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ABSTRACT

Sensors areimportant devices noadayshathave beemstrumental towards the development
of theInternet ofThings(loT) amongst other recent technological innovatidiey are used
to ddect andespondo someform of inputor stimulusfrom the environment we are living in.
There ardlifferent types ofensors in the markabwadaysdepending on the materialsed
for their manufacturend their applications namelyposition sensors, pressurgensorsgas
sensos, etc.Gas sensaruse smiconductorsis materia. Metal oxides, conducting polymers,
carbon nanotubegrgphene,and transitionmetal chalcogenides asome semiconductors
materiab used in gas sensobMetal oxides are very goaghs sensormaterialsdueto their
low cost, high stability, and sensitivitybut theirhigh operating temperature disg@athem
Conducting polymerare also god sensors materials dtetheir flexibility and low operating
temperaturebut they are alted by humidity.To counteracthumidity problem,conducting
polymers need to benodified or dogd with selected elements or moleculesthis project,
cellulose was drugged wittarbonnandube CNT) to create a mechanically and chemically
stable structure, which can interact and sense many. Gaseshemical and physical properties
of cellulose make it a potential material for the development of conductiveaiedtial
sensingstuff. This led to the focus of this investigation, which is the development of mixed
cellulosenanacrystal(CNC) 1 CNT materials for sensor application. The CNC was synthesized
throughthe Tempo oxidation method, and various amewitCNT were addethto the CNC
below the aggregation threshotf 2.5% using ultrasonicatiorto form a CNC i CNT
rectangular sheet. The developed mixed materials were characterize8cemiming Electron
Microscopes (SEM) and Transmission Electron Microscop€TEM) to determine the
morphology Fourier Transform Infrared (FTIR), Raman Spectroscopy amnay>Diffraction
(XRD) were enployedto investigate thetructue of the final materialwhile TGA hasshown

similar degradation teperature of CNC and CNQ CNT.

SEM imagesshowed a interconnectechetworklike structurewith a porous architecture
assembled by curved thin sheets, and the increase in CNT resulted in aggregate formation
within the CNC. TEM micrographs confirmed the structure of CNC, whiab rodlike and
artefactualdendrites particles, and the presence of CNT imthagix, while FTIR confirmed

the main functional groups of the mixed matrix sheet. @ibgree of graphitizatiomand
presence of disordered cellulose in the mixed matemase determing by Raman

spectroscopyo vary between 0.98 and 1.2

Vi



The XRD pattern has showthat the crystallinity index of the CNT CNT compositeis
correlatedo theincrease irtheconcentratiorof CNT. Howeverthe TGAdata hashown that

the CNC1 CNT materialsexhibited similar thermal behavioutthis isexpectedsince the
concentrations of the compositeave similar bonding structure and configuration compared
to the pristineCNC. It is also evident thahe increase in CNT content redadke thermal
degradatior{freducedslopg of the CNC

Theresearch work hadevelogdCNC1T CNT materialdor sensor applications. The composite
has exhibitedsensor response and theraisteced Hz, CO;, NO; and Ar gases at room
temperaturehrough thechanges in theelectricalconductivites The abilityof CNC-CNT to
respond tdhesegases at room temperature opepsthe possibility for its easy use in indoor

and outdoor monitoring.
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Chapter 1: Research background

1.1. Introduction

Because of its biocompatibility and hydrophobicity, cellulose is a natural component that draws
interest from researchers for the creation of innovative materials. When compared to the mother
cellulose the cellulose that has been doped with elements or molecules exhibits different and
useful physicochemical and mechanical propeftissta et al., 2021; Tudoroiu et al., 2021).
Inorganic nanoparticlesuch as oxidesfanetak andgraphengcarbon nanotubegraphene
andconducting polymers can be added élildose to enhance their functionalifijhe metal
oxidenanomateriabasedsensors suffer from high operating temperatures, low sensitivity and
high fabrication costs. These properties enhance their limited feasibility in sensor application
particularly in the low and moderate temperature regimes. On the otherGehdbse type

gas sensors can operate at room temperature with a dynamic sensing range-téttocgd

~C (Johnson, B. and Kaushal, T., 2004

Graphene oxide (GO) ismateriatbased gas sensor which can be used alone or blended with
other materiafor good performance. The operating temperature range is between 25 and 250
°C which is higher than that o& cellulosebased sensor (Malik et al., 202@onducting
polymers are also used as sensor materials. Their application asssetisaited by their
complexity in fabrication. Additionally, they are unstable due taheir susceptibility to
irreversibleoxidationand ultraviolet related degradati¢Mikolic et al., 2020)

Over the past few decades, intense research interest has been stimulated by the development in
the design and enhancement of gas sensbis has been driven in part by the evolution of
nananaterialswith diverse and tugablefunctional propertieas well as the advancements in
nanotechnologyased fabrication methods or deviddanoscale materialembedded in the

sensing materidlave been reported d by numerous groups and in copious amounts of literature
(Malik et al, 2020). To detect different concaitonsof NO, a single wall carbon nanotube
(SWCNT) basedensor, prepared by blending hydroxyprepsllulose and SWCNWwas used

by Karthigeyaretal. (2008). The low operating temperature made this sées@rthan metal

oxide nanomaterigbased sensors.



The degree of electrical conductivity, OQFF ratio of electraoptical switching behaviour

and electrochemical redox properties laighly dependent othe morphological structures of
cellulosic material§Lapka et al., 2021; Li et al., 2021; Zhao et al., 202k stimuliresponse
relation makes the cellulosic materials viable sensor for various applications; therefore, to
enhance its sensor capaci§uo and Zhang, 2021; Olvera and Monaghan, 2021; Palencia et
al., 2021; Xu et al., 2021Researchers deonstrate the gas sensing potential of cellulose
materials embedded with nanoparticles such as tin dioxide, coxigerand zinc oxide, which

can assist for the development of innovative cellulzssed gas sensqfdittini et al., 2020;
lvanovaet al., 2020; Rahman et al., 2021; Yang et al., 2020; Zhou et al),. 2020

1.2. Problem statement

The use of cellulosbased materials as sensoressential for reducing the negative effects of
excessive hazardous gas consumption on the environment and humariLinesltd., 2021;
Mahapatra et al., 2021; Phasuksom et al., 2021; Rivadeneyra et al., 2021; Ummartyotin and
Manuspiya, 201p In some instances, these gases though toxic in small concentrations are
likely to be undetected by oxidmsed sensors. Therefore, undeteajads pose huge
concers not only to the environment but also in their propernsitgad to serious illnesses

health hazals Therefore, developing a simple and cheaper gas sensor systesd ¢an
monitoringgasest low concentrations and standard conditiomghis project, we surmise that

the application of @ellulosenanocrystakcarba nanotubeompositeprovides a cost friendly
pathway towards the developmentafensor with the following functionalities or performance

benchmarks:

1 low operatinggemperature,

1 good selectivityto a wide variety or range of gases

1 good sensitivityto low gas concentraticand

1 Lastly,easier tdabricate and deploy relative tioe above derivatiwof nanomatgals

discussed in section 1.1

1.3. Aims and dbjectives

The purpose of this study was to create a gas sensor system and test its sensitivity to various

gasesThis was achieved through the following objectives:



1 To Synthesize CNQO CNT mixed nanomaterialsand assess their morphology,
chemical and physical structures, thermal behaviour and crystallinity;status

1 To investigate the effect of CNT®ncentration0, 0.5, 1.0, 1.5, 2.0 and 2.5 %) on
the sensing behaviours of the mixeghomaterials.

