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ABSTRACT

Sensors are- important devices nowadays that have been instrumental towards the development
of the Internet of Things (1oT) amongst other recent technological innovations. They are used
to detect and respond to some form of input or stimulus from the environment we are living in.
There are different types of sensors in the market nowadays, depending on the materials used
for their manufacture and their applications, namely position sensors, pressure sensors, gas
sensors, etc. Gas sensors use semiconductors as materials. Metal oxides, conducting polymers,
carbon nanotubes, graphene, and transition metal chalcogenides are some semiconductors
materials used in gas sensors. Metal oxides are very good gas sensors materials due to their
low cost, high stability, and sensitivity but their high operating temperature disqualify them.
Conducting polymers are also good sensors materials due to their flexibility and low operating
temperature but they are altered by humidity. To counteract humidity problem, conducting
polymers need to be modified or doped with selected elements or molecules. In this project,
cellulose was drugged with carbon nanotube (CNT) to create a mechanically and chemically
stable structure, which can interact and sense many gases. The chemical and physical properties
of cellulose make it a potential material for the development of conductive and potential
sensing stuff. This led to the focus of this investigation, which is the development of mixed
cellulose nanocrystal (CNC) — CNT materials for sensor application. The CNC was synthesized
through the Tempo oxidation method, and various amounts of CNT were added into the CNC
below the aggregation threshold of 2.5% using ultrasonication to form a CNC — CNT
rectangular sheet. The developed mixed materials were characterized using Scanning Electron
Microscopes (SEM) and Transmission Electron Microscope (TEM) to determine the
morphology. Fourier Transform Infrared (FTIR), Raman Spectroscopy and X-ray Diffraction
(XRD) were employed to investigate the structure of the final material, while TGA has shown

similar degradation temperatures of CNC and CNC — CNT.

SEM images showed an interconnected network-like structure with 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, which was rod-like and
artefactual dendrites particles, and the presence of CNT in the matrix, while FTIR confirmed
the main functional groups of the mixed matrix sheet. The degree of graphitization and
presence of disordered cellulose in the mixed materials were determined by Raman

spectroscopy to vary between 0.98 and 1.2.
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The XRD pattern has shown that the crystallinity index of the CNC — CNT composite is
correlated to the increase in the concentration of CNT. However, the TGA data has shown that
the CNC — CNT materials exhibited similar thermal behaviour, this is expected, since the
concentrations of the composites have similar bonding structure and configuration compared
to the pristine CNC. It is also evident that the increase in CNT content reduces the thermal

degradation (reduced slope) of the CNC.

The research work has developed CNC — CNT materials for sensor applications. The composite
has exhibited sensor response and thereby detected H,, CO2, NO2 and Ar gases at room
temperature through the changes in their electrical conductivities. The ability of CNC-CNT to
respond to these gases at room temperature opens-up the 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 properties (Costa et al., 2021; Tudoroiu et al., 2021).
Inorganic nanoparticles such as oxides of metals and graphene, carbon nanotubes, graphene
and conducting polymers can be added to cellulose to enhance their functionality. The metal
oxide nanomaterial-based sensors 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 other hand, Cellulose type
gas sensors can operate at room temperature with a dynamic sensing range between -10 to 80
°C (Johnson, B. and Kaushal, T., 2004).

Graphene oxide (GO) is a material-based gas sensor which can be used alone or blended with
other materials for good performance. The operating temperature range is between 25 and 250
°C which is higher than that of a cellulose-based sensor (Malik et al., 2020). Conducting
polymers are also used as sensor materials. Their application as sensors is limited by their
complexity in fabrication. Additionally, they are unstable due to their susceptibility to
irreversible oxidation and ultraviolet related degradation (Nikolic et al., 2020).

Over the past few decades, intense research interest has been stimulated by the development in
the design and enhancement of gas sensors. This has been driven in part by the evolution of
nanomaterials with diverse and tuneable functional properties as well as the advancements in
nanotechnology-based fabrication methods or devices. Nano-scale materials embedded in the
sensing material have been reported d by numerous groups and in copious amounts of literature
(Malik et al, 2020). To detect different concentrations of NO-, a single wall carbon nanotube
(SWCNT) based sensor, prepared by blending hydroxypropyl-cellulose and SWCNT was used
by Karthigeyan et al. (2008). The low operating temperature made this sensor better than metal

oxide nanomaterial-based sensors.



The degree of electrical conductivity, ON-OFF ratio of electro-optical switching behaviour
and electrochemical redox properties are highly dependent on the morphological structures of
cellulosic materials (Lapka et al., 2021; Li etal., 2021; Zhao et al., 2021). The stimuli-response
relation makes the cellulosic materials viable sensor for various applications; therefore, to
enhance its sensor capacity, (Guo and Zhang, 2021; Olvera and Monaghan, 2021; Palencia et
al., 2021; Xu et al., 2021). Researchers demonstrate the gas sensing potential of cellulose
materials embedded with nanoparticles such as tin dioxide, copper oxide and zinc oxide, which
can assist for the development of innovative cellulose-based gas sensors (Hittini et al., 2020;
Ivanova et al., 2020; Rahman et al., 2021; Yang et al., 2020; Zhou et al., 2020).

1.2. Problem statement

The use of cellulose-based materials as sensors is essential for reducing the negative effects of
excessive hazardous gas consumption on the environment and human health (Li et al., 2021;
Mahapatra et al., 2021; Phasuksom et al., 2021; Rivadeneyra et al., 2021; Ummartyotin and
Manuspiya, 2015). In some instances, these gases though toxic in small concentrations are
likely to be undetected by oxide-based sensors. Therefore, undetected gases pose huge
concerns not only to the environment but also in their propensity to lead to serious illnesses or
health hazards. Therefore, developing a simple and cheaper gas sensor system can aid in
monitoring gases at low concentrations and standard conditions, in this project, we surmise that
the application of a cellulose nanocrystal-carbon nanotube composite provides a cost friendly
pathway towards the development of a sensor with the following functionalities or performance

benchmarks:

e low operating temperature,

e good selectivity to a wide variety or range of gases,

e good sensitivity to low gas concentration and

e Lastly, easier to fabricate and deploy relative to the above derivatives of nanomaterials

discussed in section 1.1.

