) D > L, the large grain does not contribute to
improved sensitivity. The electrical conductivity is governed by grain boundaries which control
the inner mobile charge carrier and the gas mechanism. The seconduggsited that when

the grain size reduces, the L moves closer into each of the grain. When grain size is very close
to but still higher than 2L, the depletion region around each neck produces conductionschannel
as shown irFigure 2.2. Both thecrosssectional area and grain boundary barriers determine
the electrical conductivity. The sensitivity of the gas sensor depends on the grain size when D
O 2L . ,When thedyaiy size undergoes reduction to 2 folds then D < 2L, the entire grain
is depleted by the electrons, hence there is reduced conductivity as shdvwgune 2c.
According to Dmorclet althe third mode{D < 2L) is the most suitable system to improve gas
sensing capabilitySeal and Shukla reported using Sa@acase studywhenthe grain size is

| ess t h,dhisleadd to bettemsensitivity for Sn€ensor%2. Henceforth, a nanoparticle

material is expected to display higher sensitivity compared to cgeaseed peer. Both the
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receptor and transducer functions are infl@ehby grains. Therefore when the crystallite

decreases, the higher the sensitivity of the sefi3tf.
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Figure 2.2: Schematidighlighting the importance of grain size. Adapted from Dmetsdi
00

2.7 Factors controlling sensitivity

Three important separatdaracteristicgletermines the response of a chemical sensomwhic

are receptortransducerand utility 104
2.7.1 Receptor

This entails how individual gramof a sensor interact with immediate atmosphere
accommodating oxygen and target ,gduss influences its rateselectivity,and reversibility.
Adsorption only occurs as a result of high reactivity of the sesstace. Thabsorption can

either be by phyisorption and chemisorptiof{41°°,

2.7.2 Tranducer
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A transducer is a device that processes energy from one form to a readable signal. A tranducer
function shows the capability of the sensorntrnslate thesignal arisingthe interactivity
occurring on the sensor surface into an electrical sigrsdnsing material possessaseeptor
andtransducefunctions, the boundary that std within the gains plays this role of traducer

function%4,
2.7.3Utility factor

This is related to the diminishing of the respooka sensoarising from factors of diffusion
and penetration of the target gas across the pores of the bullexplagms howthe target gas
migraesinto the inner grains of the sensor mateiNghen the reaction rate is higher compared
to diffusion this leads tdecrease in respondéjs results from inability of the target gas to
reach inner sites of the grains of the sensor matéfidtigure 2.3 illustrates the relationship

that exsts among these three factors.

Recepta function Transducer function Utility factor (assembly issue
(interparticle issue) (interparticle issue)
Gas diffusion and reaction

Space charge layer

Double Schottky barrier (?)

Figure 2.3: Three factors determining the response of semicomductor gas.skdapted
from Yamazoe and Shimand&.
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2.8 Gas sensing properties of 2D TMDCsand other 2D materials

The group VI TMDCs are recently being applied in chemical sensing, they have the advantage
of being able to respond themical vapour at room temperature. More studies have been
reported on Moscompared to W5 MoS has been demonstrated to sense,NN®, &, NH3

and B at room temperature. Most of the early studies on the use of 84o&hemeesistive

gas sensor were conducted above room temperature.

He et al reportedon how adjustment of the number of layers can play a key factor in their
sensing capabilities. It wabserved that the thickness (layer) of the TMDCs gtaley role

in determining the response to N@as. The response of the sensor decreases on exposure to
the gas with increasing thickness of Mp#is is because of decrease in surfdoevolume

ratio of the Mo$S The authors also reported better response of,Me&r rGO based sensor.
Integration of Pt nanoparticles with Mp&anosheets improved the sensitivity by a multiple of
three'® Lateet alprovided a contrary view in their sties where the five layered Mg&ctivity

was better than fewer layers42. The insight of the mechanism responsible was not properly
expantiated; it was merely attributed to electronic struct@e€hoet alvertically gew Mo,

on SiQ substrate usinghe CVD method. Three different arrangements were fabricated
vertical, horizontal, and mixed alignments. The vertical orientatiperformance was better
than other alignmentshis is ascribed to both the basal plane and edgepiesliing more
adsorption sites thubetter respons€”’. Kim etal producedmicroflakes andhanoparticles of
MoS; using mechanical and liquid exfoliation respectively. The nanoparticles, due to larger
surface area and more edge sites than microflakes, mwdeiter response to various O
concentrations. The-type behaviour of the MeSensor is akin to metal oxide semiconductor

in which preadsorbed @ molecules is very paramount in the sensing mechanism. The
sensitivity of the MoSsensor (liquid) for ethanol was high because of enormous physisorption
of O molecules on the MaS%,

Qinet al exfoliated bulk WSinto few layers; the number of thaylers plag a key role in the
determination of the sensitivity of the sensor. With high number of layers, the response
increases but poor recovery. This delay in recovery was expantiated using first principle
calculations. With increasing number of layehg binding energy that exists between the gas
molecules and the layer(s) increases hence it leads to longer recovery times (desorption of gas
molecules)'!?. Chaet al functionalizedsurface edges of WSising multiple tubular carbon
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nancfibres (WS@MTCNFs) which resulted into greater specific surface area. The responses
increase with increasing concentration of the gas molecules. The sensor sensitivity was quite
good toward N@than both NH and GHg . Several publications have shown Y\&&nsors

are very sensitive to Ndvapour:Ggobaet al synthesizedierarchical nanoflowers of WS

The selectivity of the sensor toward increasing concentration afvBibburs was good. The

response of theensor towards acetone, ethanol, toluene, and chloroform was quite rapid as
well , the hierarchical nanofl ower sé morphol o
of the gas molecule. However, the sensor displayed poor recovery due to delayetiodesorp

of the NH; molecules after strong adsorption on ske@sof®.

Late et al demonstratedingle layer MoSgfor NHz sensing at room temperature wghick
responsg150 s) with increasing concentration of Nifapours but poor recovery (540 s).
Despite poor recovery from the sensor, studies showed the performance is far better than some
reported work on graphene and Ma®nsors for sensing Nrnd NQ at room temperature

112 1n a related experiment, Guai al exfoliated few layers WSg the fabricated sensor
exhibited fantabulous sensitivity as low as detecting 0.05 ppm afl©with a rapid response

time and recovery*:.

SnSis a marvellous 2D material which is not part of the TMDCs, however it has gdrata
structure akin to TMDCs with a layered structure. The materiahBazeable band gap when

in few layers and large electronegativity that seems suitable for gas sensing application. In
2006 Shet alwas the firsto demonstrate flowelike SnS synthesized using the hydrothermal
process; the sensor had good sensitivity and selectivity feigilslat room temperature with

an average response and recovery time of 45 and 110 s respédfiviign et al produced

SnS nanoflowers using the solvothermal methothe hierarchical threglimensional
nanoflowers on exposure to 100 ppm NModuced optimumsensitivityat1 50 e C, t hou
with poor response/recovery time, however optimum response/recovery time was gotten at 200
e (Qxygen catalysed the performance of the sensor; with increasing oxygen coe¥)(0

on the sensor, this improved the performance of the semsabout 3.5 folds. The DFT
calculations were used to corroborate on the effect of the increasing oxygen content on the
sensor performancé&he sensor was able to determine concentrstibNHz as low as 0.5ppm

and the best selectivity was toward Nier CO,, CHa, Hz, C:HsOH and CHCOCH; 11° Wang

et al demonstrated single layer Sn8btained via intercalation liquid exfoliation. The

monolayer Sngsensor displaye@ quick response (16 s) and good sensitivity towards
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ammonia vapour. The response time was excellent, which is quite better compared to other

NHs gas sensors reported so far however, the author did not report on the recovély time

Guidi et al were able @ demonstrate the of use of CdS and SSar&l their metal oxide
counterparts for sensing alcohadsetoneand other chemicals. The CdS and Sséhsors

were operated at room temperature with the aid of UV light as well as optimum temperature of
300 e CThe performance of the metal sulphide and :3€8isors outweigh the metal oxide
sensorsthe CdS sensor displayed great selectivity for alcohols while no selectivity from CdO.
The highest selectivity wase butanol, followed by ethanol and methanol wasldast. The

SnS showed good selectivity to acetone vapour. The operating temperature was maintained at
300e df exceeded, the S atoms and sulphur vacancies inv@lhi®e displaced with oxygen

atoms!t’.

Only a few reports are available on chemical sensing of the novel nanomaterials of group IVB
TMDCs. Shokoulet alreported a fascinating recovery with an ufaat response time of 2 s

and recovery time of 60 s by fabricating nanohybrids of @&l polywinylpolymer (PVP) for
ethanol sensing. Table 2.1 shows some of the TMDCs that have been demonstrated for

chemical sensing.

Table 21: TMDCs, metal oxideandtheirnanocompositefor chemical sensing

Material T e (Gas (ppm) Sensitivity Response Recovery References
(%) time (s)  time (s)
WS@MTCNFs 25 NO: 15 - - 111
WS, (single 25 NH3 - 200 2715 110
layer)
Mo$S, 400 Oz - 5700 - 109
MoS, 25 NO. (0.1) - - - 108
MoS; (Five 25 NO2/NH3 1372/86 - - 107
layers)
MoS; (single 25 NO2 (1.2) - >1800 >1800 106
layer
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WS,
MoSe
WSe
SnS
SnS
SnS

SnS and CdS

Ag-TiO2

GaN-SnG
Chitosan
WOs
NiO-Sn
M0S:-SnG
M0S:-SnG
Mo0S:-Zn0O
Mo0S:-TiO2
WS-TiO2
TaS-PANI

TiS-PVP

25

25

25

25

200

25

300

25

25

25

300

340

280

25

150

25

25

25

NHz (240)
NH3

NO, (0.05)
NHs (5)
NHs (100)
NHs (50)

CH3COCH;
and ROH

C.HsOH
5)

ROH
C2HsOH
C2HsOH
C2HsOH
NO:z (5)
C2HsOH
NH3
C2HsOH
NH3
H20

C2HsOH(2)

5.06

21.6

4.35

19.35

70

15.6

18.70

46.2

14.20

43.72

97.00

6800

28

150

50

40-50

40.6

52

100

<15

17

36

60

42

540

105

100120

624

63

100

<15

15

174.43

49

99

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127
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2.8.1Metal doping

Transition metals which include Fe, Cr, Al, Ni, Sn, and Ce and precious metals such as Pt, Pd
and Au can help boost the sensing properties of a semiconductor by enhancing the activity and
adjusting the resistance of the sensing material. This improvesvéneall attributes of the
sensor such as 3S (sensitivity, selectivity and stability), response and recovery time; and
working temperature especially metal oxide sen$&tsExtensive reports have shown that
doped ZnO sensors are more effective in sensing acetpoenaver undoped ZnO. Kaet

al in their review also showed dopeddimensional (D) titanium dioxide with precious metals
arevery effective in sensing ethanol and acetone compared to undopedfitémia similar

report, doped Snfsensor showed enhanced sensing capability to VOCs especially acetone
unlike the undoped SnOMore studies are yet to be available on functi@aditbn of TMDCs

with metals and precious metalgmwever,2-D materias like graphene sensodoped with
precious metals showed better sensing performance over pristine gr&phene

2.8.2Metal oxidesfor sensing VOCs

Vast information is available on tlsensing mechanism of the metal oxide; thorough research
has been conducted on these materials. At ambient temperagied oxides exhibit 4type
semiconducting features due to propensity for oxygen deficiency which results into
development of oxygen vacancies or metal spaces. Metal sogide principally rtype
semiconduct@ because of oxygen vacancies in the metat®xattice. The metal oxide
sensing material contarseveral grains on exposure to atmospheric oxy@xygene are
adsorbed on the sensing materiaé ibsorbed oxygen molecules are ionized to oxygen ions
as shown in equatio®.1-2.4; hencethere is bss of electrons from the material which results

in depletion layer. Upon introduction of reducing gas thitest chamber, the surface of the
sensor undergoes redox reactions. The actives sites of the metal oxide absorbed the gas
moleculesvhichled tochange in resistance until the response reaches the optimum level. If a
reducing gas is injected, the reducing gas will donatéieh results in further depletion layer
(bond) around it, thus resulting ia decrease in resistance. The operating temperatu
determines the state of form of the adsorbed ion. With temperature exceediggCis@

oxygen molecules dissociate into oxygen ion atoth

O2(gas) <«—» Oy (adsorbell (2.1)
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Oz (adsorbed) +e<—> Oy (2.2
Lo +te «——> O (2.3
Yo +26 «——> O% (2.9

Zhu et al produced AgTiO2 sensor by integration of Ag nanoparticles with eshell
nanostructured Ti® The performance of the sensor to ethanol at room temperature showed
good selectivity, high selectivity (4.35), fast response and recovery of 52 s and 63 s respectively
for 5 ppm of ethanol vapour and with a very low detection liofi®.15 ppm. The authors also
demonstrated the raw ceseell TiG: nanostructure for sensing of ethanol vapour at room
temperature; the high surface provided by the methodology as well as high whatibut

50% must have been responsible for sensing alcohol at low temperature with a sensitivity of
1.54, fast response of 112 s and recovery of 136 s. The doping with metal nanoparticles
improved the sensitivity, response, and recovery time of theséy enhancing the electron

conduction properties hence improved the sensor capablity

Bajpaiet al fabricated a nanohybrid of nanowire of GaN and nanocrystals offn@lcohol
sensing at room temperature aided by UV light. The presence aghbheérmitted the sensor

to function at room temperature, the sensor displayed a good responsed®cancentration
range(1-5000 ppm) of alcohols. The sensor responses were more favourable to first and second
members of primary alcohols compareddiber alcohols tested, although this finding is
contrary to other work reported by other authors. The responses normally increase with
increasing carbon chain for the first to fourth members of alcohols. The response of alcohols
depends on the nature okteensot!®. Ayadetal alsoreported aropposing view; a chitosan

film sensor showed high sensitivity for methanol, ethamaol isopropanol with a sensitivity of

7.22, 19.35 and 4.06 respectively. The highest sensitivity of the sensor towards ethanol was
ascribed to higher inductive effect of ethyl alcohol to methyl alcohol and isopropanol having
the least sensitivity due tdesic hindrance of the structure of the molectife In a similar

report, Chenet al produced W@ nanoplates which exhibited exceeding sensitivities for
methanol, ethanol, isopropanol and butanol at temperature ef &iith a quick response and
recoverytimes less than 15 $he sensitivity increases with increasing carbon chain, the sensor

was only tested for a short range of concentrg@s800 ppmn) 2%

Wei et al fabricated nanohybrids of mesoporous nickel oxide naneviiyedoping with

stannum for ensing ethanol at an elevated temperadfi@tOe CA great enhancement of the
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sensitivity of the sensor was observed with the doping of the metal oxide which enhanced the
surface area of the material by almost 2.5 folds, hence sensitivity improved.ft6ro25.6

on exposure to 100 ppm of the g&s
2.8.3TMDCs with metal oxide composits

Metal oxide nanostructures have been reported to have good sensitivity, fast response and
recovery unlike TMDCs that have a delayed recovery tih&everal metal oxides of various
morphologies have been demonstrated towards ethansing in the last decade such as:SnO

ZnO, TiQ,, UFe0s, U-Cr03, WOs, InQOs, V205, ZnFeOs and CdInOy have been tested for
sensing VOC$?%,

The layered structure and large surfae@olume ratio of TMDCs make them suitable for gas
sensing, however they still have drawbacks of poor sensitivity and recovershahitgral
studies have showihat formation of hybrid nanomaterials could greatly improve the
performance of TMDCs in gas sensing. The construction of proper close interface between the
composite will enhance the electrical and chemical functionalitieseafd@hsor. Integration of

metal oxides with TMDCs is one of the options to give geometric advantage of the hybrid
material. Table 2.2shows the merits and demerits of both TMDCs and metal oxide sensors.
The orientation of the atoms of the nanomaterials plisgs a key role in sensing capability.

