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ABSTRACT

The detection of toxic substances are crucial for the environment and human
health. Recently, composite structures have shown great capabilities in detecting
these toxic substances due to their unique chemical and physical properties. In
this study, simple microwave-assisted and other wet chemical methods were used
to produce nickel sulfide-reduced graphene oxide composites and applied in the

detection of acetone, ethanol, methanol and toluene vapours.

Firstly, the influence of different solvents on microwave produced NisS;
structures was investigated. Water, ethanol, ethylene glycol, a mixture of water
and ethanol and a mixture of water and ethylene glycol were used separately as
solvents during a microwave reaction that was operated at 600 W for 6 minutes.
The as-prepared materials were characterized using X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, Laser Raman spectroscopy,
Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS) and Brunauer-Emmett-Teller (BET) surface area analysis. The X-ray
diffraction planes obtained for the materials synthesized when using water,
ethylene glycol and a mixture of water and ethylene glycol solvents were in
alignments with the reported Ni3S, diffraction planes, while a mixture of nickel
sulfide phases were obtained when ethanol and the mixture of water and ethanol
solvents were used. TEM micrographs revealed that the structures synthesized in
water, ethylene glycol and a mixture of water and ethylene glycol produced
flowerlike nanostructures. The nanoflowers produced in only water consisted of
smaller nanosheets. These nanoflowers also had the highest BET surface area.
The materials synthesized in water were also exposed to annealing in a hydrogen
gas atmosphere at temperatures between 300 and 500°C. Annealing at 300°C
caused an increase in the crystallinity of the material and a further increase in the
annealing temperatures resulted in a decrease in the crystallinity of the material,

which was also accompanied by a phase transformation of the materials from
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NisS; to a mixture of NiS, NisS; and Ni;Ss. This phase transition was also
accompanied by a morphological transition from flowerlike structures to a

mixture of rod-like flowers or quasi-spherical nanoparticles.

Graphene oxide (GO) was synthesized using the Improved Hummers’ method
and further reduced with or without the use of a reducing agent by employing a
facile microwave technique in order to form reduced graphene oxide (rGO). XRD
results showed an increase of the interlayer spacing upon oxidation of graphite
due to the incorporated oxygen groups between the layers. After reduction this
interlayer spacing decreased. Raman results demonstrated that rGO synthesized
without any reducing agent had a comparable defect density with the rGO
synthesized in hydrazine hydrate. However, TEM showed that the sheets in the
control sample were smaller in diameter and were more agglomerated. XPS
analysis showed an increased C/O ratio from 2:1 in GO to 7.8:1 in hydrazine
reduced GO.

Thereafter, Ni3S,-rGO composites were prepared in situ and ex situ and
characterized. XRD and XPS analysis confirmed the formation of the composites.
TEM showed that the ex situ prepared composites were made up of 2D-2D
junctions whereas the sample prepared in situ consisted of quasi-spherical nickel

sulfide nanoparticles (1D) on 2D rGO sheets.

Finally, different sensors were prepared by dispersing the sensing material (Ni3Sy,
rGO, (5%) NisS,-rGO, (10%) NisS,-rGO and in situ NS-rGO) in a N,N-
dimethylformadide/ethylene glycol solution and drop casted on gold electrodes.
Gas sensing results showed that ex-situ prepared (5%) NisS;-rGO could
potentially be used as a room temperature ethanol sensor. This sensor
demonstrated a good response, the highest sensitivity and most linear sensing

performance when compared with the other fabricated sensors.
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Chapter 1: Introduction to study and literature review

1.1. Introduction

This chapter gives the background and motivation for the study and a literature review of
nanomaterials in gas sensing with a specific focus on the materials to be used in this study and
the different synthesis methods. The aim and the objectives of this study as well as an outline

of this dissertation is also presented.
1.2. Background and motivation

Energy is a vital pillar in the modern world - we need it for economic development, to light up
our houses, to generate heat and to power machinery needed in our homes, offices and factories.
However, the energy used is dominantly produced from fossil fuels. These fuels release carbon
dioxide and other greenhouse gases into the atmosphere [1]. Currently, one of the world’s
biggest problems associated with energy generation is air pollution. Air pollution is caused by
an increase of toxic substances in the atmosphere from mining activities; emissions from motor
vehicles; power plants; and chemical industries [1-3]. In South Africa, Mpumalanga was listed
as a global hotspot for pollution in October 2018 [4]. Satellite data from Greenpeace Africa
revealed that most of the world’s NO2 emissions are from this area. Less than a year later, the
same area was reported by Greenpeace India as the second highest hotspot for SO, emissions
[5]. These dangerous substances and others including CO, CHa, H2S, NH3 and VOCs such as
ethanol, methanol, formaldehyde, toluene and xylene are hazardous to human health leading to
a range of diseases from respiratory infections, cardiovascular diseases, cancer, psychological
disorders, morbidity and even mortality [1, 6]. According to data reported by the World Health
Organization (WHO) in 2018, 9 out of 10 people in the world breathe polluted air. Annually,
7 million people die from exposure to polluted air globally. In 2016, 4.2 million deaths were
attributed to outdoor air pollution and 3.8 million to indoor air pollution [7]. The dirty air also
negatively affects ecosystems and agriculture, decreasing the production and quality of food
which could possibly lead to a food crisis in the near future [8]. Furthermore, the expenses
related to healthcare costs due to pollution are gradually increasing and are estimated to be 0.4
% of the global GDP by 2060 [9]. These negatives often also cause the eruption of conflicts
between countries, politicians, environmental stakeholders and agencies such as WHO, United

Nations Environment, and Greenpeace.