1.3. Aims and objectives

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

gases. This was achieved through the following objectives:



e To Synthesize CNC — CNT mixed nanomaterials and assess their morphology,
chemical and physical structures, thermal behaviour and crystallinity status;

e To investigate the effect of CNTs concentrations (0, 0.5, 1.0, 1.5, 2.0 and 2.5 %) on
the sensing behaviours of the mixed nanomaterials.

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

e To investigate the effect of exposure time (5, 10, 15, 20, 25, 30 and 35 seconds) on
the sensing capacity of the mixed nanomaterials;

e To propose a sensor device structure based on the sensing behaviour of the mixed

nanomaterials.

1.4. Dissertation Outline

Background information on the research topics, problem statement, and hypotheses are
provided in the introduction chapter. In order to place the upcoming research within the pre-
existing theoretical paradigms and underline areas where more research is necessary, Chapter
2 summarizes pertinent literature and covers the 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 the synthesis 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 behaviours are reported in Chapter 4, along with the descriptive statistics and
statistical analysis's conclusions, which is then followed by a summary in Chapter 5 that
incorporates the research's observations, discussions, and any possible suggestions for
additional research.



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 applications (Khalid et al., 2021;
Subhedar et al., 2021; Varshney et al., 2021; Wu et al., 2021). These applications are due to its
renewable nature, anisotropic shape, exceptional mechanical behaviour, excellent
biocompatibility, tailorable surface chemistry, and good optical properties (Fareez et al., 2021;
Guan et al., 2021; Lv et al., 2021; Motaung, 2021; Nivethithaa and Baskar, 2021). These
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 nanoparticles (Ross 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 properties of polymer via the
homogenous distribution of CNTs. The use of CNT-polymer composites as functional
materials for organic transistor devices, gas sensors, biosensors, and chemical vapour sensors
has increased recently. CNT-polymer composites provide many characteristics for quantitative,
selective, and sensitive analyte molecule detection in sensor applications. The CNTs in the
composites function as a conducting network and as self-detection molecules by giving and
taking electrons (Yun & Kim, 2010). SWCNT has been used in cellulose in order to improve
the sensitivity to humidity, gas and vapours within a wide range (Han et al., 2012). The reason
being in this project MWCNT was employed on cellulose paper for sensing several gasses such
as CO2, Nz, Ar, CO and Ha.

The interaction of the target gas with the sensor materials determines the gas sensing
selectivity, which is defined as a surface-controlled process in which the reactive sites' sizes,
porosity, surface states, and oxygen content in the cellulose all affect the sensing 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 conductive materials (Wang et al., 2019). To enhance their
electrical conductivity, suitable choice of dopants and their concentrations are required. The
mobility of the charged flaws in the conjugated framework serves as their conduction
mechanism (Padvi et al., 2021). Additionally, phonon-activated 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 not thermoplastics but can have high electrical
conductivity with different mechanical properties compared to other commercial polymers
(John and Thomas, 2003).

Cellulose-based electro-conductive composites can be prepared by adding electroactive
materials to the cellulose material due to the hydrophilic compatibility of both materials. The
addition of inorganic nanoparticles through doping, blending or coating allows the formation
of an architectural structure within the cellulose matrix. The co-network structure formed can
be tested for its electrical conductivity (Durfresne and Vignon, 2000; Wu et al., 2016). Figure

1 shows the distinct routes of synthesis of the cellulose-based conductive composite.

Cellulose Solution Cellulose as a solid matrix

Conductive Materials

[ \

Conductive Carbon Graphene Inorganic lonic Liquids

Polymers Nanotubes Nanoparticles
Blending ————— Doping
/
I Composite l
_____ .I
_____ I
Coating

Figure 1: Synthesis routes (Durfresne and Vignon, 2000)



Polymer-doped nanoparticles exhibit superior qualities over alternative gas sensors at room
temperature operation, provide good mechanical properties and with cost-effective and simple
route of preparation. Therefore, the improvement of their long-term stability, selectivity and
reversibility can make them commercially competitive (Padvi et al., 2021). Other possibilities

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

2.3 Carbon nanotubes

Carbon nanotubes (CNTs) are nanomaterials that can be fabricated with tuneable—electrical
conductivity of its lattice structure. The 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 properties (Padvi, 2021; Pei et al., 2010). Carbon nanotubes come in a variety of
varieties, mostly classified as single-walled (SWNT) or multi-walled nanotubes (MWNT), as
seen in Figure 2. While MWNTSs are made up of numerous concentric rolled out graphene
layers, SWNTSs are formed of a single layer of graphene sheet that has been flawlessly rolled
into a cylindrical tube (Siro and Placket, 2010).

Due to their high surface-to-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 noise (Yun & Kim, 2010; Padvi, 2021).
Based on the gas's interaction with the sensing element and its adsorption and desorption, the

CNTs have a low response and recovery rate, though.

SW-CNTs

Figure 2: CNTs structures (Siro and Placket, 2010)



2.4 Semiconducting metal oxides for sensor applications

Semiconducting nanoparticles based on metallic oxides show unique excellent qualities of
optical, electrical, thermal and catalytic properties. For that reason, semiconductors have
attracted significant interest in the fabrication of various electrochemical sensors. There are
chemo-resistance sensors, in which the sensing element is a semiconducting material
sandwiched between two metallic electrodes. They exhibit excellent electron and phonon
confinement sensitivity, higher response-recovery time and strong adsorption ability due to
their chemical composition as made from transition or post-transition metals with oxygen
(Bassey, 2014). Bassey (2014) found that ballistic transport, coulomb blockade effects and
energy band model characterize their electronic behaviours. The electronic band structure is
represented by the dispersion of the electron energy with its momentum. Therefore, based on
guantum mechanical principles we 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. These three band zones describe the energy states (valence band, conduction and
band gap) as prescribed by the Pauli-Exclusion Principle, atomic coordination and lastly on the
respective electronic structure of the atoms that participate in the bonding process. The

illustration of these energy bands is seen in Figure 3.