1 To investigate the effect of gases (argon, nitrogen, carbon dioxide and hydrogen) on
the sensing behaviours of the mixed nanomaterials;

1 To investigate the effect @xposure timgb, 10, 15, 2025, 30 and 8 secondson
the sensing capacitf the mixed nanomaterials

1 To propose a sensor device structure based on the sensing behavi®inoted

nanomaterials

1.4. Dissertation Outline

Background information on the research topics, problem statement, and hypaheses
provided in the introduction chapter. In order to place the upcoming research witpimethe
existingtheoretical paradigms and underline areas where more research is necessary, Chapter
2 summarizes pertinent literature and gstiee investigations done up to date in relation with

the focus of this investigation. In chapter 3, the research methodology is explained and justified.
The data collection techniques covered tetlsesis methods, characterization, and the tests
used to evaluate the developed sensor with a focus on the population parameters and scope of
the study.The results and discussion of the characterization of CNC and CNT materials and
the sensor behawics are reported in Chapter 4, along with the descriptive statistics and
statistical analysis'sonclusions which is then followed by a summary in Chapter 5 that
incorporates the research's observations, discussions, and any possible suggestions for

additiondresearch.



Chapter 2: Literature review

2.1 Introduction

Nanocellulose has attracted a lot of study interest due to its variety of uses in the domains of
material science, biomedical engineering, and sensing applicgtidradid et al., 2021,
Subhedar et al., 2021; Varshney et al., 2021; Wu et al.)20Bé&se applications are due to its
renewable nature, anisotropic shapexceptional mechanical behaviour excellent
biocompatibility, tailorable surface chemistry, ayjabdoptical propertiesKareez et al., 2021;

Guan et al., 2021; Lv et al., 2021; Motaung, 20Rivethithaa and Baskar, 202Ijhese
materials' adaptability is determined by the cellulose's chemistry and nature, which can coexist
with both hydrophilic and hydrophobic species. Additionally, it can be altered to covalently
include the proper chemicals and host active optical natidpafRoss et al., 2010).

The electrical, mechanical, and thermal characteristics of carbon nanotubes (CNT) are
distinctive. Numerous researchers have looked at various reactions for covalently grafting
CNTs to polymer due to the potential improvement of electrical propertiedyosh@ovia the
homogenous distribution of CNTs. The use of Gpblymer composites as functional

materials for organic transistor devices, gas sensors, biosensors, and chemicatefgus

has increased recently. CNbblymer composites provide many characteristics for quantitative,
selective, and sensitive analyte molecule detection in sensor applicaten€&NTs in the
composites function as a conducting network and asdsédiction molecules by giving and
taking electrongYun & Kim, 2010). SWCNT has been used in cellulose in order to improve
the sensitivity to humidity, gas and vajs withina wide rang€Han et al., 2012 The reason

being in this project MWCNWas employed on cellulogpaper for sensingeveragassesuch

asCOy, N2, Ar, CO and H.

The interaction of the target gas with the sensor materials determines the gas sensing
selectivity, which is defined as a surfamantrolled process in which the reactive sites' sizes,
porosity, surface states, and oxygen content in the cellulose all thiéegensing mechanism.
(Rahman et al., 2021; Cao et al., 2021). Cao et al. (2021) investigation showed a fast response
time for gas sensors with an average time of 20 seconds, which met the requirement of the

sensor response time.



2.2 Conductive Polymers

Polymers are poor electron conductivematerials \Wang et al.,2019). To enhance the
electrical conductivity, suitablehoice ofdopans and theirconcentrationsre requiredThe

mobility of the charged flaws in the conjugated framework serves as their conduction
mechanisnf{Padvi et al., 2021 Additionally, phonoractivated electron transport and multiple

trap and release mechanisms can assist in enhancing the mobility of the charge carriers in these
polymers.Conductive polymers are generally tloérmoplastichut canhavehigh electrical
conductivity with different mechanical propertiesomparé to other commercial polymers

(John and Thomas, 2003).

Cellulosebased electraonductive compositesan be prepared by adding electroactive
materialsto the cellulose material due to the hydrophilic compatibility of both mateTihaés.
addition of inorganic nanoparticles through doping, blending or coating atlefsrmation

of anarchitectual structure within the cellulose matrix. The-getwork structure formed can
be tested for its electrical conductivi@urfresne and Vignon, 2008Vu et al.,2016. Figure

1 showghe distinctroutes of synthesiof the cellulosebased conductive composite

Cellulose Solution Cellulose as a solid matrix

Conductive Materials

[ \

Conductive Carbon Graphene Inorganic lonic Liquids
Polymers Nanotubes Nanoparticles

Blending o Yo o Doping

I /Composnte l

Coating

Figure 1: Synthesis route®urfresne and Vignon, 2000)



Polymerdopednangarticlesexhibit superior qualities ovelternative gas sensors at room
temperature operation, provide good mechanical properties and wiéffezdive and simple
route of preparation. Thereforie improvement of their longerm stability, selectivity and
reversibility can make them commertyatompetitive (Padvi et al., 202X)therpossibilities

are to coat or blend the nanomaterial (which is not what we did).

2.3 Carbon nanotubes

Carbon nanotubes (CNTs) ananonaterialsthat can be fabricated with tuneal@ectrical
conductivity of its lattice structureThe way the graphene sheet is rolled to create the tube
determines whether it will be metallic (armchair) or a semiconductor (zigzag), which will affect
its electrical propertie@Padvi, 2021Pei et al., 2010)arbonnanotubes come in a variety of
varieties, mostly classified as singlalled (SWNT) or multiwalled nanotubes (MWNT), as

seen in Figure 2While MWNTs are made up of numerous concentric rolled out graphene
layers, SWNTs are formed of a single layer of graphene sheet that has been flawlessly rolled
into a cylindrical tubgSiro and Placket, 2010).

Due to their high surfaem-volume ratio, highly electrically conductive CNTs may one day
serve as a very affordable alternative to metal wires, which are frequently utilized in gas sensing
applications.Carbon nanotubes are promising gas sensing materials, due to their specific
surface area and unique electrical properties with low n¥ige & Kim, 2010;Padvi, 202).

Based orthe gas's interaction with the sensing element and its adsorption and destiretion,

CNTshave a low response and recovery rtiteugh.

SW-CNTs

Figure 2: CNTs structure$Siro and Placket, 2010)



2.4 Semiconducting metal oxides forsensorapplications

Semiconducting anoparticleshased ommetalic oxides show uniqueexcellentqualities of

optical, electrical, thermal and catalytic properties. For that reason, semiconductors have
attractedsignificant interest in the fabricatioof various electrochemical sensof$ere are
chemaoresistance sensors, in which the sensing element is a semiconducting material
sandwichedbetween two metallic electrodeShey exhibit excellent electron and phonon
confinement sensitivityhigher responseecovery time and strong adsorption ability due to
their chemical composition as made from transition or-pasisition metals with oxygen
(Bassey, 2014). Bassey (2014) found that ballistic transport, coulomb blockade &figcts
energy band model characterize their electronic behavidheselectronic band structure is
represented by the dispersion of the electron energy with its momentum. Thdra$ea: on
guantum mechanical principlege can identify regions for which the electrons occupancy is
permitted in the ground and excited states and regions for which the electrons or holes are
restricted. Thesehtee band zones describe the enestgyes(valence bandconduction and

band gapas prescribed bhe PauliExclusionPrinciple, atomic coordination and lastly on the
respective electronic structure of the atoms that participate in the bonding process. The

illustration d these energy bandsssen inFigure3.

The valence band represents the highest regieteofron energy, while the conduction band
presents a region of energy sufficient to liberate the electi@band gap zone is the area of
energy that is in between the valence band and the conduction band.
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Figure 3: Energy band¢Bassey, 2014).