Researchers together with governments and stakeholders are rigorously searching for ways in
which toxic and life-threatening substances in the environment can be detected and monitored.
This is not only for environmental protection, but also for energy saving as most available
detection measures consume a lot of electricity. The use of nanotechnology has enabled the
application of nanostructured gas sensors have been employed in various sectors for monitoring
toxic substances [2-3]. A sensor consists of a system that measures the change in a property or
a change in the analyte. The sensor element picks up a physical or chemical change from the
surrounding environment and induces a signal. The transducer interprets the signal as a
particular parameter and converts it into understandable output data [10]. Therefore, gas
sensors are devices that are able to change their properties based on their interaction with

gaseous species in the environment [11].

Metal oxide semiconductors (MOSs) have been at the forefront of research in sensor
applications due to their ease of fabrication, low cost, environmentally friendly nature and
relatively good chemical stability [11-12]. Even though they are the most studied materials for
sensing, they suffer from drawbacks that make their practical applicability difficult. MOSs
operate optimally at high temperatures, usually 100°C -500°C [3, 12]. This creates an energy
demand as more electrical power is required to reach the optimum working temperatures. The
high power demand also makes it difficult to produce miniaturized portable devices. Another
challenge with MOSs is their poor ability to recover back to their initial state [3]. These
materials are also limited by their low sensitivity and low selectivity, which is the inability to
detect a very small volume of the analyte in a specific time and the inability to detect one specie

in a mixture of other species, respectively [3, 13].

In an attempt to improve some of the limitations present in MOSs, different physical and
chemical modifications have been explored. Tailoring the architecture of a MOS and adding
dopants or impurities has the capability of improving the sensitivity as well as selectivity of
MOS based sensors [13]. Novel nanomaterials with the potential of performing better than
MOQOSs are also being investigated. Nevertheless, even new materials have limitations and the
demand for new gas sensing technologies requires materials to evolve continuously. One idea
that has proven to have gained interest recently is the construction of heterostructured
nanomaterials [10]. The synergistic effects due to hybridization of the different structures in
heterostructured materials have the ability of offering improvements in sensing performance.

Ni3S2-rGO has been extensively studied for its use in electrochemical applications, such as




water splitting and supercapacitors but its use in chemical gas sensors remains unexplored.
Therefore in this study, the use of a heterostructured nanomaterial consisting of a transition
metal chalcogenide, NisS2, and a graphene derivative, reduced graphene oxide (rGO), is
explored for its possible application in room temperature gas sensing.

1.3. Nanomaterials

The phenomenal properties that emerge when materials are in nanometre scale have propelled
the advancement of nanomaterials in a myriad of applications ranging from energy storage
devices used in our smart gadgets to breathalysers used by traffic officers to check if the amount
of alcohol in a driver’s system exceeds the legal limit or by medical officials to detect certain
substances for medical diagnosis. Nanomaterials are known to have exceptional mechanical,
optical, electrical, catalytic and magnetic properties, which make them superior when

compared with their bulk counterparts [14-15].

Nanomaterials are commonly defined as materials with at least one of their linear dimension
being less than 100 nm in size [15-16]. These materials can be classified into four groups
according to dimensionality [16]. Zero-dimensional (OD) materials are nanoparticles, quantum
dots and carbon dots in which the movement of electrons is confined in all three dimensions
[16-19]. Nanowires, nanobelts and nanorods are one-dimensional (1D) because their electrons
can only move freely in the X-direction [20]. Thin films like graphene, hexagonal boron nitride
and Mxene allow the flow of free electrons in the X and Y planes and are thus two-dimensional
(2D) [21]. Finally, three-dimensional (3D) materials such as nanocubes, metal-organic-
frameworks and aerogels allow flow of electrons in the X, Y and Z direction [22]. Different
desirable properties can be found in the different groups of nanomaterials. For instance, the
attractive properties of 0D nanomaterial (i.e. strong quantum confinement that lead to enhanced
photoluminescence properties) has inspired the interest for application in light emitting diodes
(LEDs), solar cells and lasers [15, 17-19]. 1D nanostructures have shown great potential for
electronic applications because of their direct electronic pathways [20] whereas 2D material
are well known for their large specific surface areas and abundantly available active sites,
which is suitable for sensing and catalysis [21]. The continuous porous network in 3D aerogels
structures enhances molecule transport that is beneficial for electrodes in energy storage
devices [22].