The valence band represents the highest region of electron energy, while the conduction band
presents a region of energy sufficient to liberate the electron. The 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 bands (Bassey, 2014).

Padvi et al. (2021) found that metal sulphides are better gas sensors when compared to their
counterparts’ metal oxides. Based on the presence of sulphur, alternative sensors should be
investigated. The presence of gas on the sensing element influenced the material's conductivity,
which enable gas detection. Currently, metal oxides are the most used in gas sensing process
(Padvi et al., 2021)

2.5 Gas sensors system

Gas detections play a vital role in the healthy living through the identification of harmful or
toxic gases. Therefore, providing an affordable sensor for chemical practices can alleviate toxic
effects in our daily life (Padvi et al., 2021).

Gases can be classified into four types:

e flammable gases such as hydrogen, methane ...,
e toxic (carbon monoxide, carbon dioxide, hydrogen sulphide ...),
e asphyxiant (low oxygen concentration makes the environment unsuitable for

respiration.



e 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 gas and its concentration as well as
its dynamical changes need to be monitored over time.

The sensing properties of the nanomaterials depend on the gas system. This is 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
sensors are 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 adsorption of the gaseous molecules on the surface,
which causes changes in the electrical responses. Other 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 target gases and the surface of the
semiconductor. A 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 sensors should be able to
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 real-time (Tanguy et al. 2022). Data can be retrieved nearby the sensor to identify damage
(Reshmy et al. 2020).

2.5.1 Basic operating principles of gas 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 surface-level interactions with the gas
molecules change its physical characteristics. Sensing capacity, or the capability 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 electrochemical detection... For most of the solid-state gas sensors,
the major used property is the change in the electrical conductivity that can be transduced in

work function or alternative energy by the gas — solid interaction (Padvi et al., 2021; Bassey,



2014). The measurands depend on the working mechanism of the sensor, which can be
conductometric, photo-acoustic, thermal conductivity and cantilever for the electrochemical,
optical, calorimetric and mass-sensitive based sensors, respectively (Padvi et al., 202; Bassey,
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 described in Figure 4. The receptor interacts with
the gas molecules, and the generated change in physico-chemical information is translated into
chemical energy measured by the transducer as electrical quantity. It is 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 across it. (Padvi et al., 2021).

Gas

INTERACTION BETWEEN GAS MOLECULE

\ Receptor AND SENSING ELEMENT

CHANGE IN PHYSICAL PROPERTY, AND
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INTEGRATION, AMPLIFICATION OR

Measuring Electronics DERIVATION
and Circuitry

o

Computer
(Data Processor)

DATA PROCESSING AND TRANSMISSION

Figure 4: Sensing system (Padvi et al., 2021; Bassey, 2014)

Solid-state gas sensing material in general can be organic or inorganic in which the sensing
element is deposited as thin or thick films on a non-conducting support. Because of its
inexpensive cost, wide range of gas detection, and straightforward construction, chemo-resistor
sensors are frequently employed for the detection of combustible and dangerous gases.

Materials for solid-state gas sensors can be categorized in Table 1.
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Table 1: Classification of solid-state gas sensors (Padvi et al., 2021)

Types of sensing process Working Principle

Chemiresistive Change in material resistance
should be noticed when the
gas interacts with

semiconducting material

Chemical field effect | The change of the target
transistor analyte concentration due to
the  presence of gas
corresponds to a change in
the current through the

Solid State Sensors transistor

Calorimetric Temperature differences
should be noticed when the
oxidation  process takes
place. The temperature
change depends on the

concentration of gas.

Potentiometric The gas concentration affects
the potential differential
between the  working
electrode and the reference

electrode.

Amperometry The diffusion current of an

ionic conductor depends on

the gas concentration.

The advantages and drawbacks of solid-state gas sensing materials are enumerated,
in Table 2
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Table 2: Advantages of semiconducting sensors (Padvi et al., 2021)

Advantages

Drawbacks

Inexpensive to manufacture

Non-targeted gas may be adsorbed and false

the detection.

simplicity and scalability

The simplicity depends on the relationship

between response and gas concentration

Designed for low or high gas concentration

Individual gas calibration may lead to

increasing sensor cost

Can be unstable and inaccurate at high

relative humidity and varying temperature.

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

advantages and transduction principles are given in Table 3.

Table 3: Comparative study of advantages and drawbacks of sensors based upon transduction principle (Padvi et al., 2021).

the sensor. Not disturbed
by the

electromagnetic

presence of

interference. Monitoring
and control area are very

wide.

Sensor Type Advantage Drawback Transduction
principle
Optical The absence of oxygen | Affected by light | Absorption,
eases the workability of | interference. photoluminescence,

fluorescence,
refractive index and

light scattering

Electrochemical | Low concentrations of
toxic gases are relatively
detected. Wide range of

gases can be identified.

Failures modes are | VVoltometric and

not notice except if | potentiometric
advanced monitoring

technique is used.

Catalytic Simple to use and
measures the
flammability of gases

Easily poisoned by | Conductivity
lead, chlorine and
silicones
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Infra-red No observable failure | Monitoring is slow
modes. Used in inert|and more  user
atmospheres and/or | expertise required

physical techniques only

Thermal Simple to construct. | Reacts due to the | Thermometric
Simple to operate without | heating wire.

oxygen.

2.5.2 Transport

The chemical and physical structures of the sensor material and the electron transport should
be well understood for a well-designed gas sensor. The electronic transport in a sensing system
depends on the shapes and the amount of microstructural (pores and interfacial boundaries).
These should be well designed for better management of the potential barrier between the air
(pore) and semiconductor interface. Bassey (2014) found also that the transport is challenged
by the trapping-detrapping effect caused by the change in energy and the morphological
disorder. Therefore, the transport mechanism should account for surface diffusion, pore-

boundary diffusion and bulk-diffusion.