SnQ is probably the most reported metal oxide for gas sensing with ZnO being the next . Han
et al fabricated Mo2SnQ heterostructures for sensing oxidizing gas fN@t room
temperature. The nanocomposite gasseproduced a response of 18.7 s on exposure to 5
ppm of the gas. The selectivity was quite good, and stability of the sensor lasted for one month.
The heterostructures improved the sensing performance of the sensor compared to yaw MoS
sensor; and thissiattributed to proper-p heterojunctions formed between the 2D and OD
materials*. In a related experiment, Yaet al functionalizedMoS; nanosheets with SnO
nanoparticles resulting in enhanced gas sensing performance towards ethanol sensing. The
better performance of the nanohybrid was accreditethéenlarged surface area, which
provided more active sites which in turn aided proper diffusion of ethanajuacker electron
transfer. Furthermore, there is an internal electric field formed as a result of proper
heterojunction formation which quickened the electron transfer. Intensive research has been
conducted on ZnO as a sensing material akin to, §i0Zhanget al reportedon MoS-ZnO
nanocomposite for N¥apour sensing at room temperature. The nanocomposite performance

was higher than the raw ZnO with quicker response and recovery‘fitn&haoet alloaded
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Mo$S; nanosheets on Tghanotubes using the hydrothermal method. The sensor was operated
at the optimum temperature of 16QCThe sensitivity towards ethanol (100 ppm) was fantastic,
the response of the nanohybrid outweidipure TiQ by 11 folds. The response toe Was
minimal and no response to GBIH, NG, and NH; 1%,

Qin et al fabricated nanohybrid of TEWS; by loading quantum dstof TiO2 on WS
nanosheets for sensing blglas. The sensor displayed better response (17 folds) and recovery

times, selectivity and stability compared to bare; WS

Table 2.2 Comparison of 2D TMDCs witimetaloxide based sensors

TMDCs Metal oxides

Advantages

High electron mobility atoom temperature Rapidresponse time

Low energy consumption High sensitivity
High gas response Affordability
Goodcompatibility Long-term stability
Mechanicalflexibility Easyfabrication

Disadvantages

Low selectivity Limited selectivity
Sluggish recovery Low electron mobility at low tempature
High cost High operating temperature
Lack of longterm stability High power consumption
Lack of scalable fabrication Constant drift of the signal
Poor lifetime
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2.8.4PANI for chemical sensing

Polyaniline is commonly known as a good conducting polymer for sensing volatile organic
vapours (VOCs), hazardous gases, humidity and warfare agent stimulants at room temperature
127_Athawale and Kulkarni demonstrated the use of PANI and other polynreserfsing of
alcohols. The PANI sensor exhibited good sensitivity towards methanol, ethanol, propanol,
butanol and heptanol vapours. The sensitivity of the sensor decreases as the carbon chain length
increases. Methanol was reported to hiénhighest sesitivity being the lightest member of

the alcohols, there is ease for its interaction and diffusion within the matrix of the polymer in
comparison to other alcohofs.

PANI based senssdo have shortcomings such @sor selectivity, lowreproducibility, and
stability. Functionalization with metals/precious metals or incorporation with metal oxides,
carbon compounds, TMDCs and polymers provides integrative performance. PANI
nanocomposites have shown outstanding sensing response towarndis \a#iNH, Ho, HCI,

NO2, H2S, CO, CQ, SQ, VOCs andiquefied petroleum gas (LPG)lianget alreported very

short response and recovery times of 5 s and 7 s by loading Au nanoparticles on PANI
nanobowls for sensing NHapour'®? Tai and his cohorts have illustrated a nanohybrid of
PANI/TiO: for sensing NHvapour with a good sensitivity, quick response and recovery times
129 Manjunataet al demonstrated nanocomposites of polyaniline and titardisulphide

(PANI/TaS) for humidty sensing with good sensitivity, rapidsponseand recovery times
130
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CHAPTER 3: COLLOIDAL SYNTHESIS OF ZIRCONIUM DISULPHIDE AND ITS
STABILITY AGAINST OXIDATION

Abstract

The need to exploit the exotic properties of Aythesized via colloidal means is imperative.

For almost a decadeow there has been no literature on the colloidal synthesis of ZrS
nanomaterials. Meanwhile, several publications are available on other methods of synthesis
mostly chemical vapour transpo(CVT) and chemical vapour deposition (CVD). The
synthesized bulk material from the CVT method is further subjected to exfoliation (mechanical
or liquid) to obtain mono or fedayers of ZrS. With the colloidal methgdhere is a possibility

of the oxidebeing formed during the synthesis of Zi&@d likely destabilization of the
nanomaterial after synthesis on exposure to ambient environment. In this study, both the heat
up and hot injection methods were employed to fabricate various morphologies >of ZrS
nanomaterials. The metal and sulphur precunsers dissolved in a mixture of octadecene
(ODE) and oleic acid (OA); and refluxed aemperature of 29%C in the presence of nitrogen

gas. ODE served the role of rooordinating solvent, while OA served the capping agent.
Nanorods, nanospheres and nanosheets were obtained from the heat up method. Meanwhile,
the hot injection approach produced nanosheets and nanospheres with well noticeable hollow
centres. Xray diffractometer (XRD) validated the formati of ZrS hexagonal phase with
traces of oxides of zirconium, Zs@s well. The peak of S2p was conspicuously absent while
theZr3d peak was well notiablein the XPS spectraXPS and EDS measurements indicated
replacement of sulphur atom by the O atomthe surface of the nanomaterials. Only one
exciton peak was observed for the absorption spectra of both the heat up and hot injection
method and thermal thermogravimetry analysis (TGA) revealed three plateaux of

decomposition of the nanomatesial

Keywords: Zirconium disulphide, nanostructures, oxidation, stnatforoperties, stability.
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3.1 Introduction

Zirconium disulphide is a membertbiegroup VB transition metal dichalcogenides (TMDCs)

with a layered structure of the cadmium iodide t{pdl>). Adjacent layers are held together

only by relatively weak van der Waals forces with an octahedral arrangémgrgkis a 2D

layered material with fantabulous attributes when in mono or few layers; which include fast
electron transport, high ca&r mobility and sizeable band gap. The abundant nature of
zirconium in the earthos crssdence andke ta edotte we |
metals which are not cost effective and very limited in nature. Thenar®material is highly
soughtafter due to its application in solar cells, field effect transteETS), thermoelectric

devices, photodetect fiber lases, optics, sensegr tribology, electrode materials and

catalysis?®.

Till date, publications on colloidal synthesis of ZBe very limited excedbr publications

by the Cheon Group*®. Proper investigations showed that traces of impurities (moisture,
oxygen) prior to the synthesis of group IVB transition metal dichalcogenides will inevitably
lead to the formation of oxided the metal or mixed phases (TMDC and oxides of the metal).
To eradicate any traces of impurities in this case becomes a herculedft&skne metal
precursor (ZrC)) that is preferably used has been reported to be very hygroscopic, thus the use
of a glove box may be necessary. The organic solvents that are commonly used in colloidal
synthesis are not totally free from impurities. Oleylamine (OLA) technical grade is about 70%
purity, oleic acid 90% puritgandoctadecene (ODE$ 90% purity. The prence of impurities

in OLA must have necessitated the Cheon group to degas and distil OLA for several hours
prior to use. Colloidal synthesis of other 2D nanomateisatsich more availabléhe Moloto

group have fabricated several 2D nanomaterials ubengplloidal method of synthesis which
includes InSe, InS;, AuSe, MoSgand WS among many othefs'®, Thecolloidal methodof
synthesis haprovided the Moloto groupanavenue to fabricate hierarchical nanostructures

the form of nanoflowers dfloSe, NbSe and WS by varying the reaction parameters

Chemical vapour transport (CVT) has been the most common method used in the synthesis of

this nanomaterial*6. Exfoliation of the bulk Zrgvia (mechanical or liquid) has also been

reported for the fabrication of mono or féayered ZrS. This nanomaterial is not stable at
temperatures above 300 C and is easily oxi
moigdure, oxygen and oxides of carbon. The thin film of Zrf8homaterials has also been
synthesized using atomic layer deposition and spray pyrélysihe reaction of zirconium
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with sulphur can form a variety of sulphide phases such as Z1S, Z1S, ZrSs, Zr:Ss, Zr&s
and ZrOS dependingn thereaction parameters

Mattinenet al, gave a thorough insight on this in which Ze®d HfS films were synthesized

by atomic layer deposition. It was observed that oxides of zirconium were being produced over
the zirconium disulphide. The following oxidants identified could have been the source of the
oxidation: (a) HO, O, and CQ (b) impurities in metal precursor or sulphur precursor and (c)
adsorbed gases on the walltbé reactor. Until every source of impurities was eliminated, it
was therthatZrS; film was fabricated by adopting the following measures: (a) metal precursor
was stored in glove box (b) a gas purifier was connected to the sulphur source and carrier gas
and (c) preevacuation and prannealing of the reactér The formation of oxides is ascribed

to the hydrolysis of ZrGresulting from absorption of moisture at ambient sorvinent. When

the metal precursor is subjected to heatih@ temperature of about 2300 0 C, furt
hydrolysis occurs where oxychlorohyroxides are being forassthe intermediatgroduct

which further decompose to produce zirconium oxidk is very paramount to totally steer

clear of any iota of humiditprior to the synthesis of ZgSif not, ZrO, will be formed which

is very stable and considered to be the thermodynamic end product in Zirconia chemistry.

Purity of a material is a sine qua nparameter to ascertain its true chemical composition, but
this cannot be said of group IVB TMBCThe nanomaterials are most often contaminated with
oxides of the metal as well as the trisulphide of the ntétfl However, this could be well
harnessedni materials science as this could produce heterostuructures eZ@sor ZrS-

ZrSg or Zr$-Zrs-ZrO2. Vapour phasemethods of synthesis are the most preferred methods
for producing Zrgusing CVT. In this method, single crystals (bulk) are produced which take
about 56 days forthe synthesis to be completed. This method is commonly deployed for the
synthesis of group IVB TMDCs over wet methods duhéalifficulty in producing group I\B
TMDCs with high purity. Even with CVT or CVD there is a possibility of traces of trisulphide
and/or oxide of the metal being formed. The optimum temperature for operating the reaction
has been report edd Thie stublyellustrates lagil conttolled Yrahesis C
protocols using botithe heat up and hot injection methods for the synthesis ob ZrS
nanonaterals. We observed that the-synthesized nanomaterials were not stable in ambient

environment.
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3.2 Experimental
3.2.1Chemicals and materials

Zirconium tetrachloride [99%, Zr@l SigmaAldrich], thiourea [99%, CS(NE)2) Sigma
Aldrich], sulphur powder [99.9%, S, Sigr#ddrich], thioacetamide [99%, Sigraldrichl],
1-octadecene [90%, ODE, Sigrddrich], oleic acid [90%, @, SigmaAldrich], toluene
[99%, ACE associated chemical enterprises], oleylamine [70%, OLA, Siddnzh], 1-
dodecanethiol [98%,-DDT, SigmaAldrich] oleylalcohol [90%, OYA, Sigm&ldrich],
octaclamine [99.9%, Sigmaldrich] and isopropyl alcohol [99%MK Chemicals, IPA], were
used as received without further purification.

3.2.2 Synthesis
3.2.2.1Heat up method

In a typical synthesis, 0.163 g of Zk&GInd 0.105 g of thiourea were introduced into a three
neck flask containing mixture of9 ml ODE and4 ml OA that have been degassed for 20 min

at 120 C. Subsequentl vy, the temperature w
Thereatfter, the heating was stopped and the reaction flask was cooled to room temperature.
The synthesized nanomaterials wereshed with toluene via centrifugation to remove
impurities and later washed with isopropanol multiple times and allowed to dry in open air. It
is noteworthy to state that during synthesis there were no distinct colour changes as it is
commonly observed in aypical colloidal synthesis. However, bubbling and foaming
accompanied by intermittent squirting were noticed during the reaction. The resulting
nanomaterials had a colour of light brown to yellowish. The reaction was also condu@ted in

ml of raw ODEonly anda mixture of 9 ml of ODE and 0.5 ml ofQ1DT.

3.24 Hot injection method

The setup is the same as decribed for the heat up method. However, in the hot injection method
the metal precursor is injected with the aidasfy r i nge at 2 *R0f9mBODENt o a
0.75 ml OA and thiourea; and heating was maintained for 3 h before quenching. The final
product was obtained by centrifugat and rinsed with toluene and isopropanol multiple times

and allowed to dry in open air.
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3.3 Material characterization

Powder Xray diffraction (PXRD) analysis was performed using a Bruker D2 phaser (D2
205530) di ffractometer with Cu KU1l radiatic
Measurements were taken using a glancing angle of the incident detect@nafie of 2° over

2d angl ei90° smstgps of 6.026° with a step time of 5 s at ambient temperature. X
ray photoelectron spectroscopy (XPS) analysis was conducted using ESCAlab 250Xi
spectrometer model. Transmission electron microscopy (TEAM) JEM2100F 200 kV) was

used to analyze the morphology of thesasthesized Zrsnanomaterials. TEM samples were
prepared by dissolving the nanomaterials in IPA, sonicated for 10 min, after which they were
deposited on a copper grid and allowed toatmoom temperature before analysis. The surface
morphology was studied by scanning electron microscopy (SEM) using a ZEISS GeminiSEM
560 instrument with sub 1 kV resolution below 1 nm. The infrared spectra efwin®
obtained using Fourier transform iafed (FTIR) spectroscopy on a PerkinElmer Spectrum
100 instrument. The thermal stability of Zr®as monitored using a PerkinElmer 6000

thermogravimetric analyzer.
3.4. Results and Discussion

ODE as the only organic solvent looked very promisingHersynthesis of Ze&SFromFigure

3.1a, the (001), (101), (003), (111), (103), (200), (200P4), (202), and (210) peaks were
observed which match card no. 010605262 of hexagonal Zi®& peak (001) at diffraction
angle of 15.20U (2»p) i s a Simianydgeaksottheoxdea f t he
zirconium were also observed whiale indicated on the XRD diffraction pattern as askeri

This corresponds to the findings in literature, pointing to the possibility of formation of ZrOx
during the synthesis of Zs5%7€ The metal precursor is very hygroscopic, it absorbs moisture
during weighing at ambient environment and the impurities in the organic solvent may have
probably contributed to the formation of ZrQt is important to note that no nucleation occurs
when oleic acid is used in excess of 4 ml asa@went with ODE. Thenixture of 4 ml OA and

9 ml ODE was the optimized volume for the synthesis in this study. Different sulphur sources
were experimented with such as sulphur powder, thioacetamide, thiourea andle®diak

to determine which sulphur source is most appate for thecolloidal synthesis of Zrg this

can be found in thEigure S1 In the same way, different capping agents such as ODRQT,
oleyalcohol, octadeclyamine (ODA), OA and ODE were solely used as solvent, reducing agent
and ligand. Details cdme found in the supplementary information. However, véth1-DDT,
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amorphous peaks of ZsgWvasformed). ODE, a nooordinating solvent showed evidence of
the synthesis of the Zs®/hen thiourea was used as the source of sulphur, while with elemental
sulphur, the reaction solution turned black within 15 minutes of the reaction, oxide of

zirconium was formed, likewise with thioacetamide.