Padvi et al. (2021found that metal sulphides are better gassorsvhencompared to their
counterpartsd met al oxi des. Bas e dssloud be h e
investigated. The presence of gas on the sensing elerfleahced the material's conductivjity
which enable gas detection. Currently, metal oxalethe most used in gas sensing process
(Padviet al.,2021)

2.5 Gas sensors system

Gas detections play a vital rale the healthy living througlhe identification of harmful or
toxic gases. Thereforproviding an affordable sensor for chemical practices can alleviate toxic

effecsin our daily life (Padvi et al., 2021).
Gases can be claBed into four types:

1 flammablegases such ds/drogen methane ...,
9 toxic (carbon monoxide, carbon dioxide, hydrogemi | phj de ¢é)
1 asphyxiant (low oxygen concentration makes the environment unsuitable for

respiration.
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1 Inert gases such as Argon, Helium etc.

Excess exposure to nitrogen leads to deficiency of oxygen and this may lead to harmful effects
such as suffocation. Hence it is imperative that the type of gassaiwhdentration as well as
its dynamical changes need to be monitored over time.

The sensing properties of the nanomaterials depetitegas system. Tikis a critical factor

that affects the effectiveness of gas detection. In environmental monitoring, industrial
pollution, medical testing, defence, and military operations, the use and development of gas
sensorsare at highly essential(Yang et al. 2021)When a gas molecule must be in close
proximity to the active layer for a gas sensor system to function, the detection method may
involve a chemical reaction or physical adsorptiorthef gaseous molecules on the surface,
which causes changes in the electrical respodbsr times, the presence of gas will have an
impact on the optical nanostructure resonance with the dielectric characteristics of the gas
sensors(Liu et al. 2011)The sensing mechanism in semiconductors relies on perturbations of
surface conductivity induced by the interaction between taygse¢s and the surface of the
semiconductorA gas sensor's performance is determined by a number of factors, including
sensor responsiveness, sensitivity, selectivity, stability, response, and recovery time. When the
dangerous concentration of the target gas is reached, the wearable sensorsesablddd
operate accurately at room temperature with excellent sensing performance (with improved
sensitivity, detection limit, and response time), and deliver the anticipated response to the users
in reattime (Tanguy et al. 2022)Datacanberetrieved nearbythe sensor to identify damage
(Reshmy et al. 2020).

2.5.1Basic operating principles ofgas sensors

Chemical sensors such as gas sensors work by oxidizing or reducing the gas species at the
electrode of the sensing device. The sensing element's slaaténteractions with the gas
molecules change its physical characteristics. Sensing capacity, capaleility to offer an
observation of a feature of the physical world in the form of measurement data, is determined
by the level of interaction or electrochemidatection.. For most of theolid-stategas sensors,

the major used property is the chamgéhe electricaktonductivity that can be transduced in

work function or alternative energy blye gas solid interaction (Padvi et al., 202Rassey,



2014). The measurands depend on the working mechanism of the sensor, which can be
conductometric, photacoustic, thermal conductivity and cantilever for the electrochemical,
optical, calorimetric and masensitive based sensors, respectiveydyi et al., 202Bassey,

2014; Korotcenkov, 2011) Beside the working mechanism, the reliability of the sensor

depends on its accuracy, stability, and time and frequency responses (Padvi et al., 2021).

The sensor operates in sequences of events as desciiiguares. The receptanteracts with

the gas molecules, and the generated change in prgfscoical information is translated into
chemical energy measured by the transducer as electrical quahtity anticipated that
semiconductor materials would have a porous crystal structure to aid in the adsorption of gas

molecules. This makes it easier for gases to diffuse and receive acf@asvi.et al., 2021).

Gas

INTERACTION BETWEEN GAS MOLECULE

L TECCAN AND SENSING ELEMENT

CHANGE IN PHYSICAL PROPERTY, AND
SIGNAL TRANSFER

Transducer Platform

@ Signals
INTEGRATION, AMPLIFICATION OR

Measuring Electronics DERIVATION
and Circuitry

o

Computer
(Data Processor)

DATA PROCESSING AND TRANSMISSION

Figure 4: Sensing systefiPadvi et al. 2021; Bassey, 2014)

Solid-stategas sensing material general carfbe organic or inorganim which the sensing
element isdepositedas thin or thick films on a nomonductingsupport Because of its
inexpensive cost, wide range of gletection, and straightforward construction, cheesistor
sensors are frequently employed for the detection of combustible and dangerous gases.

Materials for solidstate gas sensors can be categorized in Table 1.
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Tablel: Classification of soliestate gas senso(Padvi et al., 2021)

Solid State Sensors

Types of sensing process

Working Principle

Chemiresistive

Change in materiakesistance
should be notic# when the
gas interacts with

semiconducting material

Chemical field effect

transistor

The change of the targe
analyte concentration due
the presence of Qg
correspond to a changen
the current through th

transistor

Calorimetric

Temperature differense
should benoticed when the
oxidation process take
place. The temperature
change depends on the

concentration of gas.

Potentiometric

The gas concentration affeq
the potential differentia
between the working
electrode and the referen

electrode.

Amperometry

The diffusion current of a
ionic conductordepends of
the gas concentration.

The advantages and drawbacksalidsstategas sensing materssre enumerated

in Table2
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Table2: Advantages of semiconducting seng@®advi et al., 2021)

Advantages

Drawbacks

Inexpensive to manufacture

Non-targeted gas may be adsorbed and f

the detection.

simplicity and scalability

The simplicity depends on the relationsl

between response and gas concentration

Designed for low or high gas concentratio

Individual gas calibration may lead

increasing sensor cost

Can be unstable and inaccuratat high

relative humdlity and varying temperature.

Different gas detection techniques are used such as optical, electrochemical and thermal. Their

advantages and transduction principles are given in Bable

Table3: Comparative study of advantegy@nd drawbacg& of sensors based upon transduction princ{{ledvi et al., 2021).

easesthe workability of
the sensorNot disturked
by the

electromagnetic

presence Q@

interference. Monitoring
and controlareaarevery

wide.

Sensor Type Advantage Drawback Transduction
principle
Optical The absence of oxyge| Affected by light| Absorption,

interference. photoluminescence,
fluorescence,
refractive index and

light scattering

Electrochemical| Low concentrations o
toxic gasesare relatively
detected Wide range of

gases can bidentified.

Failures modes ar Voltometric and

not notice except if| potentiometric
advanced monitoring

techniquas used.

Catalytic Simple to use ang

measures the

flammability of gases

Easily poisoned by Conductivity

lead, chlorine and

silicones

12



Infra-red No observable failure | Monitoring is slow,
modes. Used in inert and more  use
atmospheres and/or| expertise required

physical techniquonly

Thermal Simple to construct| Reacs due to the| Thermometric
Simpleto operatavithout | heating wire.

oxygen.

2.5.2 Transport

The chemical and physical structures of the sensor material and the elenisport should

be well understood fawell-designedyas sensoiThe electronic transport in a sensing system
dependon theshapesand the amoundf microstructural (pores and interfacial boundaries).
These should be wellesigned for better management of the potential bdreieveen the air
(pore) and semiconductor interfa@assey(2014)found also that the transport is challenged

by the trappingdetrapping effect caused by the change in energy and the morphological
disorder. Therefore, the transport mechanism should account for surface diffusion, pore

boundary dfusion and bu{-diffusion.