2.5.3 Sensor performance and characteristics

The sensor 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 of the change in
conductivity over the initial conductivity in the air environment. Changes in a material's optical
and dielectric properties are additional characteristics 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 absorbed. By monitoring 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 concentrations. A well-designed sensor should have higher sensitivity for change in
capacitance on contact with a very small amount of the gas. If the same material of sensor is
used, it should provide a change in conductivity for different gases (it should be selective), be
reproducible, cost effective, low power consumer, have low response and recovery time, and

display negligible error (Padvi et al., 2021).
13



2.6 Summary of Chapter 2

The electronic behaviour of the CNTs in a composite material to donate or accept electrons
places it as a potential sensor material. Therefore, characterisation for quantitative, selective,
and sensitive analyte molecule detection are required prior to the development of sensor device
for commercialisation. Previous investigations discussed in Chapter 2 showed that SWCNT
and MWCNT improve the sensitivity capacity and response time to humidity, gas and vapours.
The way the sensing substance and the sensor interact is a key aspect in determining how well
a detection works. The wearable sensors should be capable to operate accurately at various

working or living environmental conditions with high sensing performance.
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CHAPTER 3: EXPERIMENTAL PROCEDURES
AND ANALYTICAL TECHNIQUES

3.1 Introduction

This chapter presents the methodology used in fabrication of the CNC composite and the
process of doping with CNTSs at various concentrations. The process of developing CNC was
through TEMPO oxidation route, and thereafter dopants of d CNT with concentrations in the
range (X ,....Z %) was carried out to form the CNC composite.. The control of material
properties necessitates the pre-screening through characterization for structural,

morphological, thermal and chemical properties. In this respect,

The synthesized materials were characterized by several techniques; these are Raman
spectroscopy, scanning electron microscope (SEM), transmission electron microscope (TEM),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTA). Lastly, we present the method used
to determine the sensing capacity of the doped and pristine CNS. The sensing capacity was
measured from the changes in the electrical conductivity of the sample before and after

exposure to the analyte gas.

3.2 Materials

Micro-cellulose paper developed in 2018 provided by SAPPI was used as a cellulose source,
distilled water, 2,2,6,6-Tetramethylpiperidine-1-oxy (TEMPO), NaBr, NaOCI solution (13-
15%), NaOH pellets, HCI (32%), methanol and MWCNTS (at 95% purity).

3.3 Carbon nanotubes preparation

Figure 3: shows a vertically oriented chemical vapour deposition (CVD) reactor used to create
CNT. The CNT was created at 800°C using ferrocene as both a catalyst and a carbon 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 vacuum grease. A schematic of the CVD system
is shown in Figure 5. Nitrogen was pumped through the system to flush out contaminants and

determine any vacuum leaks. The system was then passed through with argon and acetylene
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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 morphology using a scanning electron microscope (SEM) and transmission electron
microscope (TEM).
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Figure 5: Schematic of the Chemical Vapour Deposition Reactor

3.4 Cellulose nanocrystal preparation

3.4.1 Oxidation

A mass of 2 g of micro-cellulose paper was shredded and dissolved in 400 ml of distilled 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 solution was

maintained between 10-11 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) using 0.1 mol HCI.

3.4.2 Filtration 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.

3.4.3 Sonication 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 percentage of 50. In an ice 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

3.5.1 CNC/CNT Composite Formation

A mass of 50 mg CNC gel was prepared under an oxidation condition for 96 hours and
dissolved in distilled water. MWCNTSs were added to the solution at a weight ratio ranging
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 previous sub-section. The process was followed
by centrifugation at 10 000 rpm to recover the CNC/CNT gel which was also refrigerated at

minus 5 °C for similar reasons.

3.5.2 Sheet-Forming and Drying

CNC (without CNTs) was dried at an ambient temperature of 22°C. The CNC/CNT mixture
was dried in an oven at 22 °C, 40 °C, 60 °C, and 80 °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 used to study the degree of oxidation and, subsequent determination of

the electrical resistance of 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 (Model: S-4300,
Japan). The incident electron beam traverses through a series of lenses, and it can interact on
the specimen surface through reflection, for which the reflected electron beam is collected by
detectors. The intensity of the transferred electron signal is encoded in a colour scheme to
represent the strength of the detected signal. The conditions for SEM sample characteristics are
that it must be conductive to minimise space charge which is associated with charging, and it
may lead to image artefacts that provide incorrect analytical interpretation and poor image
quality/resolution. Samples were mounted on metal stubs in a coater unit and placed at higher
energy electrons between 2 to 1000 keV. The schematic diagram of key components of SEM

used in this work is shown in Figure 6.
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Figure 6: Key components of SEM instrument (Skoog et al., 2014)

3.6.2 Transmission electron microscope (TEM)

TEM works on the same fundamental laws that govern the operation of light microscopes
except that it achieves more magnification than what light microscopes achieve because the
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. The probe used by a TEM instrument originates from the
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electrons (Microscopemaster.com, 2015). TEM 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 external field and potential, respectively. The electrons are transmitted
or scattered through the material. The non-uniform distribution of electrons contained the
detailed structure of the sample. The TEM consists of the following critical components that

lead to the formation of an image (Figure 7):
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Figure 7: Key components of TEM instrument (Skoog 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 with a higher reflective index. After its interaction with the sample, the infrared
spectrum is obtained. The 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, and bending of functional
groups was recorded at specific wavenumbers against absorbance. The scans were performed
in the vicinity of 650 and 4000 cm™ at a degree of 4 cm™. A schematic diagram of an FTIR

instrument is shown in Figure 8.
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Figure 8: Schematic diagram of FTIR spectroscopy (Skoog et al., 2014)

3.6.4 Raman spectroscopy

Raman spectroscopic analysis assists in assessing the degree of graphitization and the structural
properties of materials. This project used the Jobin-Yvon T6400 micro-Raman spectrometer
(Figure 9), which is equipped with an Ar* ion laser excitation operating at an excitation

wavelength of 514.5 nm.