1.4. Nanostructured gas sensors

Gas sensors are devices that detect the presence and concentration of various hazardous gases
and vapours [23]. These devices were historically only used in coal mines [24]. Currently, they
are applied in the automotive industry [13], healthcare sector [25], food industry [26],
environmental monitoring [27], and indoor safety [28]. Nanomaterial application in gas sensing
provide advantageous properties, for instance high surface-to-volume ratios, high adsorptive
capacity and high reactive capacity [29]. Their large surface areas enhances catalytic and
sensing response by allowing rapid movement of analyte molecules in the material [21, 29].
Additionally, the physical, catalytic and electrical properties of nanomaterials can be easily
tuned by reducing spatial dimensions and or confinement of structures in a specific

crystallographic direction [15, 29].

Researchers initially classified sensors according to the property measured by the sensor [30].
The measurands were mechanical, thermal, optical, electric, acoustic, chemical, radiation,
biological and magnetic properties. In 2012, Liu et al. [31] classified gas sensors in two groups
according to their sensing methods, i.e. (i) methods based on electrical variation and (ii)
methods based on variation in other properties. Metal oxide semiconductors, polymers, carbon
nanotubes and moisture absorbing materials sense gases based on the variation in electrical
properties. Optic methods, acoustic methods, gas chromatography and calorimetric methods
fall under the second category. Other researchers have also classified gas sensors using various
other classifications [32-33]. For the purposes of this study, the focus will only be on

chemiresistive gas sensors.

In a chemiresistive gas sensor, a change in electrical resistance is observed due to a change in
the chemical environment. Metal oxides semiconductors are the most investigated group of
chemiresistive gas sensors proven by the vast amount of literature available [13, 31-33]. A
chemiresistive sensor usually consists of a substrate and sensing film that is coated on the
interdigitated electrodes (Fig. 1.1) [34]. The sensing material has an inherent resistance that
can be modulated by the presence or absence of a gas analyte. When exposed to a particular
gas, the sensing film interacts with the gas molecules causing changes in the resistance. The
resistance changes can indicate a presence of a particular gas and/ or the concentration of the

gas.




25 nm

Sensing films
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Figure 1. 1. View of a typical chemiresistive gas sensor with sensing film coated on the
interdigitated electrodes [34].

1.4.1. Performance parameters of gas sensors

Different parameters are taken into consideration when designing gas sensors [10, 13, 31-33,
35]. These parameters serve as indicators that help determine the performance of the sensor.
The sensitivity of a gas sensor is defined as the lowest amount of gas that can be detected by
the device. It is given by the ratio Ra/ Rg for reducing gases and Rq/ Ra for oxidizing gases
where Ry is the resistance of the gas sensor in the reference gas, which is usually air, and Ry
the target gas. Sensitivity is expressed as a percentage that can be calculated using the following

equation:
N R, —R
% Sensitivity = (Rq g)/R x 100 % (1.1)
a

Selectivity is the ability to detect a specific gas in the presence of a mixture of other gases.
Whether a sensor returns to its original state when the gas concentration returns to normal is
known as the sensor’s reversibility. The response time can be defined as the time span to reach
90% of the sensor’s initial response upon exposure to the gas prior to saturation and the
recovery time as the time needed to recover 90% of its initial response. Stability is the
capability of the sensor to reproduce results for a certain period. The material’s adsorptive
capacity is also important as it influences the sensitivity and selectivity of the device. Costs
related to fabrication and the energy consumption of the device are also considered. A good
sensor must display high sensitivity, selectivity and stability; low response time and recovery

time; and low fabrication cost and energy consumption [13, 31].

1.4.2. Principles of gas detection
Since metal oxide semiconductors have been extensively studied in gas sensing, understanding

their sensing mechanism can help design and fabricate devices with outstanding performance




using novel materials. A gas sensor can display either n-type or p-type behaviour [13, 23]. This
behaviour is reliant on the type of gas, whether it is a reducing or oxidizing gas, and the
reactions that occur on the surface of the material upon exposure to the gas. Two processes can
occur on the surface of the metal oxide, namely oxygen ion sorption and reduction-reoxidation

or oxygen vacancy [2, 13, 23, 32, 35-37].

In oxygen ion sorption, when the material is exposed to air, oxygen is adsorbed on the surface
vacancies to form anionic oxygen species. The state of the oxygen specie is temperature
dependent. Oy, O and O are found to be stable below 300°C and O, at higher temperatures
[35-37]. In an n-type semiconductor, which has negative electrons as the majority charge
carriers, the adsorbed oxygen specie on the surface traps an electron from the conduction band.
The trapped electron forms a depletion region between the interfaces of the MOS and the
adsorbed oxygen [36] and determines the baseline resistance of the MOS. When exposed to a
reducing gas (e.g. CO, NHs, CHya, ethanol, etc.), the gas is adsorbed on the surface of the MOS
and reacts with the adsorbed oxygen specie which releases the trapped electrons (Eq. 1.2) back
to the conduction band, increasing the electron mobility consequently reducing the sensor’s

resistance.
CO) + O'ag)y » CO2 + € (1.2)

On the contrary, p-type semiconductors have positive holes as majority charge carriers [35].
The holes, created by the formation of the anionic oxygen specie, become occupied by
electrons gained from the reducing gas upon exposure to the gas. This decrease in the hole
concentration, decreases the electron mobility as a result increasing the resistance. The
behaviour of both n- and p-type MOS, when exposed to a reducing gas, is illustrated in Fig.
1.2.