(a) ODE ZrS, heat up method

(b) OA/ODE ZrS, Injection method

Intensity (a.u)

(101)

(c) OA/ODE ZrS, heat up method

(003)
(100)

* (200)  (004) (210)
R A

10 20 30 40 50 60 70 80

Angle 2q (Degrees)

Figure 3.1: PXRD patters of ZrS, synthesized via the heat up and injection methods

Figure 3.1 (c) clearly shows the diffraction patterns of Zdbtained via the heat up method.

The (100), (101), (003), (200) (004), and (210) peaks were observed and indexed to the card
no of 010605262 of hexagonal Zr3Vhile for the hot injection methods shown irFigure

3.1b, only one peak was noticed whichnslexed to (100) peak. The (100) peak is very sharp
and well elongated suggesting that theswasthesized Zr&Ss highly crystalline.

The nanocrystals obtained with the mixture of ODE ®RIDT gave the following peaks from
the PXRD diffractogramgq100), (002), (101), (003), (110), (111) and (200) which match the
cardno. 010605262 of hexagonal Z£SThis can be found in thEigure S4 However, the
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reproducibility of this method usinQDE and1-DDT proved very difficult unlikehe mixture

of ODE and OA. Synthesis of Zr&ising wet methods of synthesis seems not to be too
favourable Krishnakumaret al, synthesized ZrSusing te hydrothermal method. From the

XRD results, the authors reported the formation of both phases pbAdSZrQ with a very
intense peak at about 30. 1 4lsbindicated)the diffracton p e a k
peak of zirconium oxide. Other diffact i on peaks were al so obser
62.66U (2p). It shoantdZQ Haee simiatdéfrdctogréimes Bt sdmet h  Z |
points suchasthe peskt about 30. 00U, 50,33U and 62.66U
peak at about 301 4 U s appak efnQ bul the authors attributed it to 2% The Cheon

group have reported on the use of OLA as well-&DT for the synthesis of ZeS*®. In this

study, no product was formed after several hours of reaction when OLAQ®YA and ODA

were used individually as solvents for the synthesis.

The SEM micromampmat esrhioadinsSHgmes? .h2 amev 8al3ed

significant differences in the morphology pl
Withheae up met hod, nanorondasn oammad ema md s p hwveerr e
Meanwhi lItehleotwi it mj ecti on met hod arrays of mo I
nanospheres, hol |l ow nanos pdbeereesdwiagkeetd whbb how

reslkeempp nanohexagons with Hiagcuwertes 30.n3 t he edges

Fi gures2b3d2canli2dshow great striking resemblanc
nanorods are the main morphol ogi es,wfidrmmérdtwi
injection, t ke gnuBae,8hdddBopires qiun t e dihmo ll laocwi n
hexagonal inboe esHwidkeeg ¥ iwh®8tee h o weh oad mhabepken
sphere and holl owi @d€mi sphere morphol og
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Figure 3.3 SEM micrographs of Zefhanomaterials synthesized by the hot injection method.
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Figureanll3dbe4present TEMI danmomamgetseroifalZsr.S Pa&tst er n s
ranging from nanoshpphetres wanchoeéxiandimarnesw

w i théheat up method as already seen from the SEM micrographs.

Figure 3.5 TEM images of Zrgsynthesized by the hot injection method.
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Arrays of morphologies ranging from nanosheets withJ-aeesmorphology, nanospheres and
hollow nanospheres are formed. The TEM results corroboratetve@tBEM results in which
similar morphologies are observed in both aredydHowever, TEM showed nanosheets
morphology while SEM micrograghs do not revéad nanosheet morphology. The HRTEM
can be found ifrigure S6 and S7

FromFigures 3.6aand3.7a only one absorption peak was observed at about 325 nm, this is
similar to what Weret al., also observed in their report. Zr&noflakes synthesized by CVD
had two absorption peaks at about 245 nm and 286. @hou et al, also reported two
absorptiorpeaks at about 282 nm and 336 nm for quantum detaht@ined through solvent
exfoliation of the bulk material via sonicatiéh FromFigures 3.6bandFigure 3.7, the band

gas of the nanomaterials weextrapolated to be 2.82 eV and 2@V for heat up and hot
injection methods respectively. This shows that the nanostructures of thenaieSial were
blue-shifted from the bulk material which has been regmbto be at about 1.70 eV. The Tauc
plot indicated the presence afirect band gap in the synthesized nanostructure of 8

values obtained are in good harmony with literature

(2.82 eV)

Absorbance (a.u)
(ahu)? (a.u)

328 410 492 574 656 738 820 902 984 1066
Wavelength (nm)

Figure 3.6: (a) UV-Vis spectrum and (b) band gap ofssmthesized ZrSby the heat up

method.
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Figure 3.7. (&) UV-Vis spectrum and (b) band gap of-sgmthesized ZrSby the injection

method.

In Figure 3.8a the spectrum of pristine oleic acithe symmetric and asymmetric GH
stretching is located at about 2854 and 2923 @spectivelyThe asymmetric C=0 bond has
the highest intensity at 1714 ¢rand GO stretching at about 1285 dmFrom thespectran
Figures 8a and 8lsimilar stretching vibration peaks could be obsdrior the pure OA and
assynthesized nanomaterial except for wide chemical shift that were nofi¢tedC=0
stretching vibration which is a feature of OA was observed at 171%4femthe raw OA,
however the vanishing of this peak on the nanomaterialsdesreported by other authors as
an indication of strongindingthat exist between the ligand and the nanomatetigds Two
extra bands were observed at about 1599 and 152gatsicould be attributed to asymmetric
and symmetric COOstretching. This is attributed to complexation that existed between the
metal atoms and the carboxylic group of oleic &tidrhe FTIR of the asynthesized Zr$
using mixture of ODE and-DDT canbe found in suppting information(Figure S8)
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Figure 3.8 FT1R spectra of (a) raw OA and (b}asthesized ZrSby the heat up method.

The thermogravimetric analysis of the Zrfanomaterials underaé$howed three plateaas

depicted inFigure 3.9 about 5% loss was observadl the first pleateab e | ow dn@ & C
massive loss of about #8at a b o ut afufhér loss& weightwas noticed at about

485 C. The initial |l oss i s ascrdubtethe t o t h
oxophilicity nature of the nanomaterials. The second effect is attributed to the loss of sulphur
which was easily released due to the weak van dei$\forces that existed within the layered
nanomaterial and/or organic materials. Ted effectis suggested to be the loss of S or O that

is in plane covalently bonded to the Zrratdrheresidueis Zr metal which is about 35%.
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Figure 3.9 TGA and DTG thermograms of ZfSynthesized by the heat up method.

Figure 3.10 shows the EDS othe assynthesized nanomateriatdbtained by the heat up
methodwere not close to stoichiometry of pure Zr&he main impurity being oxygeand

about 2%chlorine content was also detectdd.Figure 11b, no traces of S were found in the
assynthesized Zr$ the S atom had been displaced by O atom. Marte@teth, provided an
extensive report on surface oxidation of Zfiin synthesized; itvas reportedhat the surface

of the film of ZrS contained high levels of Qrising from the surface oxidation of the fifm

The following materials are reported to be generally unstable, namely the group IVB TMDCs,
TiS,, TiSe, ZrS, ZrSe, HfS;, HfSe, blackphosphorus and perskites 8,
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Figure 3.10: (a) and (b) EDS spectra of Zr§/nthesized bthe heat up method.

The disparity in energy between 2r&nhd ZrQ has been reported to be minind3ithe Zr3d
orbital is associatedwith both ZrS and ZrQ. The peaks at 184.8V and 182.4eV
corresponding t&@r3dszand Zr3ds; respectivelyare expected for Zrwhile for ZrS, Zr3ds2

and Zr3d2 should be located at about 183.2 eV and 180.8'ekhe O1s spectrunm Figure
3.11clearly indicated a significant amount of impuritetributed to the total displacement of
the S atom by the oxgen atom. For ZI&p, and S22 peaks are expected at about 163 eV
and 162 eV respectivel§#?3 rather it was peak of Zrgdand Ols ©182.3 eV, 530.2V
respectivelythat were observed. This is in accordance with literature fog Zr3ds;; and O1s
peaks are observed for Zr@t about 182.3 eV, 530.3 eV respectivélyAs expectediong
exposure of Zrsto air normally lead to surface oxidation of Ze&SZemignaniet al also
observed O1s peak of Zs@om the XPS spectrum, this was attributed to surface oxidation of
the material due to oxiphilicity nature of Zr2rS; is reportedlyonly verystable when in bulk

but not in few layer$®. To the best of our knowledg¥PS of ZrS synthesized by colloidal
method has not been reported as to compare the result of the XPS with another work conducted
by colloidal method. The O1s consists of thredgpdhe metal oxide peak at 330.3 eVVOC
and C=0 at 531.9 eV and 532V respectively. The surface oxidation of TMDCs have been
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reported by many authors, the other oxygen peaks can be ascribed to the oxidation of the ligand
used for the synthesia.similar finding has been reported in our grodg® The C1s peak also

has 3 peaks at 284.6 eV, 286.3 eV and 288.1 eV which are ascribe€ 1O and GC=0
respectively The highest peak is-C bonds from the alkyl group of OA, the@and GC=0

are as aasult of the oxidation of the ligand@ihis is also an indication as well that the material

is being capped by the capping agenthesC1ls hadhe highest composition of the sample
which is about 53.3% of the sample analysed. The N1s also corrab@teapping of the
material aghebinding energy was obtained at 399.3 eV.

24000

01s i Nis
22000 M0

12000 4
20000

(NH3:Cyanides)

18000

410000 4

Counts (s)
g
Count(s)
>
8
8
Counts (s)

c=0

\ 8000 Auanas and

T T T T T T r .
30 25 0 28 # 15 536 53 532 530 8 526 40 408 400 395 380
Binding energy (eV) Binding energy (eV) Binding energy (eV)

N Zr3d
20000 (ZrO2,ZrCl4).

O 1s

500 150000 4

15000
400

10000 100000

300 4

Count (s)
counts (s)
— CI2p3 (M X2)

Count(s)

2004 5000
50000

100 4 0

0 T T T T 210 205 200 195 1%0 185 180 175 170 0 1 L L 1 L 1 L
20 15 10 5 0 -
Binding energy (eV) 1400 1200 1000 800 600 400 200 0

Binding energy (eV) Binding energy (eV)

Figure 3.11 High resolution spectra with focus on core levels C1s, Gls, valence, Zr3

andXPS survey spectrum of Z&Synthesized by heat up method.

Within few days of storage in ambient environment, elevated oxidation was obagivEdDS
spectrashowng sulphur leved being lessthan1%. The stability study was conducted with
XRD time dependent studs shown irFigure 12 The several peaks obsedvier theheat up
method disappeared within 5 days on exposoi@nmbient environment except for the (100)

peak. After 20 days of exposure, the (100) peak disapgeoo, while for the hot injection the
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(100) peak was not detected after 5 days of expds@ambient environment. Padktal., also
made similar observations when monolayer.Té&stabilized at room temperature after few
days of synthesi€®. Similar observation wasnade with the assynthesized Zr§ the
nanomaterials were not stable at ambient environment. Shetradlextensively studied the
oxidation of TiS nanosheets produced via exfoliation means u$ntigwing techniqus
potential (ZP), UWVis spectroscopy and PXRD measurements. The suctsaxege of TiS
exfoliated in water was40 mV) which was higher thahesurface charge of both nanosheets
of MoS, and WS exfoliated in water. The disparity in electronegativity between S (2.58) and
Ti (1.54) in TiSis greater compared to W8nd MoS, resulting in a stronger partial negative
charge on the S atoms. The WAs spectrum of freshly exfoliated Ti®xhibited twp main
absorption peaks at 294 nm, 600 nm and a minor peak at 369 nm. After& dagssure to
ambient environment decrease in intensity of the absorbance at 600 nm was notitleel, at
same time there was a blue shift of the 294 nm peak close tor26@his peak shift is
accounted to the oxidation of Tif® TiO.. XRD analysisalso confirmed the oxidation of TiS
nanosheets with a lateral size of 20 nm. The (002) and (003) peaks disappeared and a substantial

reduction in intensity of the (001) pealkasobserved over 5 days

(a) (b)

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

\ 20 days
5days
! gﬁ 5 days

20 40 60 80 20 40 60 80
Angle 2q (Degrees) Angle 2 ddegrees)

Figure 3.12 : Time-dependent study of Zs®anomaterials with XRD (a) ZsSynthesized by
theheat up method and (b) synthesizedhmhot injection method.
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3.5Conclusion

In conclusion, Zrgnanomaterials with various morphologiastainedvia both heat up and

hot injection methoslwere prepared for the first time using octadecene and oleic acid. The
different morphologies obtained witioth method prove that one can use a certain type of
synthesisto easily direct the morphology by manuplating the reaction prarameters. XRD
showed both phases of Zr&nd ZrQ were formed with peaks of zirconium disulphide
dominating. The stability study conducted using tuependent XRD studies showed ttied
nanomaterials are unstable even at room teatyrer Further analysis bXPS confirmed the
instability of ZrS nanomaterialaisthe S atom had be@ompletelyreplaced by the O atom.
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CHAPTER 4: SYNTHESIS OF RADIALLY ALIGNED NANORUTILE AND ITS
APPLICATION FOR CHEMICAL SENSING OF ALCOHOLS AND ACETONE