Liquid nitrogen was used to cool the charge-coupled device (CCD) detector before any
acquisition of the Raman spectra with the spectrometer. The standard silicon sample was used
to calibrate the energy axis at 521 + 0.5 cm™. At room temperature, all measurements were

completed.
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Figure 9: Raman Spectrometer set-up for room temperature measurements (Usman, 2018).

3.6.5 X-ray diffraction (XRD)

Figure 10 shows an X-ray diffractometer (XRD) setup, Bruker 2 PHASER with Co-Ka
(1.789A)) located in the School of Chemistry. Powder X-ray diffraction is a non-destructive
characterization technique, to investigate the structural information, the structural strain, and
the microstructure of materials. XRD analysis of the nano crystalline cellulose has shown two
diffraction peaks associated with the degree corresponding to the following Miller indices
(200) and (110). At a diffraction angle of about 19.1°, 20.0°and 20.9°, the amorphous portion's
intensity was assessed as being the lowest 26 = 18.0°, and the highest intensity bands located
near 20 = 26.0° (Ghaemi et al., 2018)
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Figure 10: XRD Bruker D2 PHASER with sample holder and interior view (Wits CHEM XRD Lab).

3.6.6 Resistivity

All the samples that were used for electrical conductivity measurement were completely dried
overnight in the oven at 50 °C under the temperature-ambient. The multimeter (Figure 11)
outputted the electrical resistance values for a 2- probe configuration. The same measurement
procedure was carried out for all samples and their readings were recorded for the same
geometrical configuration. As a result, the resistance R and conductance G of a uniform cross-

sectional conductor can be calculated as follows:

{
G=0% (3.2)

where £ is the sensor's length in metres (m), A is the cross-sectional area of the conductor in

square meters (m?), o (sigma) is the electrical conductivity expressed in Siemens per meter
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(S:m™), and p (rho) is the material's electrical resistivity (also known as specific electrical
resistance) measured in ohmmeter (Q-m). Resistance and conductivity are inversely
proportional (p =1/c). Four measurements were made for each sample and the average was

taken.

Figure 11: Multimeter for measuring resistivity of the sample

Characterization of the sensor active layer

To determine the sensing system’s abilities, the CNC-CNTs system was placed in the gaseous
environment while the conductivity was measured. The conductivity was measured after every

5 seconds. The sensor capacity was calculated from the expression of equation (3.3).

O|—OF

S (%) = X 100 (3.3)

Oop

Where o, and oy are initial and final conductivities.

3.7 Summary of chapter 3

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 format. A combination
of spectroscopic techniques has been used to examine the structural and morphological
characteristics of the candidate materials. Lastly, 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 gaseous compounds. The sensing mechanisms of the

developed nanomaterials can be thoroughly understood by the correlation of the morphology,
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the chemical and physical properties, which have been adequately measured from the

experimental setups used in this project.
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CHAPTER 4: RESULTS AND DISCUSSION

Chapter 4 presents a discussion on the results of CNC — CNTs obtained from the SEM, TEM,
FTIR, Raman, TGA and DTA studies. These characterization techniques have provided
information on the surface morphology, the chemical bonding and IR active functional groups
embedded in the nanomaterials. Additionally, the structural properties and the thermal stability
of the resulting CNC-CNT composites have been evaluated from the Raman and X-ray
diffraction as well as the TGA and DTA methods. The developed samples were tested using
Ar, CO, Hz and N gases to assess their sensing capacities, and possible correlations between

the physical and chemical properties with the sensing behaviours or response.

4.1 Characterization of cellulose nanocrystal

4.1.1 Scanning electron microscopy (SEM)

The nanocomposite sheets' surface morphology was examined using SEM. Variations in
oxidation time caused changes in the surface morphology of the produced sheets. (Pandi et al.,
2021). Oxidation is necessary to increase the number of active sites. As oxidation time was
increased, individualized cellulose fibers were easily identifiable on the surface of the sheets.
In addition, pores started forming on the surface of the sheets after 48 hours of oxidation, the
quantity 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 indication of the presence of surface absorbed
oxygen ions. The cellulose fibers would have the same surface charge and would reject one
another electrostatically if carboxylate linkages weren't present on their surface (Mohammed
et al. 2022; Moser, 2019). Therefore, an increase in carboxylate content would thus lead to an
increase in the pore size and pore density as seen in Figure 12. The maximum oxidation time

of 96 hours resulted in the most individualization of fibers.
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Figure 12: SEM images of TEMPO-oxidized cellulose sheet after oxidation time of (a) 6 hours
(b) 24 hours (c) 72 and (d) 96 hours.
Figure 13 displays the SEM images of cellulose nanocomposite consisting of (a) 0% CNT, (b)
0.5% CNT, (c) 1% CNT, (d) 1.5% CNT, (e) 2% CNT and (f) 2.5% CNT, the cellulose used in
the fabrication of the composite sheet was oxidized for 96 hours. The same amount of cellulose
was used in the formation of the composite. The SEM images of Figure 13 show a network of
homogenous interconnected tubular structure, which form a porous architecture of thin curved
sheets. These images agree with those observed in the investigation of Nepomuceno et al.
(2021) and Liu et al. (2015). The images showed that increasing the CNT content from 0.5 to
2.5% resulted in an aggregation of CNT (as seen in Figure 11 (f)). This effect may be due to
the interaction of CNT particles (London dispersion forces) (Pandi et al., 2021) with each other
at specific sites on the oxidized cellulose surface. Higher concentrations of CNT could not be

forced through the CNC pore through the blending process' usage of ultrasonic energy.
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Figure 13: SEM images of TEMPO-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 electron microscopy (TEM)

Kaushik et al. (2015) claimed that the cellulose source and the way of preparation affect the
CNC's morphology. TEM micrographs of the CNC - CNT samples are shown in Figure 14. It
is seen that the tubular length and width vary between 20 — 70 nm and 5 — 10 nm, respectively.
The presence and increase in the concentrations of CNT evident in Figures 14 (b) to (f). The
observed shape of CNC is rod-like, and the images shows the presence of artifactual dendritic
particles. This is consistent with the outcomes mentioned by Corletto et al. (2022).
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Figure 14: TEM images of TEMPO-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