When an oxidizing gas such as NO: is adsorbed on the MOS surface, the opposite effect is
observed. An increase in resistance occurs because of a decrease in the electron mobility for n-
type semiconductor and p-type semiconductors experience a decrease in resistance due to an

increase in electron mobility.
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Figure 1. 2. Schematic of resistance changes in n-type and p-type semiconductors upon
exposure to a reducing gas [35].

The reduction-reoxidation (oxygen vacancy) mechanism is also used in explaining
conductivity in metal oxide semiconductors [35]. The reaction of a reducing gas such as CO
with an oxygen on the MOS surface to produce CO-, creates oxygen vacancies on the MOS
surface. In an n-type MOS, these vacancies may be ionized inducing electrons into the
conduction band increasing the conductivity of the material. The synthesis procedures of
materials may also produce vacancies that may lead to reactions between the material’s surface
and the analyte molecules that reduce, re-oxidise or form a new molecule as the derivative of

the product.

Another gas sensing mechanism that researches recently explained is resistance modulation
[36]. This occurs when there are no oxygen species present. It explains the direct interaction
between the gas molecules and electrons rather than the interaction of the gas and the adsorbed
oxygen species on the sensor surface. The adsorption of reducing gases on the sensing material
has been used to study this mechanism. The Lowest Unoccupied Molecular Orbital (LUMO)
for ethanol, methanol, acetone and formaldehyde were found to be inversely related to a

sensor’s response [38]. The authors accounted for this behaviour by explaining how electrons




in the lower energy orbitals are captured better by the analyte gases producing an increase in
resistance compared to molecules in the higher energy LUMO. In another study, the sensitivity
of a sensor showed an inversely proportional relationship to the ionization energy of three
aromatic compounds (benzene. toluene and xylene) [39]. The sensitivity increased from
benzene (9.25 eV) to toluene (8.82 eV) and xylene (8.52 eV). In order for one to propose this
mechanism for a particular sensor, one must be able to describe the different bonding models

for they will assist in accurately explaining the sensing behaviour.

1.4.3. Current trends in gas sensing

Heiland was the first to ever use MOSs in sensing when he employed ZnO as sensing material
in 1954 [23]. Eight years thereafter, Tagushi patented and marketed a SnO-based sensor that
was able to detect low concentrations of combustible and reducing gases [40]. Today, over
sixty years since their first use as gas sensitive material, metal oxide semiconductors are still
dominating the field of sensing. However, since nothing is perfect, they suffer from a few
limitations (high operating temperatures, poor recovery, and long response and recovery times)
[2, 35]. These limitations have encouraged the investigation of new material for application in
this field. Such a group of newly investigated materials is transition metal chalcogenides
because of their relative low cost, easy fabrication and low surface activation energy [41]. A
transition metal chalcogenide (TMC) consists of transition metal and chalcogen (sulfur,

selenium or tellurium) atoms.
1.5. Metal sulfides as alternative sensing materials

Metal sulfide nanomaterials have promising potential for investigation because they are
relatively inexpensive, some of them are abundant in nature and have low to non-toxicity [42-
44]. These semiconductors have been used in many applications, among others, dye-sensitized
solar cells [45], photo catalysis [46], water splitting [47] and sensing [48]. The use of metal
sulfides as gas sensing candidates carries a few advantages. Firstly, metal sulfides have lower
band gaps than MOSs [49]. This means the activation of the intrinsic surface reactions occurs
at lower working temperatures hence requiring less power supply. Therefore, a reduction in the
amount of energy consumed for operation of these sensing devices is expected. Additionally,
a different catalytic mechanism occurs on the surface reactions of metal sulfides due to the
absence of oxygen in the crystal lattice [49-51]. This absence may solve some of the constant
drift issues in metal oxides, which has been ascribed to the diffusion occurring in and out of

oxygen vacancies [50].




Quite a number of reports are available on the application of zinc, cadmium, tungsten, lead,
molybdenum and tin sulfides as plausible candidates in the field of sensing [42, 44, 48-63].
ZnS has been used for the detection of VOCs with high selectivity and high response [52]. PbS
thin films have been applied for the fast electrochemical detection of NO> at room temperature
[53]. Chemiresistive sensors made up of WSz [54], MoS: [44, 54], and CdS [56] thin films
have also been used for low temperature NHs and NO: sensing. In order to better the
performance of metal sulfides, strategies such as using different morphologies, changing the
method of synthesis, making porous material, doping with noble metals and forming
heterostructures or composites with other materials have been implemented [60-62]. These

strategies have been able to address the challenges related to sensitivity, recovery and stability.