4.1 Introduction

Titanium dioxide being a versatile material has found applications in photocatalysis, solar
cells, filters, medicine, optical waive guides, opacifier, isolator, switches, pigment and
photovoltais 123, TiO; is alsoemployed in gas sensing dueit® fantabulous physical and
chemical properties, cheap production, and availability. Several strategies have plesedém

to improvethe sensing capability of Tigby fabricatingit with various patternsrhe need for
cheap, miniature, adequate and dynamic sensing devices has led to the development of TiO
nanostructures among which edinensional (1D) nanostructures B#dased chemical
sensors have been demonstrated in the last decade as very effective means in gas/chemical
sensingThis have found applicatioris environmental monitoring and health catepose to

meet the present industrial and technological developremtfunctionalized 1D Ti@based

gas sensors have been effectively utilized for the detection of the following vapours : acetone,
carbon (iv) oxide, formaldehyde, isopropanol, hydrogetygen, and metharfe Fabrication

of materials in various patterns such as thin films and nanostructures has helped to improve the
sensing capability of metal oxisleThe wide gap of metal oxidés1OXs) like TiO2 coupled

with outstanding electrical properties have afforded them opportunitithe fabrication of
transparent electronic devices. Snfth various nanostructure morphologissthe most
researched materig chemical/gas sensingleanwhile, 1D nanostructuesuch as hanowise
nanofibers, nanobelts, nanotubes arentlost investigated matersin chemical/gas sensing

due to the following attributes: (i) fast electron transport (ii) large surface area (iii) firm
absorption ability an@iv) plethora active sites. Considerable research is needed to be deployed
into threedimensional (3D) morphology such as flowie, urchinlike, etc for chemical
sensing.This morphology provides distinctive attributes as a result of the propaffiieded

by themicrometre and nanometre building blocks within the cryS§tahsidering the dandelion
morphology,the radial nanorods provide a high aspect ratio with large surface area and
ordered mesoporous structure. The tips of the rods give a csuxfade atthe same timghe
cylindrical nature of the nanorods gives a curvature. The large surface area and porous
structures makethema preferredchoiceover P 25 the commercial titania in photocatalytic
reactiors. This provides more active siteg fadsorption to take place which could make them

find application in chemical sensifgThe rutile phase is moshermodynamically stable

among the allotropes of titarfia
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This morphology can be fabricated usmgthods such ds/drothermal, solvothermadol gel,
Kirkendall effect, reversed micelle and chemical vapour deposition méthotbng these
method, the hydrothermal method seems totbe easiest for the productioof nanorutile
titania with architectural 3D patternrdue to facile approach of synthesis and is very
economical This reaction is very exothermitence the wesof an ice/cold water bath is needed.
The metal precursor is introduced drop wise in a flask containing distilled water already
immersed in an ice/cold water. The resulting solution is then esflaba temperature ranging

from 150-200 C for several has to 24 h. The Ti@formedis then subjected to multiple
washing using hot distilled water via centrifugation to eradicate unwanted recalCitrarite
process involves many stages (i) nucleation and precipitation of nanoparticles (ii) the formation
of immature nano rods (iii) comuous growth of the nanorods and ({i\)e nanorodaggregate

to produce dandelions resembling a flowke TiO..

In 2015 Baloyisynthesized dandelion like Ti@singthe hydrothermal methgdhe average
diameter of each nanoredbs about 1/Am. The authoreported ora pilot scale the industrial
method offabricatingrutile dandeliodike TiOz in whichalarge volume ofthemetal precursor
was used (60 ml) antthe reaction was conducted at 10D and the refluxvasconducted for
24 h. Severalpublicatiors are available on this synthesaly Baloyi et al reported on the
synthesis at a lower temperatiie.our grouponly nanorods were formed at this temperature.
In a related experimenbDziike et al synthesized RANR usinthe hydrothermal methgdhe
radii was about 1.21.6 um withan average width of 9 nm at 20C for 24 handthereafter
dried in an oveR. In a similar report, Barrett al produced RANR using the hydrothermal
method by conducting the reaction at E6@or 16 h°®.

Musau and Mohammed synthesized RANR using a mixture of4J#@CIl, NaCl and distilled
waterwas transferrethto autoclave and reaction conducted at X8®or a short period of 4

h® .The white precipitate formadaswashed multiple times with deionized water and ethanol.
The use of salt in this reaction is to regulate the pH of the reaktianelated experiment, Bai

et alalso used hydrothermaiethod to synthesize RANR by using TH@tecursor instead of
commonly used TiGlprecursor. Mixture oTiClz, HCI, NaCl and NaOHvere introduced into
autoclave reactor and reaction conducted at 190 C for 2h. The resulting solution was washed
several timesvith ethanol. The time of the reaction was short and NaOH was added to the
reaction to regulate the pH of the solutfoli et al similarly fabricated titania with a dandelion
morphologyusing the hydrothermal method. RANR was fabricated on,&3@ template; a

mixture of SnQ, toluene, titanium (iv) butoxide and hydrochloric acid were introduced into
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autoclave and reaction | asted f or mulipleat 180
times with ethanol and dried in air. This method is not that economical since so many chemicals

are needed for the synthesis of titalfia

The operating temperature isiamportant feature that determines the-gassing attributes of

a metal oxide. The morphology, surface structure of RANR were studied at room temperature
for sensing the vapours of methanol, ethanol, isopropanol, and acetones aDntype
chemiresistre sensor. The conductance increases on exposure to a reducing gas and recovers

upon exposurt dry air. There is change in conductance upon increase in vapour concentration
11

Few reports are presently available on Jikased sensor for sensing VOCs at room
temperature, most of the research conducted were performed above room temperature.
Adjustment of metal oxide by doping with precious metals, metals, forming hybrid with 2d
materials like graphene, transition metalhdilcogenides and conducting polymers, as well as
boosting with ultraviolet light (UV) are the means developed over the years to make metal
oxide sense at room temperattidt is very appealing to scientists to fabricate chemisresistive
sensors at low temperature preferably at room temperature. This has the following advantages:
(i) it saves energy (ii) long span of the sensor (iii) it allows for easy upgrade of the device and
(iv) it prevents explosiod? Perillo and his group demonstrated Ti@notubes in sensing
ethanol, ammonia, toluene and chloroform at room tempenattiveapid sensitivity*>141°,

4.2 Materials and methods
4.2.1 Chemicals

Titanium tetrachloride (TiG) (99 %) was obtained from Sigma Aldrich and was used without
further purification. Interdigitated electr
(ENIG) (18 pairs), length of 7.9 nm and 0.1 nm wide apart.

4.2.2Synthesis ofradially aligned nanorutile (RANR)

The fabrication ohanorutilewasaccomplishedisingthe hydrothermal technique. About 12
ml of TiCls was introduced in drops into a round bottom flask containing aboutml&d
distilled water submerged in an ice batith vigorous stirring. Subsequently about IiDof
distilled water was added to the slurry and the reaction was refluxed for 24 h & M9
constant stirring. The white powder formed was centrifugediasdd several times with hot
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distilled water to eradicate recalcitrait. The product was dried at room temperatureofoe

day.The schematic illustration of the synthesis is showrigure. 4.1below.

— Waterinlet

fe=======_Condenser

Separating
funnel

G \Nater outlet

i,

Cold distilled TiO,
water Stirrer bar
Heating

Stirrer bar mantle

Figure 4.1 Schematic diagramepicting the synthesis of RANR
4.2.3Sensor fabrication

The TiQ: based sensor was prepared on a printed circuit board (PCB) FR4 substrate.
Interdigitated electrodes were patterned on the rectangular shape PCB consisting of electroless
nickel immersiongold electrodes of 18 pairs with length of 7.9 mm and a space of 0.1 mm
between each electrode. The sensing film was prepared by drop casting 20 pL of the film that
was prepared by sonicating for 10 mins§ of TiG: in 500uL of methanol.

4.2.4Gas sensing measurement

All electrical measurements were conducted at abogt 25 A #630Q, CORIZ 300 KHz

precision LCR meter coupled with a computer. The frequency and voltage were set at 10 KHz
and 1.00 V respectively. The system was allowed todsfar a few minutes before any
measurements were dorfagure 4.2 shows the setip of the gas sensingxperiment The

vapour sensing experiment was conducted at room temperature and the response values were
recorded using a data logger (LCR). The vapour sensing properties were explored by injecting

a measured volume of anhydrous alcohol (methanol) into a closedoglashber (5 L) via a
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glass syringe. The concentration of the methanol vapour in the test chamber can be evaluated

in ppm by using the following equation:

x100

Where C represents the

concentration

(3.0)

of

met h

(gML™), T is the temperature in Kelvin, Vs is the volume of the solvent, and M is the molecular

weight of the solven The response of the sensor is obtained=a$Ra-Rg)/Rax 100, where R

and Rrepresented resistance in air and methanol vapour respectively. The time required by a

sensor to complete 90% of the resistance change is known as response/recoverg {in@. Th

sensor was exposed to methanol vapour at various concentrations. To ensure the vapour reaches

saturation point upon injection of the gas, the sensor was allowed to interact with the analyte

gas for 300 s for proper adsorption and 200 s for the pigsorof the vapour (recovery). The

same procedure was conducted for ethanol, isopropanol, butanol, and .acetone

Digital output

LCR meter
Air ou{c}#\ 2

«—Syringe

Vacduum pump

Humidity

meter (Gas sensor

Test chamber

| | -
-
/'\’ fi Air inlet

Figure 4.2: Gas sensing set up.

4.3 Characterization of RANR

Powder Xray diffraction (PXRD) analysis was performed using a Bruker D2 phaser (D2

205530) di ffractometer

with Cu KU1

radi

at.i

Measurements were taken using a glancing angle of the incident detector at an anglerof 2° o

2d

angl ei190°annstees ofdf026%5with a step time of 5 s at ambient temperature.

Transmission electron microscopy (TEM) (FEI Technai G2 Spirit 120 kV) was used to analyse

71

C



the morphology of the synthesizéitania nanomaterials. TEM sampleserve prepared by
dissolving the RANR in ethanol, sonicated for 10 min, after which they were deposited on a
copper grid and allowed to dry at room temperature before analysis. The surface morphology
was studied by scanning electron microscopy (SEM) usingEeSS GeminiSEM 560
instrument with sub 1 kV resolution below. The thermal stability efyasghesized RANRas
monitored using a PerkinElmer 6000 thermogravimetric analykke surface area and
porosity were measured using Micromeritics RS232 and porosity analyzer instrument. The
surface area measurements were performedaaadorption/desorption and calculated by the
Brunauer Emmett and Teller (BET) analysis method. diffese reflectance (DR) Uiwis
spectra were obtained in the range of iBID nm using a Cary 500 spectrophotometer

equipped with a Praying Mantis diffuse reflectance accessory.
4.4Results
4.4.1PXRD OF RANR

The assynthesized RANR exhibited diffractioas 27.5, 36, 39, 42, 43, 54, 56, 63, 64, 69 and
70 which correspond to the (110) (101) (200) (111) (210) (211) (220) (002) (310) (301) and
(112) peaks respectively; anmhn be indexed tthe tetragonal rutile phase (JCPDS No- 21
1276). No iota ofmpurity or phase of other allotropes of Bi@as noticed, this indicates the
probity of the material. This is consistent with literature, only peaks of rutile are formed at
temperature less than 200, moreover at temperatgrexceeding 200C the fomation of
anatase and rutile phases will be produdedhe sharp peaks as showrFigure 2 show high

crystallinity of the assynthesized RANR.

72



Intensity (a.u)

Angle 2q (Degrees)

Figure 4.3 PXRD of radially aligned nanorutile
4.4.2 SEM anaysis

Figures 4.4a and 4.4b show nanospheres of the-synthesized RANRthe nanorods are
properly bundled together to look like a flower/sphere. The uniform distribution of spherical
shaped dandelion can be sefeom the micrographs, the nanorods were homogenously

distributed to form denselyackedspheres with various size§a 3D morphology.
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Figure 4.4: (a) and (b) show the SEM micrographs of the synthesized RANR

44.3TEM analysis

Figures4.5aand4.5bshow the dandelion morphology of the nanorutile. Several authors have
unanimously reported thabmogeneous nucleation of T3 the initial step in the formation

of the flowerlike pattern. The second step involves the formation of nanorods, this can be
evidently seen ifrigure 4a, and thirdly the nanorods selfsemli® resuling into quarter and
half-dandelionsthis as wellcanbe seen irFigure 4.5aand lastly the halflandelions grow
further to form well packed dandelidgike patternsFigure 4.6illustrates the mechanism of

the formation of the RANR. The averademeterdistribuion of the material was 575 62

nm (Figure 4.7) measured by image J, and it ranges from 350 to 750 nm
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Figure 4.5: (a) and (b) TEM images of RANR.
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Figure 4.6 Mechanism of the synthesis of RANR adapted from Baletya| .
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Figure 4.7: Particle size distribution of es/nthesized RANR.
4.4.4UV-Vis spectraanalysis

The solidstate U\AVis DRS plot of RANR absorbance varies from @D nm with asmall
and large absorption at about 350 and 417 nm respectseadfiown irFigure 4.8 This is in
concordance with many authors who also reported absorption below or at about*480 nm
The band gap of the material was extrapolat@dgthe Taucplot (Figure 4.9 to be 3150 eV,

similar values were also obtained by other auth&rs8,
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Figure 4.8 The solidstate U\AVis DRS plot of RANR.
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Figure 4.9 The banegap energy (hv) of RANR.
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4.4.5Thermal analysis of RANR

From the thermogram iRigure 4.1Q two plateaus can be observed: the first stage fre86M
C, there is sustained decomposition (mass loss) of about 7%. This can be attributed to loss of
moisture from the material. The second stage from58D C, this loss is marginat< 1 %

loss. This is in concordance with the literature that rutNeryg stable at elevated temperature
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Figure 4.10: The thermogravimetric and derivative thermogravimetry analysis curves of
RANR.

4.4.6BET analysis

Textural attributes of the synthesized RANR show that titania has a high surface area of 99.0
m?/g which is very high compared to somiethework reported in literaturélable 4.1shows

the pore volume and surface area of some published work on 3DFig0res4.11and4.12

show nitrogerdesorption curves and pesee distribution respectivelfthe N> adsorption
desorption isotherm of the material can be classified aslIW¥piis shows the material is
mesoporous (50 nm)’.
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Figure 4.11: Nitrogenadsorption/desorption isotherms of RANR.
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Figure 4.12: BJH pore size distributions of the RANR.
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Table 4.1: Comparison of BET of hierarchical titania.

Sample BET surface Pore  size Reference

area(’gl)  (nm)

RANR 81 3.2 !