4.1.3 Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) analysis was used to determine the degree of oxidation on
each sample determined from the ratio of the relative intensity of the target functional groups.
During TEMPO-mediated oxidation, the C6 hydroxyl group is selectively converted to a
carboxylate functional group. FTIR analysis indicates the functional groups or bonds
corresponding to the infra-red active molecules in the sample. The functional group of interest,
in this case, is the OH (hydroxyl) bond; the signature of this chemical bond is the absorption
dips at wave numbers between 3200 and 3600 cm™. In the IR spectra of cellulose and CNC -
CNT samples, the presence of this functional group can be identified by a dip in the percentage
transmittance in the above-mentioned region. Figure 15 (a) shows the IR spectra of the
untreated micro-cellulose paper. The percentage transmittance of the OH bond in untreated
micro-cellulose paper is 94.56 % (FTIR instrument error was 0.5 cm~ (Wits CHMT FTIR
Lab)) which correspond to the instrument error obtained by Smith et al. (2011), Esonye et al.
(2019) and Schanofski et al. (2023). After an oxidation time of 48 hours, the percentage
transmittance increases to 94.64% as can be seen in Figure 15 (b). An increase in oxidation

time to 72 hours results in the percentage transmittance increasing to 97.84%, see Figure 15
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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 time is increased; hus the degree of oxidation

increases with an increase in oxidation time.
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Figure 15: FTIR images of TEMPO-oxidized cellulose sheet after oxidation time of (a) 6 hours (b) 24
hours and (c) 72 hours

Figure 15 compares the FTIR spectra of CNC and the CNC-CNTs. The absorption peaks at
3325, 2892, 2140, 1952, 1301, 1036 and 539 cm ™! were attributed to the O-H stretching of
hydrogen bonds, the C-H stretching vibration, the C-O of the aromatic ring, the C-O-C
pyranose ring skeleton, and the C-O-C stretching, respectively. This FTIR spectrum matches
the spectra pattern of cellulose materials synthesized by Pandi et al. (2021) and Verma et al.
(2021).

Figure 16 showed an FTIR peak at 3325 cm™ in all CNC-CNT materials, which confirmed the
O-H stretching vibration of intra and intermolecular hydrogen bond interaction within the
CNC. Low intense peaks were observed at 2892 and 2140 cm™ in all the spectra, which
correspond to the symmetrical stretching vibration of the C-H group and ester linkage of the
carboxylic group, respectively that is in line with the work of Gupta et al. (2021). The peak of
the O-H bending of the absorbed water was observed at 1952 cm™. A low intense peak

characteristic of lignin was observed at 1301 cm™, which showed that lignin was not significant
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in the CNC. The vibration of ether groups (C—O-C) and the rocking vibration of C—H bonds
were observed at 1036 and 539 cm™. The FTIR patterns confirmed the structure of CNC, which
was not modified by the addition of CNT. Gupta et al. (2021) also observed similar patterns.
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Figure 16: FTIR images of TEMPO-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

4.1.4 Raman spectra

The Raman spectra of CNC-CNT materials displayed mainly three characteristic bands in the
region of 1100 — 1800 cm™* of that two are for the CNT carbon (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). The D peak is elevated in the mixed materials
due to the presence of disordered cellulose. Table 4 displays the ID/IG ratio. The Raman
spectrum for the CNC - CNT (Figure 17) with major peaks at 1583 and 1351 cm ™, which is a
characteristic of the CNT G-band and D-band, respectively showed similar behaviour as per
the investigation of Corletto et al. (2022). The presence of CNTs in the mixed materials was
confirmed through Raman, which presents the signal of the scanned materials over the peak of
interest. The CNTs Raman spectral peak at 1583 cm™ is due to the C—C sp? graphene's bond

stretching vibrational mode. Therefore, the G-band peak confirmed the presence of CNTSs.
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Table 4: ID/IG ratio of CNC — CNT samples

% CNT D band G band Io/lG ratio
(cm™) (cm™)
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
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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 samples presented in Figure 18 (with A = 2 - theta) showed mainly three
peaks at 18.2° 26.6° and 40.5°. These patterns are consistent with the results for cellulose
measured by Yan et al. (2013), Kim et al. (2006), Li and Sheng (2009). The increase in CNT
does not affect the structural phases of the CNC as evident from the XRD patterns of Figure
18. This implies that the addition of CNT does not really modify the bonding configuration and

the interaction of ionic species within the CNC structure.
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The crystallinity index of the CNC-CNT materials (Table 5) decrease with increasing

concentration of CNT, and this is attributed to 71.5. Our results corroborate the observations
of Zhu et al. (2022), Song et al. (2019), Neto et al. (2013) and Salajkova (2012).

The crystallinity index of the CNC samples was analyzed by Bruker D4 X-ray diffractometer.

The crystallinity index (CI) was calculated from CI = (I200 — lam) X100/ 1200

Where l200 was the intensity of 200 peak (l200) between 26 =22 — 23° and lam Was the minimum
intensity between the peaks at 200 and 110 (lam) 26 = 18-19°.

Table 5: The crystallinity index of the synthesized CNC compared to some published investigation