SnS; is often preferred over other metal sulfides due to its non-toxicity [44, 57]. Therefore,
different SnS; nanostructures have been synthesized including nanoparticles [42], nanorods
[50], nanoflakes [57] and flowers [59, 61]. Xiong et al. [59] used flower-shaped SnS»
nanostructures for NHs detection at 200°C. Their sensor displayed high selectivity and high
response time. The use of 2D SnS» by another group reduced the operating temperature to room
temperature and enhanced the response/recovery speed [55]. In an attempt to improve the
hydrogen sensing performance of MoS;, Suh and colleagues decorated the surface of MoS>
with Pd and Au nanoparticles [60]. The decoration of MoS; with Pd nanoparticles was able to
enhance the selectivity of hydrogen by forming Pd-hydride. The Au nanoparticles improved
the overall sensing performance to all the tested gases. They also noticed that the sensor
displayed either n- or p-type behaviour depending on the gas species and operating

temperatures.

Leonardi et al. [49] synthesized SnS>-SnO».x for the detection of 50 ppm NHz at 130°C. This
heterostructured sensor had a response and recovery time of 60 s and 300 s, respectively. They
attributed this to the physisorption of the NHz gas on the surface of the SnS,, the reaction of
the gas molecules with the chemisorbed oxygen species on the SnO> surface, as well the new
properties that the heterostructure presented. WS>-ZnS heterostructures were applied for the
room temperature detection of NO, [63]. These heterostructures showed great selectivity
towards NO: in the presence of NHs and some VOCs, improved the sensitivity, higher
recovery/response speed, good recoverability and stability unlike pure WS,. The formation of
p-n heterojunctions, the increased number of active sites available for adsorption and the

accelerated charge transfer all accounted for the improved performance.




1.6. Nickel sulfide

1.6.1. Nickel sulfide nanostructures

Among the metal sulfide family, nickel sulfide structures have attracted much interest because
of their good catalytic performance, ease of fabrication coupled with their low cost and low
toxicity [43, 64-65]. Nickel sulfide consists of a complex family with different nickel and sulfur
ratios [43, 65-67]. A large number of nickel and sulfur rich phases occur at low temperatures
such as NiS, NisSz, Ni3Ss, NizSe and NisSg [66]. The properties of nickel sulfide has promoted
its application in water splitting [64, 66], solar energy [67], Li-ion batteries [68] and other
energy storage devices [69]. In terms of sensing, nickel sulfides have been mostly investigated
for electrochemical sensing, with very few reports available on their chemiresistive sensing
application [70-73].

NiS films were prepared by electrodeposition for the electrochemical sensing of glucose [71].
The sensor had a low response time of 8 s and a low detection limit of 0.32 uM. The good
catalytic activity of NiS towards effective electro-oxidation of glucose attributed to the
excellent performance. In another study, a three-dimensional flower-like NizSe
electrochemical sensor was used for the detection of hydrogen peroxide and enzyme-free
glucose [72]. The sensor had a low detection limit of 0.15 uM for both analytes with good

selectivity in the presence other biomarkers.

A chemiresistive sensor based on pure NiS for Hz detection at 300°C showed poor recovery
[73]. Once decorated with Au nanoparticles, the sensor was able to recover completely. The
Au nanoparticles helped facilitate the adsorption and desorption of the H; gas. Recently, a
fibres-shaped NiS ethanol sensor showed improved response, selectivity and stability once
In2Os3 fibres were incorporated into the NiS structure [74]. The authors attributed the enhanced

performance to the large surface area and the p-n heterojunction.

1.6.2. NisS2

Heazlewoodite, NisSz, is known as the most stable of all the nickel sulfide phases [66, 75]. It
is a good metallic conductor with a resistivity of 1.8 x 107 Q at room temperature [43, 65-66,
70], good magnetic properties, and a high theoretical capacity that makes heazlewoodite a
promising electrode candidate in photo catalysis [76], dye-sensitized solar cells [77],
supercapacitors [78], Li-ion and Na-ion batteries [64, 68], and hydrogen evolution and oxygen

evolution reactions (HER and OER) [65-66, 75]. NisS2 crystallizes in a rhombohedral structure
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with each of the Ni atoms sitting at a pseudo tetrahedral site in an approximately body centred
cubic sulfur lattice (Fig. 1.3) [65, 75]. The Ni-Ni bonding of NisS2 is more covalent than in
other Ni-based structures. The four Ni-Ni bonds developed for each of the Ni atoms connect
all of the Ni atoms along a highly branched path. These short Ni-Ni bonds are comparable to

the bonds in Ni metal contributing to its unique structure.

Figure 1. 3. Crystal structure of NisS; illustrating its trigonal bypyramidal core [75].