2.5.3Sensor performance and characteristics

The ®nsor signal can be measured in the form of conductance, which depends on the gas
amount around the sensing element. The stability of the sensor signal at equilibrium is required.
The response efficiency or sensing capacity is measured by the ratio ohahge in
conductivity over the initial conductivity itheair environmentChanges in a material's optical

and dielectric properties are additiomsilaracteristics that can be used to depict the sensing
process. This can be determined by measuring the capacitance of the dielectric after the analyte
gas has been absorb&y. monitoing these changes one can be able to establish the response,
sensitivity and selectivity of the sensor material upon exposure to diverse gases and for a
variety of concentration& well-designed sensor should have higher sensitivity for change in
capacitance on contact wighvery small amount of the gas. If the same matefiaensor is

used,it should providea change in conductivitfor different gaseéit should ke selective), be
reproducible, cost effective, low power consunimayelow response and recovery time, and

display negligible errorRadviet al., 2021).
13



2.6 Summary of Chapter2

The electronic behaviour of the CNTs in a composite materidbnateor accept electrons

places it as a potential sensanaterial Therefore characteriation for quantitative, selective,

and sensitive analyte molecule detectoa required prior to the development of sensor device

for commercialisation. Previous investigations discussed in Chapter 2 showed that SWCNT
and MWCNTimprovethe sensitivitycapacity and response tineehumidity, gas and vapcs.

The way the sensing substance and the sensor interact is a key aspect in determining how well
a detection worksThe wearable sensors should be capable to operate accuratahoas

working or living envionmentalconditionswith high sensing performance

14



CHAPTER 3: EXPERIMENTAL PROCEDURES
AND ANALYTICAL TECHNIQUES

3.1 Introduction

This chapterpresents the methodology used in fabrication of the CNC composite and the
process of doping with CNTs at various concentratidhs.process of developing CN@as
throughTEMPO oxidationroute andthereaftedopants ofd CNT with concentrations in the
range (X ,é.2Z %) was car r i e dhe oouttol oft nmaterialo r m
properties necessitates the -poeeening through characterization for structural,

morphological, thermal and chemical properties. In this respect,

The synthesized materials were characterizedséyeral techniques; thesee Raman
spectroscopyscanning electromicroscope (EM), transmission electron microscopeeM),
X-ray diffraction (XRD), Fourier trasform infrared spectroscopyTR), Thermogravimetric
analysis (TGA) andderivative thermogravimetryDTA). Lastly, we present the method used
to determine the sensing capacity of the doped and pristine Ti¢Ssensing capacity was
measuredirom the changes in the electricalonductivity of the sample before and after

exposurdo theanalytegas.

3.2 Materials

Micro-cellulose papedeveloped in 2018rovided by SAPPI was used as a cellulose source,
distilled water, 2,2,6 4 etramethylpiperidind-oxy (TEMPO), NaBr, NaOCI solution (13
15%), NaOH pellets, HCI (32%), methanol and MWCNTSs (at 95% purity).

3.3 Carbon nanotubes preparation

Figure3: shows a vertically oriented chemical vapour deposition (CVD) reactor used to create
CNT. The CNT was created at 8@using ferrocenas both a catalyst aradcarbon source
(Le et al., 2021)A small amount of the catalyst, ferrocene, was placed inside the vaporiser,
and the setup was connected and sealed with vacieasegk schematic of the CVD system
is shown inFigure5. Nitrogen was pumped through the system to flush out contaminants and

determine any vacuum leakBhe system was then passed throwith argon and acetylene

15
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acting as carrier gases, and the ferrocene was vaporised and carried to the reactor where the
CNT was formed. The cyclone solid carbon product of CNT was collected and characterized
for morphologyusing a scanning electron microscope (SEM) and transmission electron
microscope (TENL

[ Cyclone
=g
iJas Cutlet
J -
iTJas Mer
X X ¥
L'
L
: ].—— Feactor
I 1
1 . #=—— Furnace
\ [\
AL
Ferrocene Vapouriser
Ay

Figure 5: Schematic of the Chemical Vapour Deposition Reactor

3.4 Cellulose nanocrystal preparation

3.4.10xidation

A mass o g of micracellulose paper washredded and dissolved in 400 ohdistilled water

(i.e. at a consistency of 0.5% w/w) and left to stand overnight. A mass of 33 mg of TEMPO
and 330 mg of NaBr were dissolved in the solution using a magnetic stirrer at 700 rpm. The
oxidation was initiated with the addition of 20 mL of NaOCI. The pH of the isoluvas

maintained between 101 by using the required amount of NaOH or HCI. The oxidation was
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allowed to run for a certain period and then terminated using 10 mL of methanol. The solution

was then neutralized (by lowering pH to 7) usingy molHCI.

3.4.2Filtration and Washing
After oxidation, the solution was filtered using a normal filtration system and a vacuum pump.
The dispersion was washed with a total volume of 1.2 L of distilled water to remove TEMPO

and any remaining salt.

3.4.3Sonication and Centrifugation

The CNC was redissolved in distilled water and sonicated for 20 minutes (using Heilscher
ultrasound technology, UP200s) at one cycle and an amplitude percentagk @frbiée bath,
sonication was performed. Centrifuged at 10,000 rpm for 10 minutes, the resultant solution. To

avoid any fungal assaults, the recovered CNC gel was then chilled.

3.5 Carbon nanotubes doped on cellulose nanocrystal

3.5.1CNC/CNT Composite Formation

A mass of50 mg CNC gel was prepared under aridation condition for96 hours and
dissolved in distilled water. MWCNTs were added to the solution at a weightraagng

from 0.2% to 1% in increments of 0.2%. The mixture was then sonicated for 30 minutes using
the same equipment and conditions as in the previousesiton. The process was followed

by centrifugation at 1000 rpm to recover the CNC/CNT gel which was also gefatedat

minus5 °C for similar reasons.

3.5.2SheetForming and Drying

CNC (without CNTs) was dried at an ambient temperature 6€2ZheCNC/CNT mixture

was driedn an oven at 22C, 40°C, 60°C, and 8C°C for 24 hours.A glass surface was used

for casting the films/sheets.

The formed sheets were then analyzed using SEM to determine the surface morphology,
additionally,FTIR was usedo study the degree of oxidation asdpsequent determination of

theelectrical resistancef the resultant cellulose or composite sheets cast on glass
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3.6 Characterization techniques

3.6.1 Scanning electron microscope (SEM)

The surface morphology was recorded with Scanning Electron Microscope (MetizD0S
Japan). Thencidentelectron beam traversdsrougha series of lenses, artdcan interacbn

the specimesurface through reflection, for which the reflected electron beamllected by
detectors. Thentensity of thetransferred electron signa encodedn a colour scheme to
representhe strength of the detected signal. Thaditions for SEMsamplecharacteristicare

that it must be conductive to minimise spabarge which is associated witharging,and it

may lead to imageartefactsthat provide incorrect analytical interpretation and potage
guality/resolution Samples were mounted on metal stubs in a conieand placedt higher

energy electrons between 2 to 1000 keV. The schematic diagram of key components of SEM

used in this works shown inFigure6.

Electron gun——

——— Vacum chamber
Ancde

Condenser kns"@ Electron beam

Condenser lens—

Objective lens—

‘ Backscatter detecto
X-ray detecto | ﬂ'—]

d. 1.! tort:
Sample

Figure 6: Key components of SEM instruméBkoog et al., 2014)

3.6.2 Transmissionelectron microscope (TEM)

TEM works on the same fundamental laws that govern the operation of light micr®scope
except that it achieves more magnification than what light microscopes achieve libeause
light is restricted by its wavelength whereas TEM uses electrons. The wavelength of light is
approximately 600 nm and the wavelength of an electron is 6 pm. The shorter wavelength gives

higher resolution or magnification. Tipeobeused by a TEM instrument originates from the
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electrons(Microscopemaster.com, 2019)EM analysis was used to visualize the change in
the morphology of the nano cellulose fibre sample. In this study, TEM measurements were
done on a Jeol model 1200EX instrument operating at 80 kV. Electrons are easily deflected
and accelerated using an exi field and potential, respectively. Télectronsare transmitted

or scatteredhrough thematerial The nonuniform distribution of electramcontained the
detailed structure of the sampl@he TEM consists of the following critical components that

lead to thedrmation of an imageHgure7):