RANR 46 44 10

RANR 81 3 19

RANR 50 0.22 6

RANR 100 - 5

Titania 96.3 18.9 20
(anatase)

P25 48 23

RANR 99 7.09 This work

4.5Gas sensing performance

Gas sensing is an occurrence that takes place on the surthesearfisorWith TiO2 being an

n-type semiconductoron exposure to atmospheric oxygen, chemisorption of oxyges take
place on the surface to produce oxygen species. The operating temperature determines the kind
of oxygen ions (Q Oy, 0%) that will be available on the sensing material. Since the experiment

is conducted at room temperaturg @ the oxygen speceaha will be present on the TiO

sensofl.
Oz;ads +e ———» Oz ads. (room temgrature)

The chemisorbed oxygen receives electrons from the Si@face, hence there is loss of
electrons from the titania surface which results in depletion l&yken a reducing gas such

as any of the alcohols and acetone is exposed to the sensor, oxidation of the gas occurs via the
chemisorbed oxygen. This putsetklectron back onto the surface of the titania resulting in
further depletion layer, hence a change in the resistance is observed. The (001) crystal facet is

very key in chemical sensing of Ti(Reports have shown that (001) crystal facets possess the
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maximum surface energy which ease the decomposition of vapour molecules on interplay with
the sensor to generate excellent respéh&eWanget al also reported similar observations,

the enhanced response of the hydrogenated titania towards methanol was as a result of the (001)
crystal facet which contains a robust density of unsatuiagdatoms. This is the site where

the gas adsorption noally takes placé.
4.6 Methanol vapour sensing

The recommendethaximum exposure to methanol is given by Occupational Safety Health
and Administration (OSHA) as 200 ppm for 8 h per day. Short time exposure to high
concentration of methanol can casibBndness, headaches, drowsiness, irritatiothetyes

and difficuky in breathing, dizziness, ataxia, nausea, vomiting, heart and respiratory failure and
death?®. Methanol monitoring is of serious concern globally since methanol is a common
adulterant of illicit alcohol supply. Methanol poisoning has caused several deaths in many
countries over the yeaf$ The morphologyof a nanostructure is an important factor in gas
sensingthe dandelion morphology of the nanorutile helped in the gas sensatgphbbls As

shown byFigure 4.13, with anincrease in concentration of methanol vapour from 111ijppm
666 pm, the responseuwves alsancrease The sensor displayed a rapid response at room
temperature. This is likely ascribed ttte dandelion pattern of theanorutile consisting of
nanorods that resulted 3® morphologyproviding aplethoraof active sites for thadsorption

of vapour molecules.

81



-5000 =
o
(@)
-
X .10000 4 111 pPpm
D:(U 222 ppm 333 ppm
— 444 ppm
~
©
@
-20000 =
-25000 « 666 ppm
| | | | | | | |
0 1000 2000 3000 4000
Time (s)

Figure 4.13 Response and recovery curves of RANR to methanol at different concentrations.

From the linear fitted plotsn Figure 4.14 It can be observethat with an increase in

concentrationthe response increasékis indicates the response of a sensor depends largely

on the concentration ¢he vapour molecules that interacts with the sensor. The conductance

of the titania sensor diminished with adsorption of metharudécuks;this is evident with the

negative response from the normalized response gréyhshows the sensor is anype, it

received more of holes than electrombe sensitivity of the sensor toward methanol was

extrapolated from the linear fitted plotstbe response to b88.3%.
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Figure 4.14:Normalized response of the RANR sensor as a function of methanol vapour

concentrations.

The reproducibity of a sensor is a kdgctor, as this determines the reliability of the chemical
sensoffor practical purposeskigure 4.15depictsthe reproducibility nature of the Tigfilm
sensor to 555 ppm vapour at RT with four repetitive respoetsgvery curves. The sensor
demonstrateé a clear respongecovery output angtablefour repetitive responseecovery

curves fomethanolapour sensing.
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Figure 4.15 Repeatability response curves for methanol.

Figure 4.16shows a quick response and recovery time of 81 and 84 s respectively of RANR
to 555 ppm of methanol vapour. The detected response measured for methanol vapour in this
work was much higher than what Mabrook and Hawkings observed withiTi®polymer

matrix for sensing methanol vapour. The authors observed disparity in respoogery time

with increasing and decreasing concentration of methanol vapour. The sensitivity of the sensor

was very poof®,

Hazraet alalso developed nanotubes of titania for efficient sensing of methanol and ethanol at
room temperature, the sensor showed more sensitivity to methanol compared to ethanol which
is in cortrastto this work, the sensor is more sensitive to ethanol in comparison to methanol
vapour®®. Sunet alalso demonstrated thin film of titania toward methanol and ethanol at room
temperature with higher sensitivity towards methanol compared to ethanol with response
recovery time of 60 and 80 s respectivElyThe sensitivity of the RANR sensor is higher than

the work reported by the groamd the sensitivity was more towarthanol compared to their

findings howeverthe response and recovery time is very comparable.
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Figure 4.16 Transient response characteristic of RANR based sensor towards methanol.
4.7 Ethanol sensing

The recommended maximum exposure to ethanol is giveheb§ccupationalSafety Health
andAdministration (OSHA) as 1000 ppm. Protracted exposure todoigtentration of ethanol

can cause health issues such as harm to liver, headaches, drowsiness, irritations of eyes and
difficulty in breathing?®?°. More publications are available on ethanol and acetone vapours
compared to other VOCs using 1D TFi&2nsor for VOCs sensifd®. 1D TiO; has been more
investigated in chemical sensing towards VOCs compared to other morphologies. A recent
study shows that 3D Tikhaving the advantage of large surface area, a plethora of mesopores
and can be effectively deployed to chemical sensing of VO@sRANR sensor exhibited n

type sensing behavioddpon exposure dRANR toreducing gas such as ethanol, more holes

are accmulated and thus leading to ha@ecumulation layer (HAL). As more holes are

produced in the HAL this leads to decrease in resistdimieis the expected trend for MOXs,
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however few reports have shown Ti@ TiO. nanocomposites with other MOXs that beld

as ptype sensot,

Similar to methanol vapour, the resultsHigure 4.17show that the response curves rise with

an increasing vapour concentratidfiigure 4.18 shows the curves of the Ti@neasured at
differert ethanol concentrations (:B08 ppm). The measurement was conducted from low
vapour concentration to high vapour concentration and vice versa from high vapour
concentration to low concentration. A distinct rise in the sensor response is noticed with the

increasing vapour concentratidrhis is illustratedvith the linear fitted plot¢Figure 4.19.
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Figure 4.17 Staticresponse and recovery curves of RANRttmnolat different

concentrations.
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Figure 4.18 Staticresponse curves of RANR sensor measured wansienies of ethanol

vapour concentratian
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Figure 4.19 Normalized response of the RANR sensor as a function of methanol vapour
concentrations.
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Figure 4.20depicts repeatability natucé the TiG film sensor ta385ppm vapour at RT with

four repetitive responseecovery curves. The sensor demonstrated a clear resgmasery
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Figure 4. 2Q Repeatability response curves for ethanol

output and stablur repetitiveresponsaecovery curves for ethanol vapour sensing.
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Figure 4.21 Transient response characteristic of RANR based sensor toward 385 ppm of
ethanol vapour.

The sensor showed a rapid response and recovery time of 76 s amdsp@dively to 385

ppm of ethanol vapouf{gure 4.2). Shooshtariteal synthesized Ti@nanowiregNWs) with

good sensitivity (1%) towardsethanol vapour at room temperature howgedrvating the
temperature by t he improdettine resdonsdhy almastitwo gnges. The 8 0
sensor response was boosted when the relative humidity (RH) irccrfease 10 - 60%
However, as the RH increakfom 60- 90% the response diminished due to the variation in
mechanisms of synergy of the titania hwinoisture and ethanol moleculésA similar
observation washadewith the RANR sensoithe moisture content served as a promatet

the response increasetien the RH increasdtbm 10-55% Figure 4.22 illustrates the effects

of RH on chemicakensing of ethanol vapour with RANR sensor.
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Figure4.22 Response oRANR towards 77 ppm of ethanol vapour under different humidity
conditions atl0, 33,51, 55,64, 76 and 9%.

The effect of humidity oethanokensor was maximum about 586, thenas the RH increade

from 5598% the response decredsaccording to Shooshtaat altwo classificationsof OH

group is available, a rooted OQMthan oxygen lattice and one baled with titanium lattice.

With increase in humidity there is a difference in hydroxyl group which is lesser compared to
that of oxgen on the surface, henhes tleads to increase in response, however at a very at
humidity the hydroxyl group spreads over the surface and reduces the oxygen adsorption thus

a decline in response. éimilar observation was also reported with RH increasing from 26

72%, nanorods of @ showed an increase in response towards ethanol sefisifige
performance of the RANR sensor is higtiean theonereported by Perillo and Rodriquez, the

first authors who demonstrated Bi@anostructures for sensing ethanol at room temperature in
which the sensor displayed delayed response of about 18 nhazraet al produced TiQ

nanotubes with variations in length and thickness for etrsmding at room temperature (27

eC) and el ev #ZtTeedensoeshowedgoad resporse of 80% to 1000 ppm of
ethanol with response and recoverysmef 11 and 117 s *§Kkiliscetact i vel
demonstratedliO, nanotubes for sensing 5000 ppm of alcohols (methastbhinol,and

i sopropanol ) at 200 eC. Mor eover

methanol (10%) with very sluggish response and recoverystwhe/20 s and 1800 s

, the sensor

respectiely *3Wanget al also demonstrated 3D anatase titania having several nanopetals
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forming flower-like patterrs for thesensing of methanol, ethanol and acetone. The sensor was
more sensitive to ethanol with sensitivity of 2.25 and 1.33 % for ethanol and methanol
respectively. Indim oxide hollow nanorods were fabricated by Ea@l for-sensingethanol

gas at 200 eC, the sensor displayed ultrafas
with a high selectivity towards ethanol. The sensor displayed a long range of demsirig

1000 ppm with a good response at a low concentrdfichhe responseecovery time were

ultrafast compared with this worldespite the experiment was conducted above room
temperatureShankaret alfabricated ZnO nanorods using electrospinning method. The sensor
displayed an outstanding response of 26.4% towards 500 ppm of ethanol vapour. At the same
time the sensor showed response and recovery time of 23 s and 43 s respectively for 100 pm

of ethanol The response time of the sensor is faster than the recovery time towards ethanol
vapour asimilar observationvas alsomadein this work This can be attributed to the ease of

the chemisorption of ethanol gas on the sensor surface compared to itsiolesdrethanol

from the sensor. The duration of dissociation of oxidative compounds such as ethanol from
MOXs sensor have been reported to be slightly deld§eBespite Sn@sensors have be

reported as the most developed sensor among the MOXs, information is scarcely available on
their sensitivity towards alcohols at room temperature. Yetgal synthesized SnO
nanowhiskers and demonstrated the sensor teeatdh a n o | gas adnsetiné O C v
of 23 s and a very sluggish recovery value of almosts600Ther responserecovery time

were far less compared to this work despite their reaction waductd at elevated
temperature.Zenget al reported one of the best response value of MOXs by inagése

oxygen concentrations of the Sp@e sensor produced response value of 120.3% to 300 ppm

of ethanol abt e mper at ur e of 190 »¢hé&t gavearegp@enseevalue bfo pur
36.90%%,

Pandeeswariet al developed Ti@ nanoparticles for sensing ethanol vapour at room
temperature with an outstanding sensitivity value of 535% towards 50 ppm of ethanol vapour
and rapid response and recovery time of 5 s and 52 s respectively which is far higher than the
sensilvity in this work?®. Rellaet al reported on Ti@nanoporous towards ethanol and acetone
vapours with the sensbeingmore sensitive to ethanol compate@cetone vapour atsshated
temperatures®. Most of the work reprted higher duration of recovery time compared to
response timethis can be attributed to the very fact that the sensing operation was done at
room temperaturé. Table 4.2shows the comparison of tlRANR sensoiin this studywith

other MOX sensors.
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Table 4.2:Comparison of different MOXs towar@temicalsensingand relative humidity.

Sensor Temperature Vapour Sensitivity Response Recovery Reference
(eC ) (ppm) (%) (s) (s)

TiO2 RT ethanol 45.7 - - 26
nanotubes (1000)

methanol

60.2 - -

(1000)
TiO2 RT ethanol - 780 - 13
nanotubes (400)
TiO2 RT ethanol 15 1
nanowires (100)
ZnO RT ethanol 23.0 26 43 32
nanorods (100)
TiO2 200 ethanol 16 720 1800 33
nanotubes

methanol 10

(5000)
TO, RT ethanol 5 52 535 28
nanoparticles

®)
TiO2 RT propanol - - - 36
TiO2 RT acetone - - - 87
nano tubes

10-50
TiO2 370 acetone 25.97 13 8 38

ethanol 11.19

methanol  9.86
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71.27

84

89

30

39

25

This work

The stability study showed that sensor towards etharstéble for 45 days. This is shown in

Figure 6.2Q Stability indicatsthe level to whictsensor characteristicamain constant over
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Figure 4.23 Stability of RANR sensotowards 77 ppm of ethanol vapawithin 45 days.

time, any changes stability is termeddrift which results from théollowing: (i) aging of the

components (ii) decrease in response value of components and/oct{ainge in the signal to
noise ratio.

4.8 Isopropanol sensing

Upon exposure to low concentration of isopropanol (< 400 ppm) it may iceteten of the

eyes, nose, mouth and throat but at high exposure to it may cause the foltiaaimgess, low
blood pressure, stomach panmausea, rapid heart rate, or tachycardia, low body temperature,
slurred speech, slow breathing, vomiting, Unoesive reflexes, throat pain or burning, seizure
and com&®. Figure 4.22depicts the response of the sensor towards isopropanol vapour, the
response of the sensor increases witimcrea® in concentration (531 ppm) and vice versa.

In a related experimeniGaidanet al also demonstrated Ti®@sensor to large variatiors

propanolvapour at room temperature with good sensitithty
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Figure 4.24: Static response curves of RANR sensor measured wumderies of isopropanol

vapour concentrations.

Figure 4.25 shows the lineafitted plotsof the sensor. Thishdicates that with increasing
concentration, the sensor was able to absorb more vapour molecules on the pletbive

sites of the Ti@ sensing film hence, an increase in response is observed. The sensitivity
obtained inthis researclis higher than what Chegt al observed whethe TiO2 sensomwas
operated at 370 eC t owghedensitistpwas p3prRepprtsormc et on
room temperature sensing of isopropanol vapour using MOXs are scarcely avildblet

al developed Sn&nanorings for seimsg of isopropanol at 258 C, the sensor shi
sensitivity of 7.27% with responsecovery time of 6.8 and 38.6 s respectivelyey also
demonstrated the importance of morphology in chemical sensing, the performance of the
nanorings was far bettdrannanopowder in isopropanol sensing at the set temperdtiitee

RANR morphology seems to resemble the nanorings as they arephathical which allows

for large surface area for adsorption of gas molecules and rapid response.
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Figure 4.25: Normalized response of the RANR sensor as a function of isopropanol vapour

concentrations.
4.9 Acetone sensing

Monitoring acetone vapour is very important since VOCs are the primary sources of
environmental pollutants. Acetone finds applications in industrial processes. It can affect the
central nervous system (CNS) which will impart a serious threat. At concentadtove 173

ppm, it can cause damage to parts of sense organs and CNS. At higher concentration it may
results into change of moods, nausea, respiratory tract irrigation, dizziness and weakness and

the possibility of explosion because of its high flasmip®.