To the best of our knowledge, there is little literature available on the use of the NisS; catalyst
in sensor applications. A cauliflower-like NisSz on Ni foam electrochemical sensor with a large
surface area and effective ion/electron transfer was able to detect glucose with high sensitivity,
good selectivity, good repeatability and short response time [70]. Linganiso and co-workers
fabricated a room temperature chemiresistive humidity sensor with layer-based NizS, [79].
Their sensor showed a sensitivity of 4.5 for 70% relative humidity. This decreased to 2.5 and
1.4 once doped with selenium and tellurium, respectively. Nanocomposites comprising of
Ni3S2 and carbon nanotube has also been reported for the electrochemical detection glucose
[80] and 4-methoxyphenol [81].

1.7. Graphene-based sensors

Graphene has undoubtedly been at the forefront of many innovative nanotechnology

advancements. Graphene is a monolayer of sp? hybridized carbon atoms arranged in a 2D
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honeycomb lattice [82-83]. This extensively investigated carbon material is the basic structure
of all other carbon-based materials (Fig. 1.4) [84-85]. It rolls up in a tubular way to form carbon
nanotubes, forms fullerenes by wrapping and graphite by stacking. The fascination of graphene
in the development of gas sensors is attributed to its low electrical noise, excellent carrier
mobility of about 200 000 cm?V-!s? at an electron density of ~2x10™ cm, great electrical
conductivity of 1.0x108 S/m, high thermal conductivity of 2 000- 4 000 Wm™K™, and a large
theoretical surface area of 2 600 m?g*[82, 86].

2D Graphene

0D Fullerene 1D Nanotube 3D Graphite

Figure 1. 4. Schematic illustration of carbon allotropes [84].

A publication on the detection of adsorbed gas molecules on the surface of graphene sheets by
Schedin and colleagues sparked the great interest of graphene sensors [83]. Carbon dioxide
detection using a graphene-based conductometric sensor was developed by mechanical
cleavage and micromachining [87]. The sensor portrayed a rapid and reproducible response
because of the weak interaction between the CO. and graphene. Despite the good sensing
performance of graphene, using pure graphene in gas sensing for real time applications is
impractical because (i) pristine graphene has no functional groups on its surface required for
gas and vapour adsorption, (ii) it is not producible in large scale and (iii) it has no band gap
[83-85]. Researchers have explored graphene derivatives in the hope of achieving better
sensing performance [86, 88-89]. One such derivative is reduced graphene oxide (rGO), which
was first applied by Robinson for sensing and has since been widely studied for sensing

applications [89].
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1.7.1. Reduced graphene oxide sensors

Reduced graphene oxide (rGO) is defined as graphene sheets with oxygen functionalities
attached on the sheet surface. It is obtained by reduction of highly oxygenated graphene oxide
(GO). rGO is usually preferred in graphene-based sensors because of the abundant defects and
chemical groups that facilitate gas adsorption; the easily tuneable chemical and electrical
properties; and its efficient charge transport [86]. Robinson et al. [89] pioneered the application
of rGO in sensing when he reported a detection of 10 s exposure of ppb levels of chemical-
warfare agents and explosives. They were able to tailor the response and recovery
characteristics of the sensor by adjusting the reduction process. Perforated reduced graphene
oxide nanosheets have been employed for the room temperature detection of NO- in the parts-
per-billion range [90]. The authors ascribed the high sensing performance to the sufficient
functional groups and the diffusion channels available in the nanoporous rGO. A sensitive
sensor fabricated using rGO was also reported of having good sensitivity, moderate stability

and high selectivity for NHz in the presence of various VOCs [91].

However, rGO also has its limitations. It suffers from poor selectivity to various gases and it
tends to agglomerate irreversibly in aqueous solutions due to strong m — m stacking and van
der Waals interactions between the sheets. The latter weakens the response sensitivity and
recovery [86]. To improve sensor performance features of rGO, physical and chemical
modification of rGO have been explored. Functionalization of rGO with traditional gas sensing
materials by either doping with noble metals or forming hybrids and heterostructures with
metal oxides, polymers and organic ligands has been considered for enhanced sensing
performance [86, 88]. The heterostructure are found to have accelerated charge transfer,
improved performance and can to a certain extent avoid aggregation of the rGO sheets. For
example, the synergistic interaction between SnO, and rGO was able to produce a highly
selective NO2 sensor [92]. Introducing rGO to In,O3 afforded a NO> sensor a response that was
seven times higher than pristine In2O03 [93]. The excellent sensing performance was due to the
high surface area and the local p-n junctions and the introduction of rGO was also able to

decrease the operating temperature to as low as room temperature.