Electron gun——1

Qi —— Anode

Condenser lens "‘@
i

Objective ———@

aperture lens

Specimen

Intermediate
lens

@—-—Proﬁame lens

E—— Flourescent screen

Figure 7: Key components of TEM instrumé8koog et al., 2014)

3.6.3 Fourier transform infrared spectroscopy(FTIR)

In this technique, the infrared beam after leaving the interferometer passes through an optically
dense crystal witla higher reflective index. After its interaction with the sample, the infrared
spectrum is obtained’he total reaction time of the cellulose with oxidizing agents was six
hours. The concentrations (concentrations) of the oxidizing sodium hypochlorite (NaOCI) and
the catalyst sodium bromide (NaBr) were also doubled and halved. The FTIR spectra of all
cellulose nanofibres obtained were determined and analyzed. The energy absorbed by the
organic groups and subsequent vibrations, stretching, rotation, anchdpeafdfunctional

groups was recorded at specific wavenumbers against absarbaacgans were performed

in the vicinity of650 and 400@m* at a degeeof 4 cml. A schematic diagram of an FTIR

instrument isshown inFigure8.
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Figure 8. Schematic diagram of FTIR spectroscg¢fioog et al., 2014)

3.6.4 Raman spectroscopy

Raman spectroscopic analyassissin assessing thadegree of graphitization and the structural
properties of materialsThis project used the Jobiwvon T6400micro-Ramanspectrometer
(Figure 9), which is equipped with a Ar* ion laser excitationoperating fian excitation

wavelength of 514.5 nm.

Liquid nitrogen was used to cool the chaogeipleddevice (CCD) detectorbefore any
acquisition of the Raman spectrith the spectrometemhe standard silicon sample was used
to calibrate the energy axis 21 ° 0.5 cm™. At room temperature, all measurements were

completed.
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Figure 9: Raman Spectrometer sap for room temperature measuremefisman, 2018).

3.6.5 X-ray diffraction (X RD)

Figure 10 shows an Xray dffractometer (XRD) setup, Bruker 2 PHASER with Cdék U
(1.789A) located in the School dthemistry Powder Xray dffraction is a nordestructive
characterization techniqug investigate the structural information, the structural strain, and
the microstructure of materialkRD analysisof the nano crystéihe cellulosehas shown two
diffraction peaks associated witihe degreecorresponding to the following Miller indices
(200) and (11 At a diffraction angle of about9.1, 20.0and 20.9, the amorphous portion's
intensity was assessed as being the lo®e$t 180°, and the highest intensity bands located
near2 ¢ 26.0° (Ghaemi et a/2018)
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Figure 10: XRD Bruker D2 PHASER with sample holder and interior \(fits CHEM XRD Lab).

3.6.6 Resistivity
All the sampleghat were used for electricebnductivity measurememterecompletely died
overnight in the oven &0 °C underthe temperaturambient The multimeter(Figure 11)
outputtedthe electricalresistanceralues for a 2probe configurationThe same measurement
procedure was carried out for all samples and their readuegs recorded for the same
geometrical configuratiarAs a result, the resistance R and conductance G of a uniform cross
sectional conductor can be calculated as follows:
»w /b

0% (3.1)

0, (3.2)

b
where/Hs the sensor's length in metres (m), A is the esessional area of the conductor in

squaremeters( mj] ) , Gis tlfe eleayioabcponductivity expressedSiemens per meter
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(Sm' Y , a n dis the nfaterialts electrical resistivity (also known as specific electrical
resistance) measured in ohmmeterq L mResistance and conductivity are inversely
proportional(” =1/s). Four measurements were made for each saanehe averageas

taken

Figure 11: Multimeter for measuring resistivity tiesample

Characterization of the sensoractive layer

To determinghe sensing systamabilities,the CNC-CNTs system waglaced inthegaseous
environment while the conductivity was measured. The conductivity was measuredearfyer

5 secondsThe sensor capacityascalculatedrom the expression afquation(3.3).

YPp — PpPTT (3.3)

WhereA ® € & are initial and final conductivities

3.7 Summary of chapter3

In this chapter, we have presented the principles of the suite of analytical techniques for the
characterization of the cellulose samples in their pristine and composite fArooatbination

of spectroscopic techniqudsas been used to examine the structural and morphological
characteristics of the candidate materiaéstly, the suitability of the developed materials for
sensing applications has been examined by monitoring the changes in their electrical properties
in the presence and absence of the gaseompoundsThe sensingnechanismf the

developechanomaterialgan be thoroughly understood by the correlatiothefmorphology,
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the chemical and physicaroperties which have been adequately measured from the

experimental setups used in this prbjec
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CHAPTER 4: RESULTS AND DISCUSSION

Chapter 4oresents a discussion on the result€RCT CNTsobtained from th&EM, TEM,
FTIR, Raman, TGA and DT/Astudies These characterization techniqudsave provided
information on thesurfacemorphologythe chemical bonding and IR actifterctional group
embeddedn thenanomaterialsAdditionally, the structural properties and the thermal stability
of the resulting CNECNT composites have been evaluated from the Raman aray X
diffraction as well as the TGA and DTA methodBhe developed samples were tested using
Ar, COy, H2 and Ngasedo assess their sensiggpacitiesand possibleorrelations between

the physical and chemical properties vitie sensing behaviouos response

4.1 Characterization of cellulose nanocrystal

4.11 Sanning electronmicroscopy (SEM)

The nanocomposite sheets' surface morphology was examined using SEM. Variations in
oxidation time caused changes in the surface morphology of the produced(staetset a.

2021) Oxidation is necessaty increase the number of active sit@s. oxidation time was
increased, individualized cellulosiberswere easily identifiable on the surface of the sheets.

In addition pores started forming on the surface of the stefe#s48 hoursof oxidation the
guantity and size of pores increased as oxidation time was increased from 48, 72 to 96 hours.
The increase in pore size and number also had a part in increasing the transparency of the
sheets. The pore formation is understood to be an indicatiba pfésence afurface absorbed
oxygen ionsThe cellulose fibers would have the same surface charge and would reject one
another electrostatically if carboxylate linkages wérpresent on their surfagglohammed

et al. 2022; Moser, 20)9Therefore, an increase in carboxylate content would thuddesau
increase irthe poe sizeandpore densityas seen ifrigure12. The maximum oxidation time

of 96 hours resulted in the most individualizatiorfiloérs.
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Figure12: SEM images of TEMPOxidized cellulose sheet after oxidation time of (a) 6 hc‘
(b) 24 hours (c) 72 and (d) 96 hours.

Figurel3displaysthe SEM images dfellulose nanocomposite consisting@f 0% CNT, (b)
0.5% CNT, (c) 1% CNT, (d) 1.5% CNT, (e) 2% CNT and (f) 2.5% CiN&cellulose used in
the fabrication of the composite sheet was oxidipe86 hours. The same amount of cellulose
was used in the formation of the composite. The SEM isaigeigure13 show a network of
homogenous interconnected tubular strugtwigch form a porous architecture of thin curved
sheets. These images agree with those observed in the investigaNeparhuceno et al.
(2021) and.iu et al. (2015)The images showed that increasing the CNT content from 0.5 to
2.9 resulted in an aggregation of CNT (as seeRigurell (f)). This effectmay be due to
theinteraction of CNT particles (London dispersion forc&gr(di et al., 202Wwith each other
at specific sites on the oxidized cellulose surfétigher concentrations of CNT could rim
forced through the CNC pore through the blending process' usage of ultrasonic energy.
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Figure 13: SEM images of TEMP-Oxidized cellulose sheet mixed with (a) 0% CNT, (b) 0.5% CNT,
(c) 1% CNT, (d) 1.5% CNT, (e) 2% CNT and (f) 2.5% CNT

4.1.2 Transmission electronmicroscopy(TEM)

Kaushik et al. (2015¢laimed that the cellulose source and the way of preparation affect the
CNC's morphologyTEM micrographs of the CNECNT samplesare shown irFigure14. It

is seen that thaubularlength and widtlvary between 20 70 nm and % 10 nm, respectively.