CNC materials Production method | Crystallinity index | References

CNC - 0% CNT Tempo mediation 78.3 This investigation
CNC -0.5% CNT Tempo mediation 70.6 This investigation
CNC - 1% CNT Tempo mediation 72.5 This investigation
CNC -1.5% CNT Tempo mediation 72.7 This investigation
CNC - 2% CNT Tempo mediation 68.5 This investigation
CNC - 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 Salajkova et al. (2012)
CNC 3Hrs Tempo mediation 79 Salajkova et al. (2012)
CNC 5Hrs Tempo mediation 80 Salajkova et al. (2012)
CNC 7Hrs Tempo mediation 78 Salajkova et al. (2012)
CNC Tempo mediation 83.4 Zhu et al. (2022)
CCNC Tempo mediation 71.9 Zhu et al. (2022)
TCNF Tempo mediation 59.3 Zhu et 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 curve of CNT in Figure 19 showed a degradation from 185 °C to 475 °C with a
degradation slope of 0.02931 %/°C, which agrees with the TGA as per the investigation of
Hoang et al. (2019). However, the TGA of the CNC curve seen in Figure 20 showed a sharp
degradation from 250 to 350 °C with a degradation slope of 0.85 %/ °C. The degradation profile
of CNC resembles the degradation as per the investigation of Shariatnia et al. (2020) and
Dehesa et al. (2020). The CNC- CNT TGA graph (Figure 21) 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 slopes as per the investigation by Dehesa et al. (2020) and Dumanh
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 CNC — CNT. Figures 20, 21 and 22 showed that the
differential thermal behaviour of the synthesized materials have similar thermal behaviour as
the pure CNC. This is due to the volatile content of CNC compared to CNT.
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Figure 20: TGA and DSC of CNC sample
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Figure 21: TGA of CNT, CNC-CNT 0, 0.5, 1, 1.5, 2 and 2.5% samples
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Figure 22: DTA of CNT, CNC, CNC-CNT 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 used the same amount of cellulose for various
nanomaterials added in the template as a gas sensing agent. The sensing response depends on
the CNTSs distribution on the template and was more controlled by the amount of CNTs on the
template because the 0% CNT displayed poor response. The homogeneous distribution of
CNTs on the template was achieved using ultrasonication, which enhanced the diffusion of
CNTs on the CNC-CNTs 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 homogeneity tests if facilities are available. As discussed above, the sensing
response changed with various amounts of CNTs as observed. It 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 potential for several applications due to the hydroxyl
functional groups present on the surface, resulting in the creation of diverse materials with

flexible properties, as 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 exposure. The availability of an integrated
online FTIR facility that could be used to test insitu the changes in functional groups of the
CNC-CNTs sensors in the presence of the gases could have further enhanced our understanding
of the sensing mechanism from the correlation between the FTIR spectra and the conductivity

behaviour. However, this was not available during the 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 the Ip/lg ratio. The D and G peaks were associated 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 besides CNTs after heating

at different temperatures, while CNTs were stable.
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The conductivity analysis in this investigation assessed the ability of the CNC - CNT material
to detect a gas in order to incorporate it as the active layer in a sensing device. Developing a
simple gas sensor could assist in providing a device that could prevent humans from the toxicity
of gas in our environment. Therefore, a series of gases constituting nitrogen, argon, hydrogen
and carbon dioxide were investigated due to their intrinsic properties such as inertness,

flammability and toxicity.

4.2.2 Conductivity analysis

The changes in electrical conductivity for a sensor material of constant dimensions (Constant
length and width) as a function of CNT amount using different selected gas are discussed in

subsections herein.

4.2.2.1 Effect 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 gas as seen in Figure 23. The increased
conductivities, in general, were seen from inert to toxic gas, in which the smaller to the highest
were nitrogen, argon, hydrogen and carbon dioxide, respectively. Jiang et al. (2019) observed
a similar pattern of conductivity responses against the amount of MWNT embedded in CNC
(Podsiadty et al., 2022). The mixed material CNC — CNT has potential conductivity behaviour
which is 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 that CNC produced
through acid hydrolysis allowed better dispersion of CNT and improved the conductivity of
the material. They also discovered that the various hydrophilic substrates of CNC and CNT
may conduct electricity at great resolution. Zhu et al. (2019) discovered 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 van der Waals 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 Selectivity of the gas sensor
The results illustrating the selectivity of the flammable and toxic gases that were investigated

in this work are presented in Figure 24, for the pristine and composited samples. It is evident
from the Figure that an exposed CNC — CNT sheet/ surface with 0.5% CNT shows significant
changes in the conductivity after exposure to Hz and CO2. 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 Stability of the gas sensor

Figure 25 showed the response time and stability of the 2.5% CNT composite materials upon
exposure to Nz, Hz, Ar and COz. All the measurements were done at room temperature. It is
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 surface. The change in conductivity between 0 to 5 seconds showed the higher
speed of the synthesized materials in sensing the selected gas. The difference in conductivities
could be well seen with the graph of the sensing capacity (Figure 26).
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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. (2013), the impact
of temperature on the sensing of CNC-CNTSs 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 should impair the sensor's ability to
recover. They found that the recovery is almost nearly perfectly proportional to the response
time. At higher temperatures, the materials exhibit worse increases in sensing and recovery
properties, this may be due to the vibrational and rotational motions of the 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 amount of CNTs in the CNC should be reduced.
However, this investigation has explored as a proof of concept the utility of CNC — CNTs
composite as an active material for sensor applications of select gases. On the temperature
range of these composites, reference should be given to the DTA results which have shown
that thermal decomposition occurs at 0.02931 %/°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 materials are exposed to
selected gases can enable a simple assembly of CNC — CNT connected with a conductivity
meter and alarm (Figure 27). The alarm can be set from the conductivities of 15 (Qm)*and 22
(Q@m)? for nitrogen/Argon and Hydrogen/ carbon, respectively. The device should be
composed of a metal sheet holding the CNC — CNT at both ends, connected to the mini-
conductivity meter in which an incorporated alarm could ring when the reading exceeds the set
acceptable conductivity. Figure 27 provides an overview of the proposed devise.