1.7.2. Reduced graphene oxide- metal sulfide sensors

Reports available on rGO-metal sulfide composites as sensing material have increased over the
last few years with a majority of them focusing on NO; sensing [12, 51, 94-97]. Zhou et al.
[51] made an rGO/MoS; film for NO2 detection. The larger exposure area, more adsorption
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sites and the p-n heterojunction were all responsible for the good response features. They
studied the effect of the concentration of both the rGO and MoS: in the hybrid. The sensing
response increased with a decrease in the amount of rGO from 1 to 0.1 mg/mL and then
decreased when the concentration was 0.05 mg/mL and lower. They also noticed that the
response of the sensor prepared by mixing GO and MoS; followed by reduction was better than
the one prepared by mixing rGO and MoS:. This is because fewer p-n junctions exist in the ex-
situ prepared composite due to the weaker contact between the two materials caused by the less
number of functional groups in rGO. Mixing of GO and MoS: before reduction also helped in
reducing the aggregation of MoS,. Cheng and colleagues [96] found that the heterojunction
between the interface of rGO and SnS; resulted in an electronic sensitive effect that enhanced
the response for NO2 sensing. rGO was able to alleviate restacking and agglomeration of SnSo,
but as rGO became the more dominant effect in the composite, it agglomerated and decreased
the response and recovery of the sensor. Other examples of rGO-metal sulfide sensors are

summarized in Table 1.1.

Table 1. 1. Studies on rGO-metal sulfide materials for gas sensing.

) Lowest
) Operating o Response/Recovery
Materials Analyte limit of ) Ref
Temp (°C) ) time (s)
detection
rGO/MoS2
_ NO2 60 5.7 ppb - [51]
film
3D
MoS2/rGO NO2 80 27.9 ppb - [94]
composite
rGO/MoS,;  Humidity 25 50 % 59/343 [95]
rGO
hybridized
) NHs 335 10 ppm 60/300 [12]
with WS;
nanoflakes
( ]
L )



Quiasi- 2D
rGO/SnS: NO: 150 500 ppb 50/48 [96]
hybrid

rGO
decorated

with
CdS/CdO

NO: 125 2 ppm 76/82 [97]

rGO-MoS;-

NO 75 200 ppb 25/34 98
cds 2 pp [98]

1.8. Ni3S2-rGO composites

The combination of NisS; with rGO has offered favourable features, especially in energy
storage devices [99-105]. A high performance supercapacitor fabricated using NisS2 nanocubes
wrapped with rGO exhibited ultra-high specific capacity and current density because of the
synergistic effect of graphene as a conductive support and NisS, cubes as pseudo capacitive
material [99]. rGO acted as a 2D support for the homogeneous growth of the NisS cubical
structures and it also increased the double-layer capacity by providing a large surface area.
Furthermore, the NisS; structures assisted in the effective enhancement of the accessible
surface area by preventing the restacking of the rGO sheets. Anode material for sodium ion
batteries consisting of rGO coated on a clustered nanosheets array of NisS, grown on Ni foam
was proven to have high specific as well as excellent cycling stability [100]. The authors
ascribed the improved performance of the NizS2/Ni to rGO, which promoted the displacement
reaction of NisS; with sodium. The performance of this electrode was also theoretically studied
using density functional theory (DFT) studies. The calculations revealed that rGO was able to
significantly improve the electron mobility and the hybrid interaction between the extraneous
p orbits of C and the indigenous p and d of Ni, and the p orbits of S. The latter was concluded

as the major reason for the enhanced electrical transport properties by rGO.

However, to the best of our knowledge there is no literature available on the use of NisS,-rGO
composites for application in sensing. The united physicochemical properties of NizS2 and rGO
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in the field of sensing could potentially, just as in electrochemical devices, provide desirable

advantages.
1.9. Synthesis techniques for nanomaterials

1.9.1. Different synthesis techniques

As aforementioned, the functional properties of nanomaterials are related to their morphology
hence much attention has been given to the synthesis of these materials. Nanomaterials are
synthesized by employing different methods, such as physical, chemical, electrochemical and
photochemical techniques [29]. There are a few factors to be considered when choosing a
synthesis technique: (i) nucleation and growth processes; (ii) stability of the synthesized
material; (iii) interfaces and distributions of the material; (iv) how to best control the size and
composition of the as-synthesized materials; and (v) the scale-up and assembly strategies

employable for low cost large-scale production.

Chemical methods play a major role in the synthesis of nanostructured materials. Wet chemical
methods are, amongst others, hydrothermal or solvothermal techniques, sol-gel procedures, co-
precipitation, etc. [23, 106]. These methods provide the advantage of obtaining pure
nanomaterials however, their long reaction times are disadvantageous. In the slow heating
process that occurs during hydrothermal synthesis, the solution reaches low super-saturation
after a long time creating initial nuclei with a wide size distribution [23, 107]. The materials
synthesized using these methods sometimes need post-synthesis high temperature annealing to
obtain the desired structures [23]. These limitations have driven the development of novel
synthesis techniques that are more efficient and effective in terms of energy, time and costs.
Microwave synthesis is considered a clean and eco-friendly technique forming part of the

branch of green chemistry [107-109].