The response curves rise with increasing concentrations of acetone vapour as shgume in

4.26. This shows the responsetbt sensor reéson the interactions of the sensing material
with the concentrations of analyte molecule. The more acetone vapour is introduced into the
test chamber the more the active sites available on thes&@ing film will absorb the gas

molecules until it reaclsaa saturation point.

Figure 4.27 displays the linear dependency of the sensor as shown by the linear fittediplots

the responseThe conductance of the titania sensor increased with adsorption of acetone
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moleculesthis is evident with the positive respse from the normalized response cariée
sensitivity of the sensor towardcetone was extrapolated from the linear fitted plots of the
response to be 1.24%dost reports available on titania sensor for sensing acetone vapour were
conducted at tempdrae above RT.

4000 =

1663 ppm

997 ppm
3000 ~ 665 ppm

333 ppm

2000 =

(RaRg) / Rq X 100

1000 =

L L L L L L L
400 600 800 1000 1200 1400 1600
Time (s)

Figure 4.26: Staticresponse and recovery curves of RANR towaicktone.
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Figure 4.27: Normalized response of the RANR sensor as a function of acetone vapour
concentrations.

Figure 4.28 displays the response curves of the sensor under various acetone concentrations
from 66 -1663 ppm and the test was then alternated from high concentration to low
concentration (166865 ppm). A distinct surge in the sensor response was observed with
increasing vapour concentrations and a descending trend in response on decreasing the vapour
concentrationA very recent study conducted by Kunetralshowed that the sensor displayed
agood response towards acetone vapour with better response when tbe reasttonducted

in a visible light over non irradiated with light
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Figure 4.28: Staticresponse curves t¢iie RANR sensor measured undeseries of acetone

vapour concentrations.

Figure 4. 2 shows the repeatability of the sensor tow&&3 ppm of acetone vapour at room
temperature. It has been communicated by many authors thahdim@structures or hybrd

based sensshave shown poor sensitivity, response/recovery time toward acetone vapour even
above room temperatufe?*4142 However, Chenet aldemonstrated one of the best responses
ofttanikb ased sensor i n the chemical sensing of
and recovery times of 13 s and 8 s respectively and a sensitivity of 25%0Rellaet al
disclosed chemical sensing of Bi@anoparticles towards 200 ppm of acetone vapour at 400

e C wi t h-recowesypirneno6240 s and 180 s respectivély
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Figure 4.29: Repeatability response curves towards acetone vapour
4.10Conclusion

The radially aligned nanorutile was fabricated by the facile hydrothermal method. The gas
sensing performances showed that the hierarchical morphology, high surface area, high
porosity and humidity playedvital role in sensing of VOCs at rootemperature. Humidity

served as promoter of reaction up to 55% RH, whereas as at humidity beyond 55% the response
reduces. The Ti@sensor showed high sensitivity with respase-38.27,-86.75,-9.83 and

1.24% which correspond to methanol, ethaimsdpropanol,and aceaine respectively. The
sensor mayind application in breath analysssince the least detection for a breath analyser

is reported to be 200 ppm. The sensor ldiggd good sensitivity, reproducibility, rapid
response andecoverytimes towards alcohol and stability over 45 days. The sensitivity and
selectivity of the sensor can be improved at room temperature by doping with precious metals,

2D materials, carbon dmpolymers.
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CHAPTER 5: SYNTHESIS AND CHARACTERIZATION OF FE W- LAYERED
ZIRCONIUM DISULPHIDE VIA LIQUID EXFOLIATION

5.1 Introduction

Direct exfoliation of bulk of crystals of transition metal dichalcogenides (TMDCs$aivent
is one of the facile methods in which mono or few layers of group IVB TMDCpgrepared
recently*> Mono or few layer zirconium disulphide finds application in fo#owing:

thermoelectric device, field effect transi®S@¢FET), photodetectsr solar cells, fibre lassy

optics, tribology, electrode materials, catalysis and seféof"8°,

Over the time, amide solvents such ascydlohexyt2-pyrrolidone (CHP), Nmethy}2-
pyrrolidone (NMP) and dimethylformamide (DMF) are the common solvents deployed in
effective exfoliation of layered materials such as graphene and TMDCs. The choice of the
sdvent plays a very key role here, the nearness of the surface tension of the solvent to that of
the dissolved layered bulk material is very paramount in this process. With the amide, solvent
few minutedhours areequired for the exfoliation of the bulk mesial into nanomaterials with

a possibility of guantum dots, nanoparticles and mono or few layers. However, the cost, high
boiling point, toxicity andifficulty in obtaining free standing nanomaterials after sonication
limits the use of this solveif. This has paved way for other solvestsh as alcohols and

water which are more environmentally safe among them is isopropanol (IPA). Alcohols such
as methanol, ethanol and isopropanol have low boiling points 0€66 7 8 C, and

respectively. IPA has been extensively used recentlyfoliation of many 2D layer§!t1213,

Yin et al exfoliated nanosheets of HfS8ia liquid exfoliation, the bulk crystal was converted

to fine powder by ball milling for 4 h followed by sonication in IPA for 10 h usinpn
contact sonicatdt. Similarly, Yanget alfabricated nanosheets of ZrBy dissolving a sample

of bulk crystal of Zrgin IPA and the solution was sonicated for several htfuka et algave

a fascinating report by obtaining two layers of Zm&nosheets vialtrasonication of the bulk
sample in IPA. However, details such as the duration of sonication, spectroscopical and
morphological methods were not mentioned except for 8EdMysis’. Very recently, Liet al

also fabricated nanosheets of Zb§ sonicating the bulk powder in IPA fot®. In a related
experiment, Kauret al exfoliated bulk crystal of HfSby dispersing the sample in-N
cyclohexyt2-pyrrolidone (CHP) and sonicated for 2 h in a bath sonicator. The resulting
solution was then centrifuged at low speed to remove the unexfoliated materiexfdlreted

nanomaterial was then centrifuged at high speed for several minutes to remove remnant CHP.
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It is necessary to remove remnant CHP, since CHP has a high boiling point and is not easily
dried at room temperature. The material was then furthersdisgen toluene and centrifuged

at high speed to remove remnant CHP still left in the nanomater&imilarly, Li et alalso
prepared nanosheets of HtS/ exfoliating the crystal bulk of the material in CHP for just 2 h

4 The use of water assolvent is very economical and environmentally safe but may result in
slight oxidation of group IV TMDCs. Pangt al prepared nanosheets of Hi$/ exfoliating

the bulk cystal of the sample in deionized water foe duration of 5h 4. Likewise, Ahmad
fabricated nanosheets of Hffom thebulk sample by sonicating for 1d®°. Ethanol has been

well explored in the exfoliation of graphene and group VIB howew&rmuch is reported on
group IVB'8, Sometimes the use of a surfactant like sodium chlorate is deployed to reduce the
high surface energy of water and to prevent agglomeration -Megaralet alfabricated few

layers of TiS by exfoliating the bulk sample semixture of water and sodium chlorate and the
solution was sonicated forH!’. So recentlyLi et al exfoliated nanosheets of-Players of

ZrS; using NMP via intercalations of short amirfdn this work, the bulk sample as

exfoliated in CHP, NMP, ethanol, methanol, isopropanol and water.
5.2 Chemicals and materials

Zirconium disulphide [99%, Zr$ C.C. Imelmann (pty) Itd], Myclohexy}t2-pyrrolidone
(CHP) [99%, SigmaAldrich], N-methyl2-pyrrolidone (NMP) [99.9%, SigmaAldrich]
isopropyl alcohol (IPA) [99%, MK Chemicals, IPA], ethyl alcohol (EOH) [99%, MK
Chemicals,]and methyl alcohol (MOH) [99%, MK Chemicals,], were used as received
without further purification.Amortar and pestlea PS20A sonicator bath with power df00

W were used
5.3 Exfoliation of bulk ZrS>

The bulk sample of about 1 g was ground for abdutd 5 mg of the sample was transferred

to a vial A volume of12 ml of IPA was introduced and the vial was covered and wrapped with
parafilm. Tre solutionwas then transferred to a bath sonicator and sonicated for 24 h. The
temperature was maintained at about 25 C
intervals. The same procedure was followed for other solvents except for anvieletsdbr
which the reaction was allowed to run for abouth2The seup of the reaction is shown
Figure 5. After exfoliationthe resulting solution was centrifuged at 2000 rpm for 45 minutes
to separate the exfoliated from the unexfoliated sample.sOpernatant was collected and

centrifuged for 30 minutes at 1500 rpm. The low speed of centrifugation is needed at this time
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to effectively separate the exfoliated and +sxfoliated nanomaterials. From the insets of
Figure 51 it can be observed thatetbulk sample was pecan brown before grinding and the
colour changed to light brown during grinding in ambient environment; this may be ascribed
to possible slight oxidation of the sample. The exfoliated nanosheets.afigp8rsion in IPA

produced a hongeneous solution with good dispersion of yellow colouration.

Sadilation Centrifugation

Solvent

Unground bulk 1T- Ground bulk 1T-ZrS, Nanomaterials of 1T-ZrS,
ZTSZ

Solvents: N-cyclohexyl -2-pyrrolidone (NMP), N-
cyclohexyl-2-pyrrolidone and isopropanol (IPA),
methanol, ethanol and water

Figure 5.1 Exfoliation of bulk crystal of zirconium disulphide.
5.4 Characterization

Powder Xray diffraction (PXRD) analysis was performed using a Bruker D2 phaser (D2
205530) diffractometer with Cu KU1l radiatic
Measurements were taken using a glancing angle of the incident detector at an anglerof 2° o

2d angl ei90° amstgps of 0.026° With a step time of 5 s at ambient temperature. X

ray photoelectron spectroscopy (XPS) analysis was conducted using ESCAlab 250Xi
spectrometer model. Transmission electron microscopy (TEM) (JecRIBRF200 kV) was

108



used to analyse the morphology of theyathesized ZrSnanomaterials. TEM samples were
prepared by dissolving the RANR in ethanol, sonicated for 10 min, after which they were
deposited on a copper grid and allowed to dry at room tempebatiae analysis. The surface
morphology was studied by scanning electron microscopy (SEM) using a ZEISS GeminiSEM
560 instrument with sub 1 kV resolution below. AFM (Nanoscale: Bruker) was used to analyse
the roughness of the samples. The thermal stabifligssynthesized RANR was monitored
using a PerkinElmer 6000 thermogravimetric analy2aman spectra were obtained using a
Horiba LabRAM HR Raman spectrometer with an Olympus BX41 microscope attachment and
the 514.5 nm line of a Lexel argdon laser a the excitation source. Uvis absorption was

conducted using a Varian Cary Eclipse (Cary 50}\W¥ spectrophotometer.
5.5 Results and Discussion
5.5.1 XRD analysis

Figure 5.2 shows the XRD diffractigratternsof the bulk and exfoliated samples. Diffraction
patterns of all exfoliated samples have fewer peaks compared to the bulk that have several
diffraction peaks. A similar observation was made by Lihiang et alwhen a bulk sample of

ZrS; was exfoliated ilNMP; only two peaks belonging to (101) and (103) crystal planes were
observed, and the nanomaterials were amorphous. Meanwhile, all the samples exfoliated in this
work are crystalliné®. They all show diffraction peaks indexed to crystal plane (001). The bulk
sample shass traces of impurities of ZgSrepresented by asterisks (*). The NMP and CHP
exfoliated samples show similar diffraction peaks of (0QQ0), (101), (102) and (110)The

IPA exfoliated sample shows two weak diffraction peaks indexed to (001) and{h6RD

results obtained for methanol, ethanol and water also showed the bulk material has been
exfoliated to few layers. A similar observation was also reported ley &liin which fewer
diffraction peaks with less intensity compared to the bulk sam@te obtained?®,
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Figure 5.2: XRD of exfoliated Zrg nanomaterials.

5.5.2 U\ Vis spectra analysis

The three exfoliated samples show similar absorptions at about 420 nm and 510 nm as observed
in Figure 5.3. The intensity of the absorption peaks is highest with CHP compared with other
solvents used. Lianbiang et alobserved two absorptions peaks also but at lower absorption
wavelengths of 283 and 336 nm respectivElyLikewise, Yan et al also observed two
absorption peaks at lower absorption wavelengths of 245 and 28 hrayagarajart al,in

their work did no observe any sharp absorption peak with,Zn$ film; and the absorption

decreased as the wavelength incred8ed
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The intensity of the UWis absorption of the Zr§IPA) (Figure 5.4) reduced after the first
day of exfoliation howeveithere was no observable shift of absorption peaks; this could be
ascribed to slight oxidation of the nanomaterials. Close observation by Seeaietvealed

a decrease in the intensity of the absorption of the exfoliatecha&8 5 days of exposure

ambient environmerft.
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= —— NMP
< ——CHP
N
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o
=
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o
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Q0
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Figure 5.3 UV-Vis absorption spectra of Z&S
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Figure 5.4 UV-Vis absorption spectra of Zf8n exposure to ambieenvironment for five

days.

Figure 5.5shows the band gap of the bulk and exfoliated samples. The bulk has a band gap of
about 1.98 eV, this is slightly higher than what is reported in literature-{1800eV)?2 IPA,

NMP and CHP exfoliated samples exhibited band gaps of about 2.45, 2.55 and 2.60 eV
respectively, it can be deduced that exfoliated nanomaterials exhibited direct barak gaps
result of quantum confinementiangLiang et al obtained a higher value of 3.15 eV in their

report?®,
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Figure 5.5 Tauc plot of Zr$ (a) Bulk (b) IPA exfolated (c) NMP exfolated (d) CHP
exfoliated

5.5.3 Raman analysis

Raman spectroscopy was conducted to confirm the finger prints of the nanomaterial as shown
in Figure 5.6 The Raman peaks of the bulkpfane mode (B and the out of plane mode i\

are not pronounced, and this is in contrast with literaftiféae intensity of the & mode at

about 313 cm is expected to increase with increasing number of layers. For the IPA exfoliated,
the weak Emode at about 247 chis observedvhereas this mode is absent in the NMP, and
CHP exfoliated samples. The dominant; Aode is observed at about 331 tim the IPA
exfoliated samplegs well for the CHP exfoliated; however, a shift was observed for the NMP
exfoliated sample. Thieroadening of the & peak was observed at about 314'amn a result

of nonharmonic effects while many authors have ascribed the observed shoulder to the infrared
(IR) Azu mode?*?*, The A4 vibration mode isalso observed at about 520 ¢hor IPA
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exfoliatedsample; however slight shift is observed the CHP exfoliated sample. The peaks

at about 109 crh 148 cm' and 216 critare also observed in IPA exfoliated but only peak at
about 109 cm is observed for NMP and CHP exfoliatatiese peaks are attributed to the

density of two phonon states of ZX

—Bulk
— |PA exf.
— NMP exf.
—— CHP exf.