Sensing Electrgde

Gas Channel

Conductivity reading

Sensing Electrode
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Figure 27: proposed sensing device (a) of the structure of the template system, and (b) 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
CNC - CNTs samples. The nanomaterials could be used for the sensing of inert and toxic gases,
and have a better sensing response time, which is 10 seconds. This project confirms previous
investigations such as the work done by Mwakikunga et al. (2013) on the ability of
nanomaterials to detect gases. The ratio of the difference between the resistances in the
presence and absence of gases or the ratio of the difference between 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 gases. Mwakikunga et al. (2013) suggested that the
sensing responses depend on the temperature at which the sensor is exposed. They found that
the temperature and the response are inversely proportional (Response = (Rpresence of gas/Rabsence
of gas) EXP (Eabsence of gas — Epresence of gas)/ KsT). This could depend on the materials 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 temperatures. Future work should investigate the
sensing response at low (winter) and high (summer) temperatures; and the effect of reusing the
sensing device (number of cycle and possibly the cleaning process).
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CHAPTER ! CONCLUSIONS AND
RECOMMENDATIONS

The focus of this investigation was to develop a gas sensor system and test its sensing capacity
through selected gas. The CNC — CNT materials were developed with excellent conductivity
response, which makes them 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
through their hydrophilic sides. CNT was found to be the most suitable conductive fillers for
the development of CNC - CNT sensors. The sensing test showed that the conductivities were
almost stable after 10 seconds, and gases could be detected even from 0.5% CNT with a
remarkable change in conductivities with an increased amount of CNT and type of gas used
(inert, flammable and toxic). It was found that the alarm connected with the conductivity meter
should be set at 15 and 22 (Qm)™* for inert and flammable/ toxic gases, respectively with a
positive response between 10 to 30 seconds. Future work should investigate the effect of the
environment (such as humidity conditions, which assist in investigating the in-depth charge-
transport phenomena during the sensing process) and temperature at which the device is

exposed.
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APPENDIX

A.1CNC

A.1.1 Raman
CNC at PH7

EEN) -
Calnd) -

G000

Intensity

Raman, {cm)*-1

Figure A.1.1.1.a CNC with 1 Tempo at PH7 a-b

51



Intensity

5
:
:
:

Raman, {cmj"-1

Figure A.1.1.1.b CNC with 1 Tempo at PH7 c-d

CNC Tempo 0.5

Intaris ity

:
e
:
:

Raman, {cmj}"-1

Figure A.1.1.2 CNC with 0.5 Tempo at PH10

CNC PH10 Tempo 1.25

52



SO -

T000 -

S000

SO0 -

Intensity

" -

2000 o

1000 -

CNCPH 10 Tempo 1.5

123000
100 -

SO0 -

Intens ity
:

Raman, {em}"-1

Figure A.1.1.3 CNC with 1.25 Tempo at PH10

CNC-CNT 0 % -a-b

1000 1500

2

Raman, {cm}*-1

Figure A.1.1.4 CNC with 1.5 Tempo at PH10

53



X(pm)

Figure A.1.1.5.a Image of CNC with CNT 0% a-b

1800 T T T T T T
—CNC-CNT-c

1600 F — CNC-CNT-d | -
1400 | -

2 1200 F :

2]

c

(5]

2

€ 1000} -
800 b
600 1
400 ; i . i ; i

0 500 1000 1500 2000 2500 3000 3500

Raman, (cm)™1
Figure A.1.1.5.b CNC with CNT 0% c-d

CNC-CNT O per -c-d

54



Figure A.1.1.5.c Image of CNC with CNT 0% c-d
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Figure A.1.2.1 CNC with CNT 0% at PH7
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A.1.3 XRD
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Figure A.1.3.2 CNC with CNT 0% at PH10 (1.25 Tempo)
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Figure A.1.3.3 CNC with CNT 0% at PH10 (1.5 Tempo)
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Figure A.1.4.2 Image of CNC 1.5 Tempo at PH10
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A.1.5 SEM
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A.3 CNC doped with CNT in Wt%
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Figure A.3.1.1.b Image of CNC with CNT 0.05% a-b range

64



800 . , . . . .
—CNC-CNT-c
700 ! — CNC-CNT-d| ]
600 | .‘ g
500 ' 1
z !
& 400 |
9
£
300 |
200 | w) i |
100 + |
6 ; ; ; ; ; ;
0 500 1000 1500 2000 2500 3000 3500

Raman, (cm)™1

Figure A.3.1.1.c CNC with CNT 0.05% c-d
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A.3.3 XRD
CNC with doped CNT 0.05% at PH10
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Figure A.3.3.2 CNC with CNT 0.075 % at PH10
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Figure A.3.3.3 CNC with CNT 0.14 % at PH10

CNC with CNT 0.25% at PH10
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A.3.4 TGA and DTA
Sample CNC-CNT 0.075%
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Sample: CNC-CNT 0.075%

DSC-TGAFile: C:\TA\Data\ SDTiNkazi\CNC-CNT 0.075%
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Figure A.3.4.4 Sample CNC-CNT 0.75%

A35TEM
CNC CNT 0.05%
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Figure A.3.5.1 Image of CNC with CNT 0.05%

CNC CNT 0.075%

Figure A.3.5.2 Image of CNC with CNT 0.075%

CNCCNT 0.14%
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CNCCNT 0.25%
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Figure A.3.5.4 Image of CNC with CNT 0.25%

CNC CNT 0.75%
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Figure A.3.5.5 Image of CNC with CNT 0.75%

A.3.6 SEM

CNC-CNT 0.05 %

EHT = 6.00 kV Signal A= inLens Date: 22 Apr2021
WD= 7.6 mm Mag= 250 X Time: 16:06:53

Figure A.3.6.1 Image of CNC with 0.05% CNT

CNC-CNT 0.075%
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EHT = 6.00 kV Signal A= SE2 Date: 22 Apr 2021
WD= 7.1mm Mag= 250X Time: 16:38:57

Figure A.3.6.2 Image of CNC with 0.075% CNT
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CNC-CNT 0.14 %
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EHT= 6.00kV Signal A= SE2 Date: 22 Apr 2021
WD= 7.4 mm Mag= 250X Time: 16:49:04

Figure A.3.6.3 Image of CNC with 0.14% CNT

CNC-CNT 0.25 %
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w EHT = 6.00 kV Signal A = InLens Date: 22 Apr 2021
Wo= 9.0 mm Mag= 250X Time: 16:55:25

Figure A.3.6.4 Image of CNC with 0.25% CNT

CNC-CNT 0.75%
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EHT= 6.00kV Signal A= InLens
WD= 7.1mm Mag= 250X Time: 17:11:40

Figure A.3.6.5 Image of CNC with 0.75% CNT
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