The presece and increase in the concentratiarfSCNT evidentin Figures 14 (b) to (f). The
observed shape of CNC is rbke, and the images shows the presence of artifaderadriic
particles.This is consistent with the outcomesntiened byCorletto et al. (2022).
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Figure 14: TEM images of TEMP@xidized cellulose sheet mixed with (a) 0% CNT, (b) 0.5% CNT,
(c) 1% CNT, (d) 1.5% CNT, (e) 2% CNT and (f) 2.5% CNT

4.1.3 Fourier transform infrared spectroscopy(FTIR)

Fourier Transform Infrared=TIR) analysis was used to determine the degree of oxidation on
each sampldetermined from the ratio of threlativeintensity of thetiargetfunctional groups
During TEMPOmediated oxidation, the C6 hydroxyl group is selectively converted to a
carboxylate functional groupFTIR analysis indicas the functional groups or bonds
corresponding to the infreed activemoleculesin the sampleThe functional group of interest

in this @ase is the OH (hydroxyljpond; tre signature of this chemicbbndis theabsoption

dips atwave numbers between 3200 and 3600".cim the IR spectra of cellulose a@NC -

CNT samples, the presence of this functional group caddified by a dip in the percentage
transmittance in the@bovementioned egion. Figure 15 (a) shows the IR spectra of the
untreated micraellulose paper. The percentage transmittance of the OH bond in untreated
micro-cellulose paper is 94.5% (FTIR instrument error was 0.5 ch(Wits CHMT FTIR
Lab)) which correspond to the instrument error obediby Smith et al(2011), Esonye edl.
(2019) and Schanofski et ak(Q23. After an oxidation time o#8 hours, the percentage
transmittancencreass to 94.64% as can be seen in Figure 15 Am)increasan oxidation

time to 72 hours results in the percentage transmittaicoeaising to 97.84%, sdaegure15
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(c). The increase in percentage transmittance indicates that the quantity of OH bonds in the
cellulose molecule decreases as the oxidation tinmecisasedhus the degree of oxidation

increases with an increase in oxidation time.

%T,,

. ©

4000 3500 3000 2500 2000 1500 1000 40

Figure 15: FTIR images of TEMP@Xxidized cellulose sheet after oxidation time of (a) 6 hours (b) 24
hoursand (c) 72hours

Figure 15 compares the FTIR spectra ©NC and the CNGCNTs. The absorption peaks at
3325, 2892, 2140, 1952, 1301, 1036 and &3P were attributed to the B stretching of
hydrogen bonds, the -8 stretching vibration, the © of the aromatic ring, the -O-C
pyranose ring skeleton, and thedaC stretching, respectiveliffhis FTIR spectrummatclhes
the spectra pattern atllulose materials synthesized by Pandi et al. (2021 anchaet al.
(2021).

Figurel6showed a FTIR peak at 3325 crin all CNC CNT materials, which confirmed the
O-H stretching vibration of intra and intermolecular hydrogen bond interaction within the
CNC. Low intense peaksvere observed at 2892 and 2140cim all the spectrawhich
correspond to the symmetrical stretching vibratiothefC-H group and ester linkage of the
carboxylic group, respectivethat is in line with the work oBupta et al. (2021)The peak of

the GH bending of the absorbed water was observed at t8%52 A low intensepeak

characteristiof lignin was observed at 1301 dgrwhich showed that ligniwasnot significant
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in the CNC. Thevibration of ether groups {©i C) andtherocking vibration of CH bonds
wereobserved at 1036 and 588r. The FTIR patterns confirmed the structure of CNC, which

was not modified by the addition of CNGupta et al. (2021) also observed similar patterns.

- ~———— CNC - 0.5% CNT
50 C-0-C . ———— CNC - 1% CNT
‘ i ——— CNC - 1.5% CNT
oy | CNC - 2% CNT
Pty CNC - 2.5% CNT
§ o . \‘_
o 1104 i NRT—
3] | L —
% ™ — = T ——
£ 1054 - Q=G p—— .
E | "'. s
g 100" .\rl.'::::'::# _N- 5 S — P
'l: 1 g O arom‘a:c\ - IR'
95 ~ B CH CO OH
3 - CcC-0-C
90
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Figure 16: FTIR images of TEMP@xidized cellulose sheet mixed with (a) 0% CNT, (b) 0.5% CNT,
(c) 1% CNT, (d) 1.5% CNT, (e) 2% CNT and (f) 2.5% CNT

4.1.4 Raman spectra

The Raman spectra @NC-CNT materials displayethainly threecharacteristic bands in the
region of110071 1800cm' ! of thattwo are for the CNTecarbon (D and G)The disordered
carbon and graphite characteristics in the synthesized materials were represented by the Raman
bands at 1351 cm1 and 1583 cm1, respectively, demonstrating the degree of graphitization by
the ratio of carbon D to G intensities (ID/IG). ThepBak is elevated in the mixed materials

due to the presence of disordered cellulose. Table 4 displays the ID/IGTiaidRaman
spedrum for the CNG CNT (Figure17) with major peaks at583and1351 cm?, which is a
characteristic of th€NT G-band andD-band, respectivelghowed similar behaviour as per

the investigation oCorlettoet al.(2022. The presence of CNTs in tmeixed materialsvas
confirmed through Raman, whighesens the signal of thescanned materiatsver the peak of
interest. The CNTs Raman spectrakeak at 1588m'lisd ue t o t? rapheleis Bond p

stretching vibrational modé&herefore, the @and pealconfirmedthe presence of CNTs
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Table4: ID/IG ratio of CNCi CNT samples

% CNT D band G band I/l G ratio
(cm?) (e
0 447 492 0.908
0.5 786 661 1.189
1 925 826 1.120
15 855 678 1.261
2 897 785 1.142
2.5 673 557 1.208

——CNC -0% CNT

1000- ~——— CNC - 0.5% CNT
1831 —— CNC - 1% CNT

I 1583 ——— CNC -1.5% CNT
800 CNC - 2% CNT

CNC - 2.5% CNT
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400 -

Intensity
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Figure 17: Raman spectra of CNC with CNT 0%, 0.5%, 1%, 1.5%, 2% and 2.5%

4.1.5 X-ray diffraction patterns

The XRD pattern of samplegresentedn Figurel18 (with A = 2 - thetg showed mainly three
peaks at 182 26.6 and 40.8. These patterns are consistent vitik results forcellulose
measuredy Yanet al. 013), Kim et al. (2006), Li and Sheng (2009). The increase in CNT
does not affecthe structural phases of tiiNC as evident from th&RD patternsof Figure
18.This implies that the addition &NT does not really modify tHeonding configuration and

theinteraction ofionic species within the CNQrsicture.
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The crystallinity index of the CNIKCNT materials(Table 5) decreasewith increasing
concentratiorof CNT, andthis is attributed t&@1.5 Our resultscorroboratehe observations
of Zhuet al. (2022), Song et al. (2019), Neto et al. (2013) and Salajkova (2012).