Intensity (a.u)

100 200 300 400 500 600

Raman shift (cm™)

Figure 5.6 Raman spectra of bulk and exfoliated nanosheets ofvts different thickness.

It should benoted that the observed peak at about 27%isnthe Ay mode of ZrSpresent in
the sample. Leét alalso observed 2 peaks ofgland Ag at247 and 313 crhrespectively for
IPA exfoliated nanosheefs Liang-Liang et al reported two vibration modes of-plane and
out-of plane vibration modes at 507 ¢rand 520.1cm respectively for Zr$quantum dots
exfoliated with NMP*,

5.5.4 AFM analysis

AFM was conductetb determinghe surface roughness and morphology of the nanosheets as
shown in Figure 5.7 Among primary alcohol solvents used, ethanol provided bt

roughnessnext was IPA, followed by methanol while with®lit was difficult to observe the
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roughness with AFMraalysis. The result obtained also corroborates the TEM results; the IPA
has less layers compared to ethanol, methanol, and water. According to literature, a monolayer
of ZrS; exfoliated using mechanical exfoliation had a thickness of about.Oréim and dayer
thickness of about 1.6 nfA?°. There is a possibilitthat the thickness of nanosheets with liquid
exfoliation may be higher than mechanical exfoliation since mechanical exfolatidnces

good quality nanosheetsompared to liquid exfoliation. The thickness of IPA, ethanol and
methanol exfoliated sheetave thicknesses of 31.25 nm, 58.59 nm and 97.66 nm respectively,
which may correspond to 3P layers, 5973 layers and 9122 layers respectively.

Section Analysis

Figure 5.7 AFM micrographsheight,and spectrum of exfoliated Zr8anosheets (a) ethanol
(b) IPA (c) methanol and (d) water.
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5.5.5 SEM analysis

SEM revealed the surface morphological details of the nanomaterials; various morphologies
were observedFigures 5.6a and 5.6b represent the micrographs of the bulk examplies.
revealed the hexagonal morphology of Zm&th multilayers. Figure 5.6¢ shows the
homogeneous distribution of the nanomaterials with good dispersion. Figure 5.6d also show
a layered structure of the sample with a proper dispersion. Bige and %&f show the
nanomaterials with a layered structure. IPA exfoliated nanosheets seemed more homogenous
with good dispersion over other alcohols used; this may be ascribed to IPA having a higher
surface energy than the other alcohol memikegsires 5.8g and 5.88howed good dispersion

and homogeneous distribution of the nanomaterials. Amide solvents seemed more effective in
exfoliation compared to other solvents; however, the toxicity and high boiling point of amide

solvents has necessitated reskars to look for a greener route of synthesis by using alcohols,

water or a mixture of alcohol with water.

Figure 5.8: SEM images oZrS,: (a) and (b) bulk sample (c) IPA exfoliated (d)Hexfoliated
(e) MeOH exfoliated (f) EtOH exfoliated (g) CHP exfoliated (h) NMP exfoliated.
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5.5.6 TEM analysis

Figure 5.8 A (i)- F(ii) show the different morphologies obtained by using several solvents
Figure 1A (ix(ii) show CHP is very effective in the exfoliation of 2D materials, nanoparticles
with a size of about 11 nm was determined with image J. The size corroborates what was
obtained with SEM images. This is an indication that it will be adamdproach to obtain
guantum dot morphology if the duration is slightly increased say up to Bi§une 5.8B (ii)

show properly exfoliated nanosheets with very few layers. Figuf€(i5i) show nanosheets

with many layers with IPA exfoliation. Figur&.7D (ki) show water can also be as effective

in the exfoliation of 2D materials; howeyamall porelike pattern can be easily seen on the
nanosheetshich may bebecause oWater adsorption on the surface of the mateFmjure

5.9E (+i) show tha methanol is the least effective in exfoliation of the bulk santipéelayers

are not distinct compared to other solventsdusethis study. In Figure 5.9H-ii), ethanol

seemed to be effective as well in the exfoliation of.Di8k materials.

. 4 ” =2

Figure 5.9 TEM and HRTEM images of ZeAi) and (Aii) CHP exfoliated samples (Bi)
and (Bii) NMP exfoliated samples (Ci) and (Cii) IPA exfoliated samples (di) RiidH 20
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exfoliated samples (Ei) and (Eii) MeOH exfoliated samples F (i) and F (ii) EtOH exfoliated

sample.
5.5.7 Energy dispersive xay spectroscopy (EDS) analysis
The chemical composition of bulk and exfoliated samples was conducteS8ENHEDS.

The SEMEDS showed that bulkrS; is very stable at ambient environment with no traces of
oxidation The weight of the elements as showrrigure 5.10revealed Zr: 59.57 % and S:
40.43 the valus obtainedarein harmony withthose inliterature.However,partial oxidation

of the material hebeen reported by many authevBen ZrS exisisin few or monolayef®.

FromFigures 5.10k) 7 (g) it can be observed that the nanomaterial undergoes oxidation in

1 59.57%
§ 40.43%

ambient environment.

0 2 0 2 4 6
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Ir5510% Ir 39.04%
02457% 021.48%

§2033 %
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Figure 5.1Q EDS of ZrS (a) bulk sample (b) NMP sample (c) CHP sample (d) MeOH
sample (e) EtOH sample (f) IPA sample (g0Hsample.
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5.5.8 Thermogravimetry analysis

The thermogravimetry analysis of the Znanomaterials underJ$howsfour plateaus for IPA

exfoliated nanosheets while bulk and CHP exfoliated show two plateaus each as shown in
Figure 511For | PA |1 oss of twad ese cadn da bmauss;ti8dds s Cat
is ascribed to the loss of sulphur due to weak van der Waals forces within the material or
organic materials resulting from organic solvent used for the exfoliaflenompositions
observed at 4 70 be at@budtd furthéd Becomg@bsiton of sulphur that is
covalently bonded to Zr atoms.
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Figure 5.11 Thermogravimetry and derivative thermogravimetry curves of bulk, CHP and
IPA exfoliated sample.

5.5.9. XPS analysis

From all the results ashown in Figure 5.125.14, theO1s peaks are made of three parts;
firstly, metal oxide peak at 530.3 eV, 530.2 eV and 530.5&0 peaks at 531.8 eV, 531.8

eV and 532.1 eV and C=0 peaks at 533.1 eV, 533.1 eV and 533.2 eV for NMP, CHP and IPA
exfoliated amples respectively. The Zr3d orbital peaks correlated to bothatr$ ZrQ.
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Additionally, due to possible contamination of Zr&nomaterials as a result of oxiphilicity
nature of group IV TMDCs, oxidation is well noticed on the surface of the matkeaD1s

peak of ZrSwere observed in all the XPS spectrum can be ascribed to the molecules from the
atmosphere. The Zrgdpeaks for ZrQand peaks Zr&are located at82.40 ,182.3 and 182.7

eV for NMP, CHP and IPA exfoliated samples respectively. The 3d3/2 peaks are positioned at
184.8, 184.7 and 182.7 eV respectively. It can be obsdhatc meagre disparity in the
binding energy of IPA exfoliated sample from amgdéoliated samplesxists the peak Zr3gh

for IPA is slightly lower compared to other two samples. The values are consistent with
literature®®. TheS2p1» peaks are positioned at 162.1, 161.8 and 162.20 eV for NMP, CHP and
IPA exfoliated samples resptively. TheS2ps2 peaks are found at about 160.7, 160.8 and
161.0 respectively. This is consistent with the literature fop,Z3%32 and SP12 peaks are
expected to be observed at about 163 eV and 162 eV respeétividya result of oxidation

and possible hydration of the material 8@21 andS2ps2 peaks belonging to sulphate anions

are positioned at 169.8 eV, and 168.7 eV, 169.8 eV and 168.5 eV, 170.2 eV and 169.0 eV for
NMP, CHP and IPA exfoliated nanomateriégsmilar observatioshave been reported in the
literature?®, Likewise, the C1s peak alsod@ peaks at 284.6 eV, 286.3 eV and 288.7 eV for
NMP sampleat 284.3 eV, 286.3 eV and 288.6 eV for CHP sangidat 284.7 eV, 286.2 eV

and 2887 eV for IPA sample which are ascribed t€€CC-O and QC=0 correspondingly.
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Figure 5.12 High resolution core level spectra of NMP exfoliatedAr&nosheets with focus

onO1s, Cls, S2p+Zr3d,N1s, valence and survey spectrum.
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Figure 5.13High resolution core level spectra of CHP exfoliated,A8&rticles with focus on
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Figure 5.14:High resolution core level spectra of IPA exfoliated Zn&nosheets with focus

on O1s, Cls, S2+Zr3d,N1s, valence and survey spectrum.

5.6 Conclusion

In summary, we have illustrated a facile method of production of nanoparticles. Few layered

nanosheets of ZeSvere satisfactorily exfoliated from bulk ZrSample via liquid exfoliation

with CHP, NMP, IPA ethanol, methanol and water. The use of alcohols and water provided a

green route of synthesis of few layers 2D materials adlinect band gap. IPA provided a good

dispersion of th@eanomaterial over other alcohols and water whietevgtable with no traces

of degradation in ambient environment for several days. The nanomaterials could find great

application in sensors, photodetectors, solar cells, fiber lasers, optics, trinatbeptalysis.
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CHAPTER 6: POLYAN ILINE AND ZIRCONIUM DISULPHIDE
NANOCOMPOSITE AND ITS APPLICATION FOR CHEMICAL SENSING OF
ALCOHOLS AND ACETONE

6.1 Introduction

It is about sixteen decades now ever since the existence of polyaniline (PANI); however, its
conductive nature as only discovered just four decades ago. Polyaniline as a conducting
organic polymer found a great application in sensors (chemical and biological) due to its ease
of production, environmental stability, and reversible redox chemistry, redox capacitors,
catalysis, batteries, fuel cells, display devices, separation membranes, and anticorrosion
coatingst?. PANI is commonly fabricated using two methods: electrochemical polymerization
and chemical polymerization methods. Moreover, the polymerization is commonly deployed
in gas sensing applications since it can be easily tailored to fabricate nanostrunctwaasoas
morphologies compared to the other method. 1D dimensional PANI are the mostly fabricated
morphologies such as nanofibers, nanowires and nanorods by using aniline (monomer) and
ammonium persulphate (APS) which plays the role of an oxidant incatiédiums. The
protonation of the polyaniline is very essential; this is the means in which PANI turns out to be
electrically conductive. PANI is utilized in chemical sensing to serve as a replacement over
metal oxide semiconducting nanomaterials, pravitlee advantages of low cost, ease of
fabrication, tunable conductivity, high porosity, and sensitivity at room temperature. However,
PANI based sensors have few demerits such as poor response time, weak selectivity, low
reproducibility, and poor stabilityro counter these drawbacks, nanocomposites of polyaniline
with 2D materials, carbon materials and metals have been used and they reportedly improved
the response time and stability of PANI based sensors. Hence, proffering a solution to these
demerits isvery essential by using novel nanomaterials with a proper attribute for chemical
sensing. Functionalization of PANI with transition metal dichalcogenides (TMDCs) have been
reported in literature to enhance the sensor attributes arising from synergetis. dffere
research has been reported on group VI TMDCs compared to group V and group IV. Generally,
few works are available on group IVB despite theoretical findings showing these nanomaterials
as possessing astonishing properties. For instance in raiatimgmical sensing application,

it was speculated that Tifias more active sites for gas absorption than\afhg to crystal
structure and bonding that existed between the metal and the sulphurialbmas also
predicted that monolayer Zr@ill be suitablefor gas sensing. The author reported that a defect

ZrS; with S-vacancies will behave as a better sensor compared tavttno defect.
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TMDCs are a set of novel materials that are yet to be explored extensively, scarcely any reports

are available on the chemical sensing of group IV TMDCs. The few available reports are on

TiSz, and very few reports are available on conducting polymers nanocomposite with TMDCs,
therefore more extensive research is very paramouni.h&asSonly been demonstrated as an

optical coupled plasmon waveguide resonance (CPWR) sensor but not as asisireire

sensoP. ZrSis a novel 2D layered material with exotic featuresmimemono or few layers;

which include fast electron transport, high carrier mobility and sizeable band gap. The material

i's environmentally friendly, has good ther m
crust unlike rare earth metals which act cost effective and very limited in nature There

are weak van der Waals forces that exist in between the layers and covalent bonds within the
materialsjt possesses outstanding electronic properties and large specific surface areas owing

to high surface to volummtio. Kishoroet al was the first to report on chemical sensing of

group IVB TMDCs in which Tigwas demonstrated for the sensing e&@d N at temperature

of 50 C. The sensor displayed a s 'Bwkoth respo
et alreported a fascinating recovery with an ulaat response time @ s and response time

of 60 s for ethanol sensing by a nanohybrid o%Bigd polyvinyl polymer (PVP3. Manjunata

et al demonstrated nanohybrid of titanium disulphide and polyaniline (PAN}T&S

humidity sensing with good sensitivity, rapid response time andeectime®. Sakhujzet al

investigated Tipnanosheets towards:8 and Q at room temperature. The sensor showed

high sensitivity of 111.8 %, quick respoaseovery times of 19.7 and 48 s respectively

towards 4 ppm of k8°. Shaukaet alrecently reported on ZrS®wards humidity with a range

of 1580% RH. The sensor displaye good sensi ti vi tyecowerytided, KY, f
good reproducibility and good stability So recently, Sharmet al demonstrated TiSsheets

toward ammonia vapouthe sensor showed response and recovery times of 72 and 175 s at
room temperatur€'. Extensive investigation has been reported o dNtdNO, vapour sensing

based on TMDC sensors such as Md&oSe, WS, WSe, SnS and SnSg however very few

reports are available on alcohols and acetone vapours séhisitfg>1617,

6.2 Chemicals and materials

Zirconium disulphide [99 %, ZeSC.C. Imelmann (pty) Itd], isopropyl alcohol [99 %, IPA MK
Chemicals], ammonium persulphate [99.9%, APS, Sigidaich], aniline [99.9%, Sigma
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Aldrich] HCI 32% [associated chemical enterprises] were used as received withtbet

purification.A mortar and pestleg PS20A sonicator bath witla power of 100 W.
6.3 Methods
6.3.1 Synthesis of PANI

In a typical synthesis, as shown in Figure 1, 1.5 g of ammonium persulphate (APS) and 1 ml

of anilinewere dissolved in two separate 250 ml beakers containing 25 ml of HCI. The aqueous
solution of APSwas slowly transferred into the second beaker containing aniline with constant
stirring of the solution and r eaentalaithe mai nt
reaction is very exothermic, it may lead to decomposition of the polyaniline polymer formed.
After a few minutes, the reactioment tocompleton and a green precipitate of polyaniline
formedwas obtained by filtration. The polyaniline formeas then washed with a solution of

1 M HCI to remove any unreacted aniline followed by multiple washing with distilled water.

Finally, the polymewas driedinanoven at a temperature of 40

Ammonium Aniline
persulphate NH,
(NH,),S,04

APS (oxidant) solution
is added to aniline

solution with
beaker vigorous stirring and

temperature maintained

+ at 0 °C
APS(5g) (1 ml) Aniline (1 ml) Polyaniline powder
dissolved in 25 ml dissolved in 25 ml of
of 1 M HCI 1M HCI

Figure 6.1 Schematic diagram of synthesis of PANI.
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6.3.2 Synthesis of a nanocomposite of zirconium disulphide and polyaniline

A nanocomposite of zirconium disulphide and polyaniline was fabricated by introducing 5 mg
of ZrSinto a vial containing 95 mg of polyaniline in isopropanol; and the vialssaked and
wrapped with parafilm. The vial was sonicated for 24 h after which the resulting solution was
filtered, and the product dried at room temperature.