The crystallinity index of the CNC samples was analyzed by Bruker-ady Xiffractometer.
The crystallinity index (CI) was calculated fra@h = (12001 lam) X100/ koo

bet we @ 23°andinwas tAe2minimum
18

Where boowas the intensity of 200 peakdd)
intensity between the peaks at 200 and 14§ (I 2 di 192

Table5: The crystallinity index of the synthesized CNC compared to some published investigation

CNC materials Production method | Crystallinity index | References

CNCT 0% CNT Tempo mediation 78.3 This investigation
CNCT 0.5% CNT Tempo mediation 70.6 This investigation
CNCi1 1% CNT Tempo mediation 72.5 This investigation
CNCT 1.5 CNT Tempo mediation 72.7 This investigation
CNCT 2% CNT Tempo mediation 68.5 This investigation
CNCi 2.5 CNT Tempo mediation 66.2 This investigation
CNC from| Acid Hydrolysis 68.7 Song et al. (2019)
Calotropis procera

CNC from Soya Acid Hydrolysis 71.5 Neto et al. (2013)
hulls

TO-NFC Tempo mediation 66 Salajkoveet al.(2012)
CNC 3Hrs Tempo mediation 79 Salajkova et al. (2012
CNCB5Hrs Tempo mediation 80 Salajkova et al. (2012
CNC 7Hrs Tempo mediation 78 Salajkoveet al. (2012)
CNC Tempo mediation 83.4 Zhuet al. (2022)
CCNC Tempo mediation 71.9 Zhuet al. (2022)
TCNF Tempo mediation 59.3 Zhuet al. (2022)
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Figure 18 XRD spectra of CNC with CNT 0%, 0.5%, 1%, 1.5%, 2% and 2.5%

4.1.6 Thermogravimetric analysis (TGA) and derivative gravimetry (DTA)

The TGA curveof CNT in Figure 19 showed a degradation from 186 to 475°C with a
degradation slopef 0.02931 %’C, which agrees with the TGA as per the investigation of
Hoang et al. (2019However, the TGA ofthe CNC curve seen ifrigure 20 showed a sharp
degradation from 250 to 38CQ with a degradation slope of 0.85 %/ The degradation profile

of CNC resembleghe degradation as per the investigationSoariatnia et al. (2023nd

Dehesa et al. (2020)The CNC- CNT TGA graph(Figure21) demonstrated the weight losses

and rates of degradation while heating in a nitrogen atmosphere. The temperature increase
causes the cellulose glycosyl units to depolymerize, dehydrate, and decompose, which results
in the abrupt deterioration slopas per the investigatidiy Dehesa et al. (2020) amiimanh

et al. (2012) When the CNT amount increased from 0.5 to 2.5 %, the degradation slope
decreased as seen in the TGA graph of GNCNT. Figures 20, 21 and 28howedthat the
differential thermal behaviowf the synthesized materials have similar thermal behaviour as
the pure CNCThis is due to the volatile content of CNC compared to CNT.
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Figure 19: TGA and DSC of CNT sample
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Figure 20: TGA and DSC of CNC sample
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Figure21: TGA of CNT, CNECNT 0, 0.5, 1, 1.5, 2 and 2.5% samples

NT
—— CNC - 2.5% CNT

O 04- ~—— CNC - 2.0% CNT
S _ CNC - 1.5% CNT
= CNC - 1.0% CNT
£ 02f ﬂ che -3t e
~ 1 [ - 0.0%
3 007 fffd\_w‘r“i, S
- 1 ILJ . - "-»h,__ e
L ' AN e
= -0.24 F i N
(3] i .‘I
['}]
I -0.4 |
= 1 !
5 061 |
Q 4
-0.8

0 100 200 300 400 500 600 700 800 1000
Temperature (°C)

Figure22: DTAof CNT, CNC, CNENT 0.5, 1, 1.5, 2 and 2.5% samples
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4.2 Properties of carbon nanotubes doped on cellulose nanocrystal
for sensor application

4.2.1 Introduction

The materials developed in this investigation usedsame amount of cellulose for various
nanomaterials added in the template@ gas sensing agent. The sensing response depends on
the CNTs distribution on the template and was more controlled by the amount of CNTs on the
template because the 0% CNT displayed poor responsehdrhegeneouslistribution of

CNTs on the template was achieved using ultrasonication, which enhidweaitfusion of

CNTs on the CNECNTs system. The observed uniform colour of each amount added of CNTs
on the template was an indication of the homogeneity across the surface, but this does not
exclude further hmogeneity testif facilities are available. As discussed above, the sensing
response changed with various amswitCNTs as observett is important to remember that

the TEMPO oxidation was a procedure used to transform the microcellulose material into the
cellulose nanocrystal. Therefore, the CNC molecule could not be denatured by this method.
The modified CNC displayed significant patial for several applications due to the hydroxyl
functional groups present on the surface, resulting in the creaftidiverse materials with

flexible propertiesas discussed by Fareez et al (2021).

It should be noted that the FTIR as known is used to detect different functional groups, which
did not show any difference before and after the gas expdhe availability of an integrated
online FTIR facility that couldbe used to teshsitu the changes in functional groups of the
CNC-CNTssensors ithepresence of the gasesuld have further enhanced our understanding

of the sensing mechanism from the correlabetween the FTIR spectamdthe conductivity

behaviourHowever this was not availablduringthe tenure of the project.

Before the Raman assessment of the 2D peak line shape, a linear background was determined
and subtracted. The focus here was to assess the level of crystallinity and the significance of
the disordered structure through tb&d ratio. The D and G peaksaneassociated with CNTs

and not with the crystalline material CNC. These showed that the CNC was used to

accommodate the amorphous materials, which played the most in the sensing response.

The TGA degradation of CNC resulted in chars as remnant material besidesi@heating

at different temperatures, while CNTe&mstable.
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The conductivity analysis in this investigation assessed the ability of the- CNC material

to detecta gas in order to incorporateais the active layan a sensing devic&eveloping a
simple gas sensor could assist in providing a device that could preventsitonathetoxicity

of gas in our environment. Therefoeeseries of gase®nstituting nitrogen,rgon, hydrogen

and carbon dioxide were investigated due to their intrinsic properties such as inertness,

flammability and toxicity.

4.2.2 Conductivity analysis

The changgin electricalconductivityfor a sensor material of constant dimensions (Constant
length and wdth) asa function of CNT amount using different selected gess discussed in

subsections herein

4.2.2.1 Hfect of the amount of CNT on gas sensing
The increase in CNT has a positive effect on the conductivity of synthesized materials as

function of CNT amount using different selected gasseen irFigure 23. The increased
conductivitiesin generalwere seen from inert to toxic gas, in which the smaller to the highest
werenitrogen, argon, ydrogenandcarbon dioxiderespectivelyJiang et al(2019 observed

a similar patterrof conductivityresponsegsgainst the amount of MWNT embedded in CNC

( Podsi ad gy The mixedrhaterial CN@ NPT )has potentiatonductivity behaviour
whichis due to the interaction between both materials. Zhai et al. (2021) explained how CNC
could play a key role in stabilizing CNT, which enhanced the electrical conductivity and the
sensing performance of mixed materials. Corletto et al. (2022) found thatp@ddQced
through acid hydrolysis allowed better disgien of CNTand improved the conductivity of

the material They also discovered that the various hydrophilic substrates of CNC and CNT
may conduct electricity at great resoluti@mu et al. (2019¥liscovered that CNT is the best
conductor filler for the creation of stain sensors, which was consistent with the results of this
experiment.They also found that the dispersion of CNT had a great effect on the physical and
chemical properties of the mixed materials due to the strong vaNalds interaction. As per
Corletto et al. (2022) investigation, Zhu et al. (2019) explained the dispersion mechanism,

which is caused by the hydrophobic part of CNC with the hydrophobic surface of the CNT.
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Figure 23: Conductivity behaviour with CNT content of the sensor