6.3.3 Sensor fabrication

The PANIZrS; based sensor was prepared on a printed circuit board (PR4substrate.
Interdigitated electrodes were patterned on the rectangular shaped PCB consisting of
electroless nickel immersion gold electrodes of 18 pairs with a length of 7.9 mm and a space
of 0.1 mm between each electrode. The sensing film was preipap casting 15 pL of

the film that was prepared by sonicating 5mg of nanocomposite of-Zfdlin 500 pL of

methanol for 10 min.
6.3.4 Gas sensing measurement

Al | el ectrical measurements W0HWHEIDOKHzZCt ed
precsion LCR meter coupled to a computer. The frequency and voltage were set at 10 KHz
and 1.00 V respectively. The system was allowed to stand for few minutes before any
measurement were done. The-gptfor gas sensing is the same as the one reported itechap

four. The vapour sensing experiment was conducted at room temperature; the response values
were recorded using a data logger (LCR). The vapour sensing properties were explored by
injecting a measured volume of anhydrous alcohol (methanol) into a gt@ssdchamber (5

L) via a glass syringe. The concentration of the methanol vapour in the test chamber can be

evaluated in ppm by using the following equation:

x100 (6.0)

Where C represents concemtra on of met hanol vapour (ppm),
(gML™), T is the temperature in Kelvin, Vs is the volume of the solvent, M is the molecular
weight of the solvent. The response of the sensor is obtained asRg/fRx 100, where Ra

and R represented resistance in air and methanol vapour respectively. The duration involved
by a sensor to complete 90% of the resistance change is known as response/recovery time. The
sensor measurements were also conducted for ethanol, isopropanol, batdnatetone

vapour. The sensor was exposed to methanol vapour at various concentrations. To ensure the
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vapour reaches saturation point upon injection of the gas, the sensor was allowed to interact
with the analyte gas for 300 s for proper adsorption afdsZ0r the desorption of the vapour

(recovery). The same procedure was conducted for ethanol, isopropanol, butanol, and acetone.
6.4 Characterization

Powder Xray diffraction (PXRD) analysis was performed using a Bruker D2 phaser (D2
205530) diffractomete wi t h Cu KU1 radiation (& = 1.54
Measurements were taken using a glancing angle of the incident detector at an angle of 2° over
2d angl e i99°annstees ofddf026%5with a step time of 5 s at ambient temperature.
Transmis®n electron microscopy (TEM) (Jeol JERLOOF 200 kV) was used to analyse the
morphology of the &ynthesized PANI and nanocomposite of PAN®,. The surface area

and porosity were measured using Micromeritics RS232 and porosity analyzer instrument. The
surface area measurements were performed yvéaldbrption/desorption and calculated by the

Brunauer Emmett and Teller (BET) analysis method.
6.5 Results and discussions
6.5.1 XRD analysis

Figure 2 showghe XRD crystallographic structure of the Z'BANI nanocomposite. The ZfS
patternmatches hexagonal ZrSndexedto the Joint committee on diffraction standard

(JCPDS) card of 010605262. The following diffraction peaks: 15.45, 28.57, 32.34, 42.10,
46.25, 50.25, 52.68, DEespdrfothé M01P(400)4101) (10R)7 . 5 8 L
(003) (110) (111) (103) (201) (202) planes of ZrspectivelyLikewise, the XRD pattern of

PANI shows diffraction peaks at 20.32 and 2
planes of PANI in its emeldine salt form'®, The diffraction peakat 3 5. 20 and 44.
ascribed to the oxide of zirconium.
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Figure 6.2 XRD pattern of PANI-ZrS2 nanocomposite.
6.5.2 TEM analysis

The TEM micrographsshow the morphologies of the pristine PANI and PARIS;
nanocomposite. Both the pristine PANI and its nanocomposieiexayers of nanosheets as
shown in Figure 6.3 and 6.4A6.4D, so it is quite difficult to distinguish between the two
however, the dark stasnrepresent nanosheets of Zn$ PANI nanosheets. Several authors
have reported on 1D PANI for different applications such as in gas sensing and supercapacitors

compared to 2D dimensional PANI.
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Figure 6.3 TEM image of PANI.
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Figure 6.4 TEM images of PANHZrS; nanocomposite.
6.5.3 BET analysis

Figures 5A and6A show nitrogen adsorptietesorption isothersof PANI-ZrS, and PANI
respectivelyand 5B and 6B show posgze distributions of PANErS; and PANI respectively.

A steady increase in the volume of &bsorbed and desorbetifinite can be noticed at about
relative pressures at about 0@®8 nm for the nanocomposite of PARIS, and prstine

PANI, these represent type 1V isothetfiThe surface areaf PANI increased from 27.87%g

to 28.95 m/g with the nanocomposite and Barrett JoyHatenda (BJH) method was used to
determine pore size distribution (PSD), the pore size increased from 0.18 to 0.19, these show
the nanocomposite is microporous aslwsl pristine PANI. The improvement in the surface
area and small pore size of the PARE, contain plethora absorption sites to improve the

interactions that exist with volatile organic molecules and the sensor.
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Figure 6.5 (A) Nitrogen adsorptiomesorption isotherm for PAMNrS, (B) BJH pore size
distributions of PANHZrS,.
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6.6 Gas sensing of PANErS2 nanocomposite

TMDCs and PANI sensors generally hate ability to sense chemical/gas vapours at room
temperature, this gives thean advantage over metal oxide sensors that often require
temperature that exceed room temperature. Operating a sensorasclemperature may

lead to structural changes in the sensing materiakediftermath effects are instability and
response disparity. PANI is artype chemiresistive sensor, PANI chains are magxef two
structural unitsa reduced [BNH-B-NH] and oxidzed [B-N=Q=N] repeating units, where B

and Q represent benzenoid and quinoid rings respectively. Swelling of PANI is likely possible
being a polymer witla rigid backbone. When a reducing chemical or gas such as alcohols is
introduced to a PANI sensor giheducing gas donataselectron to the polymer matrix, which

leads to an increase in the resistance of the sensor as a result of change in the concentration of
the sensing material holes. However, when reducing gases like NNp4, H.S and # are
injected, deprotonation of PANI occurs hence, the increase in resistance of the sensor. On
exposure of the sensor to dry air, the opposite mechanism which is protonation of PANI occurs
2021 There is change in conductance upon increase in vapour concentration. PANI and its
substituted derivatives have been reported to be sensitive to first to fourth membersof pri
alcohols and heptanol vapours. Small chain alcohols resolta decrease in electrical
resistance, however the reverse is the case with long chain alcohols. With ethanol, the doping
or oxidation state remains the same and hence has negligible iomptet conductivity of

PANI. Swelling of PANI backbones is very possible with ethanol therefore, there is an increase
in the electrical resistance of the sensogure 6.7 showsthe schematic representation of
mechanism of PANErS; to ethanol vapour. borporating Zrg with PANI provides a
synergstic effect by improving the features of PANI sensor and enhancing the sensitivity of
the sensor or boost its selectivity or both. 2Zn&nosheets integration with PANI, formsp
heterojunction with a depletion layer. A change in depletion region will take place upon
adsorption of gases by the nanocompdsite
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Figure 6.7: Schematic illustration of sensing mechanism of P&Xk&,.

6.6.1 Primary alcohols and acetone sensing properties

Figure 6.8depictsastaticresponse curve of methanol vapour at room temperature in 45% RH

to 555 ppm of methanol. A good signal with relatively weak noise to methanol gas can
deduced from the response curvetotik about 600 s for the sensor to attain saturation time
upon exposure to the gas analyte. A total recovery of the sensor on exposure to air is also
noticed.
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Figure 6.8 Staticresponse of PANErS; towards methanol vapour at RT.

Figure 6.9A shows thestatic response curves of PANI and PAKIS, sensors toward
methanol vapour at different concentrations (655 ppm) at room temperature (RT) in 47%

RH with exposure time of 300 s in gas and 200 s irFaure 6.9Bshows response curves of

the nanocomposite measured at different methanol coatiens (113444 ppm). The
measurement was conducted from low vapour concentration to high vapour concentration and

vice versa.
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Figure 6.9 (A) Staticresponse curves of PANIrS, towards methanol vapour at RT (B)

Response curves of the PARIS, senso taken under various methanol vapour concentration.

Both sensors showarise in response with increase in vapour concentratsoseen ifrigure
6.10
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Figure 6.10 Normalized response of the PAKIS, sensor towards methanol, ethanol, and

isopropanol.

The PANLZrS; sensor showed a rapid response and recovery time 78 s and 69 s respectively

to 555 ppm of methanol vapoufigure 6.17).
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Figure 6.11 Response anakcovery characteristic curve towards methanol.

There was a significant improvement on PANI response up to 9 folds due to the close interface
that existed between the PANI and Zr8he enhanced response is due to systcgffect.

The timedependent sponse and recovery curves of PANE, to ethanol at 77 ppm and 385

ppm is depicted b¥igure 6.11 The sensor response to 77 ppm ethanol vapour had a longer
saturation time (> 600 s) while 385 ppm vapour concentration had a lesser saturation time
(<600 s). The sensor displayed a tvatage adsorption towards ethanol vapehichis shown

by a rapid dsorption within the 188 thereafter a moderate adsorption at about saturation time

of 600 s. This may be ascribed to possible defects ofaZiSANI or both resulting to differing
affinity for ethanol vapour by the sensor giving rise to incrementalratain. Similar
observation was reported by Mutumiaal, whereuntreated hollow carbon spheresultedn

two adsorptiorstagegowards ammonia vapogf.
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Figure 6.11 Typical response and recovery curves of PAN, sensor to ethanol at 77 ppm

and 385 ppm respectively.

Figure 6.12 depictsstaticresponse curves of PANI and PARIS, sensors toward ethanol
vapour at varying concentrations {385 ppm) at RT in 50% RH with exposure time of 300 s

and 200 s in gas andrakespectively. Both sensors produced an increase in response with
increase in vapour concentration introduced. The RPAfSh nanocomposite amplified the
performance of the sensor to ethanol vapour sensing characteristics in comparison to pristine
PANI.
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Figure 6.12 Staticresponse and recovery curves of PANE, towards ethanol vapour at RT.

The linear fitted plotéinear is depicted ifrigure 6.10, the response increases with increasing
gas concentration. The sensor showed a quick respeoseery time of 83 s and 44 s to 385

ppm of ethanol vapour as shownFigure 6.13
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Figure 6.13 Response and recovery characteristic curves towards methanol.

The reproducibility of a sensor @very paramount factor, as this determines the reliability of
the chemical sensor for practical purpodgégure 6.14 depictsthe reproducibility nature of
the PANFZrS; film sensor to 385 ppm vapour at RT with three repetitive respatswery

curves. The sensor demonstrated a clear respensgery output and stable three repetitive
respons@ecovery curves for ethanol vapour serg.
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Figure 6.14Repeatability of the PANZrS; sensor to 385 ppm of ethanol vapour at RT.

Figure 6.15 depicts thestatic response curves of PANI and PARIS, sensors towards
isopropanol vapour at distinct concentrations-288 ppm) at RT in 45% RH with exposure
time of 300s in gas and 200 s in air. Both sensors shoge in response with increase in
vapour concentratioas shown by the linear fitted plo(sigure 6.10. The sensitivity to
methanol, ethanol and isopropanol was calculated from the slope of theifitieelagraphs in
Figure6.10as 0.43%, 0.58% and 1.04% respectively.
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Figure 6.15 Staticresponse and recovery curves of PAMNS, towards isopropanol vapour at
RT.

Figure 6.16shows thesensitivity of the PANFZrS; sensoto different alcohd and acetone
vapous. The sensitivity was extrapolated from their linear fitted plofbe responseof the
sensor to isopropanol is aboaitmultiple of two comparedto both ethanol and methanol

vapours The response to acetone vapour is the least.
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Figure 6.16 Comparison of PANErS, sensor towards methanol, ethanol and isopropanol
vapour at RT.

Figure 6.17 showedstaticresponse curves of PANI and PARIS,; sensors toward acetone

vapour at varying concentrations ¢(8@5 ppm) at RT in 50 % RH with exposure time of 300 s

and 200 s in gas and air respectively.
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Figure 6.17 Staticresponse and recovery curves of PAMNMS, towards acetone vapour at RT.

PANI sensor showed small response curve at 61 ppm to acetone vapour. The raw PANI sensor
showed poor sensitivity towards acetone gas. A quick adsorption at the initial stage can be
observed from the response curves after which a delayed adsorption towardsirtitesa

time. An increase in response curves is observed with increasing vapour concentration for both
PANI and PAN}ZrS; sensors. The nanocompogiteduced fabetter sensingesults towards
acetone vapour up to seven times due to synergistic effecnohferface of PANZrS,
compared to raw PANIAN exponential linear dependence of the sensor is depicted in Figure
6.9, the response increases with increasing gas concentraigume( 6.18). The chemical
sensing was extended to hexane vapour at RT, the response was td@apleds.1 shows the
performance of PANErS; sensor to other TMDCs and their nanocomposite with polymers for
VOCs sensing and RH.
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Figure 6.18: Normalizedresponse of the PANArS, sensor towards acetone vapour.

Table 6.1: Group IVB TMDCs and TMDCs nanocomposite with polymers for VOC sensing

T e C Gas(ppm) Sensitivity Response Recovery References

(%) time (s) time (s)
RT H20 97 36 49 8
RT NH3 75.6 - - 23
RT C:HsOH 6800 60 2 8

(2)
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