4.2.2.2 Rlectivity of the gas sensor
Theresults illustrating theelectivity ofthe flammable and toxic gasthatwere investigated

in this work are presented Figure24, for the pristine and composited samples. It is evident
from theFigurethatan exposed CNC CNT sheetsurface with 0.5% CNT shows significant
changes in the conductivity after exposure toaHd CQ. The difference in the conductivity
between selected materials can determine the range of detection limits for these gases through

a choice of critical electrical conductivity of the sensor device.
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Figure 24: Gas sensing range
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4.2.2.3 Sability of the gas sensor

Figure25 showedtheresponse time argtability of the2.5% CNT compositenaterialsupon
exposure to B Hz, Ar and CQ. All the measurements were done at room temperaltuse.

clear that after 10 seconds of exposure to all of these gases, the conductivity remains constant;
this saturation is explained by the fact that only a small volume of gas is needed to cover the
sensor system's surfadénechange in conductivity between 0 te&cond showed the higher

speed of the synthesized materials in sensing the selectéthgatifference in conductivities

could be well seen with the graph of the sensing cap@gigyure26).
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The sensing behaviour varied with the temperature at which the sensor system works.
Assessing the thermal stability of CNTs as supported by Mwakikunga et al. (2@&LBypact

of temperature on the sensing of GIBITs was not the main topic of this work. According

to their analysis, several materials lost their sensing capabilities compared to their initial
capacities at the conclusion of the sensing test, which shvoplair the sensor's ability to
recover.They found that the recovery is almost nearlyfgxly proportional to the response

time. At higher temperatures, the materials exhibit worse ing@asensing and recovery
properties, this maype due to the vibrational and rotational motionstloé particles. They
conclude that sensors that operate at room temperature are more attractive as most of the time
the environment is around room temperature. It recommended that winter temperatures should
be investigated in the future to establish if the am@f CNTs in the CNC should be reduced.
However,this investigatiorhas explored as proof of concepthe utility of CNC T CNTs
composite as an active material for sensor applications of ggleesOn the temperature

range of these composites, reference should be given to the DTA results which have shown
that thermal decomposition occwa).02931 %°C, making it rather difficult to operate these

materials in sensors beyond these temperatures.

4.2.3 Proposed structure of the sensor device

The success in changing the conductivities when the synthesized materiasposed to
selected gases can enable a simple assembly ofICBIIT connected with a conductivity
meter and alarrfFigure27). The alarm can be set from the conductivities of 1 mMand22

( q m)for nitrogen/Argon and Hydrogen/ carbon, respectivdljne device should be
composed of a metal sheet holding the CNCNT at both engl connected to the mini

conductivity meter in which an incorporated alarm could ring when the reexivegdshe set

acceptable conductivityrigure27 provides an overview of the proposed devise.

Sensing Electrode

Gas Channel

Conductivity reading

Sensing Electrode
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Figure 27: proposed sensing devi¢a) of thestructureof the template system, afim) front view of
the sensing device

4.3 Summary of Chapter 4

This chapter showed how the analytical techniques used support the sensing behaviours of the
CNCi1 CNTs samples. The nanomaterials could be fmdtie sensing dhert and toxic gases,

and havea better sensing response time, which is 10 sec@ihs project confirms previous
investigations such as the work done by Mwakikunga et al. (2013) on the ability of
nanomaterials to detect gas@$e ratio of the difference between the resistances in the
presence and absence of gases or the ratio of the difiebetweeen the conductivities in the
presence and absence of gases was used to calculate the changes in the sensing responses of
nanomaterials in the presence of specific gddeskikunga et al. (2013) suggested that the
sensing responses dependthetemperaturat which the sensor is exposed. They found that

the temperature and the response are inversely proportional (Responggercd R gdRabsence

of gag EXP Eabsence of gab Epresence of g3¢ KgT). This could depend on the maads used in the
sensing device as the thermal stability range of the materials can affect the temperature
behaviour and the sensing response. CNTs are thermally stable materials, which could be stable
at sensing gases at different human operating tenupes.a@tutue work should investigate the
sensing response at low (winter) and high (summer) tempesadncethe effect of reirgy the

sensing device (number of cycle and possibly the cleaning process).
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CHAPTER oS! CONCLUSIONS AND
RECOMMENDATIONS

The focus of this investigation was to develop a gas sensor system and test its sensing capacity
through selected gas. The CNGENT materials were developed with excellent conductivity
responsewhich makethem potential gas sensors. The mixed materials were characterized to
assess their morphology, crystallinity, thermal and chemical structures. The characterization
results showed the mixed materials resembled CNC. CNT was well dispersed within CNC
throudh their hydrophilic sides. CNT was found to be thost suitable conductive fillers for

the development dNC - CNT sensorsThe sensing test showed that the condities/were

almost stableafter 10 secors] and gases could be detected even from 0.5% CNT with a
remarkable change in conductivities wéhincreased amount of CNT and type of gas used
(inert, flammable and toxic). It was found that the alarm connected with the conductivity meter
shoul d be set léotinet &d flamrdable® Bxic(gases) respectively with a
positive response betweefl o 30second. Future work should investigate the effectttoé
environment (such asumidity conditions which assist in investigating the-depth charge
transport phenomenduring the sensing process) and temperature at which the device is

exposé.
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APPENDIX

A.1 CNC
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FigureA.1.1.5.a Image of CNC with CNT O% a
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FigureA.1.1.5.c Image of CNC with CNT O#lo c
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FigureA.1.4.2 Image of CNC 1.5 Tempo at PH10
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A.3 CNC doped with CNT in Wt%
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FigureA.3.3.2 CNC with CNT 0.075 % at PH10

CNC with doped CNT 0.14%

Chart Title

9000
8000

m
7000
|
|
I
3000 ]
1000

T o

0

—

76
151
226
301
376
451
526
601
676
751
826
901
976

1051
1126
1201
1276
1351
1426
1501
1576
1651
1726
1801
1876
1951
2026

m Seriesl m Series2
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FigureA.3.3.4 CNC with CNT 0.25 % at PH10

CNC with doped CNT 0.75% at PH 10
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FigureA.3.3.5 CNC with CNT 0.75 %, CNC at PH10

A.3.4 TGA and DTA
Sample CNGCNT 0.075%
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Sample: CNC-CNT 0.075%
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DSC-TGAFile: C:\TA\Data\ SDTiNkazi\CNC-CNT 0.075%
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Figure A.3.4.1 Sample CNGCNT 0.075%

Sample CNGCNT 0.14%

Somrple: CHC-CNT 0.74%
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Figure A.3.4.2 Sample CNGCNT 0.14%

Sample CNGCNT 0.25%
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Sample: CHC-CNT 0.25% DEC-TGA File: CITA Dot SOT Mkazh CHC-CNT 0.25%

] v-2
100 = ™ 04
. . i
" I - Q.2
5 [ L
B0 —
a "'H-_\__ [ '. |
I'I e T ‘-\.\l‘ , 1 Y — I~ ':' ':' E
.- \/ TN 2
E L i
= [ i L s @
= | 44 g
FaF O
] I - -
| L]
0 . - . . . . - . - . - . - 1.0
0 200 4ap0 BOD B0
Exclp Termnperature [“C) Unreersal V4 BA
Figure A.3.4.3 Sample CNGCNT 0.25%
Sample CNGCNT 0.75%
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Figure A.3.4.4 Sample CNGCNT 0.75%

A35TEM
CNC CNT 0.05%
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FigureA.3.5.1 Image of CNC with CNT 0.05%

CNC CNT 0.075%

FigureA.3.5.2 Image of CNC with CNT 0.075%

CNC CNT 0.14%
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CNC CNT 0.25%

FigureA.3.5.4 Image of CNC with CNT 0.25%

CNC CNT 0.75%
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FigureA.3.5.5 Image of CNC with CNT 0.75%

A.3.6 SEM

CNGCNT 0.05 %

FigureA.3.6.1 Image of CNC with 0.05% CNT

CNGCNT 0.075%
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