1.9.2. Microwave synthesis

1.9.2.1. Microwave principles

Microwaves lie between radio and infrared waves in the electromagnetic spectrum. By
definition, they are waves that lie between the wavelengths of 1 mm and 1 m that correspond
to the 0.3 — 300 GHz frequency range. These waves were initially only used in
telecommunications [23, 107-108]. In 1946, Percy Spencer at Raytheon Corp discovered
microwave heating. This lead to the implementation of microwave heating in processes such

as cooking food, thawing, curing wood, treatment of materials such as sewage sludge and
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processing of medical waste [23, 110]. All microwaves (commercial and industrial) are only
allowed to operate at a frequency of 2.45 GHz, by international agreement, so as to avoid

interference with telecommunication, cell phone and other wireless networks [23].

In microwave heating, electromagnetic energy is transferred into thermal energy. Therefore, it
is a conversion of energy rather than a heat transfer phenomenon. The energy is delivered via
radiation and not convection or conduction [23, 107, 109]. The electric component of the
electromagnetic field causes heating by means of two different mechanisms, i.e. dipolar
polarization mechanism and conduction mechanism [23, 109, 111]. In dipolar polarization,
permanent and induced dipoles rotate in attempt to align with the alternating field. The rotating
molecules generate friction among themselves and the energy is dissipated in the form of heat.
This occurs when water and other polar solvents partake in the reaction. In the conduction
mechanism, charged particles (electrons, ions, etc.) present in the reaction obtain their kinetic
energy from the microwave’s electric field and collide with atoms in neighbouring molecules

to generate heat. The latter is much stronger with regards to heat generating capacity [111].

Materials can be classified in different categories based on their absorption ability of
microwaves [110-112]. Materials that are not efficiently heated by microwaves, in which the
microwaves are reflected or have negligible energy absorption, are called microwave reflectors
or opaque materials. All bulk metals fall under this category. Low-loss insulator materials such
as Teflon or quartz are transparent to microwaves. Microwaves are able to penetrate these
materials without being absorbed, heat being lost or generated. These materials are called
microwave transmitters or transparent materials. Microwave absorbers or high-loss insulators
absorb microwave energy and are heated up rapidly. These dielectric materials are an important
class for microwave synthesis. There is also another important group, namely mixed absorbers
[110]. These are the more advanced materials present as composites or multiphase where at
least one of the phases consist of high loss insulators and some as low loss insulators. Examples

are metal matrix composites, ceramic matrix composites and polymer matrix composites.

1.9.2.2. Advantages of microwave synthesis routes over conventional synthesis techniques
Heating in a conventional oil bath (or heating mantle) takes place with an external heating
source. Firstly, it heats the reaction vessels. Thereafter, that heat is transferred from the vessel
to the reaction mixture (Fig. 1.5a). This depends on convection currents and thermal
conductivity of the materials that must be penetrated [23, 107]. The temperature of the reaction
vessel is usually higher than that of the reaction mixture inside. In addition, heating of the
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reaction mixture is often not uniform. This temperature gradient can lead to synthesized

products with non-uniform properties. This process is also sluggish and inefficient.

In microwave heating, microwave radiation is delivered directly to the molecules present in the
reaction mixture and the temperature of the bulk is raised simultaneously (Fig. 1.5b) [23].
Selective heating takes place where the energy is delivered directly to the target material
without any interaction with the surrounding environment. Volumetric heating is another
advantage where heat is generated throughout the entire volume of the material and the
temperatures reached in the microwave vessel can be increased well above the boiling point of
a solvent thus increasing the rate of the reaction by a factor of 10-1000. Moreover, reactions
reach completion faster meaning higher yields are obtained with very few by-products. The
products also have smaller particle sizes and a narrower size distribution due to the short
reaction time. This technique also has the possibility of producing materials that cannot be
obtained using conventional methods. Microwave synthesis not only offers efficiency with

regards to time, but it is also saves energy, is safe, can be automated and is cost effective.

Heat Source Heat Introduction Temperature Distribution

_l

i
-~

a Conventional heating: i
; «—
A ‘\
=1
22 ,fr‘J
oS
b Microwave heating: . . ‘

Figure 1. 5. Conventional heating (a) and microwave heating (b) [113].

1.9.2.3. Materials synthesized via microwave methods for sensing applications

Various sensor material synthesized by microwave technology are found in literature [73, 111,
114-120]. Microwave synthesized metal oxides, metal sulfides and composites have all been
investigated and have shown good performance. Cho and co-workers [114] reported an

improvement in the gas sensing performance of SnO2 when synthesized with a microwave-
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assisted method instead of a conventional method. They attributed the shortening of the
response time to the formation of mesopores in the SnO2 due to rapid gas evolution that
occurred during synthesis. The influence of microwave parameters on sensing have been
evaluated using ZnO structures [117]. The power and reaction time had no influence on the
morphology of the structure but the power had an influence on the sensor response. Structures
synthesized at low power had a higher response than those synthesized using a higher heating
power. This can be due to the different amount of active sites created by tuning the heating
power. Heterostructured materials for sensing have also been synthesized by microwave
techniques [111, 118-120]. Microwave hydrothermally produced MoOsz nanorods on rGO
sheets showed high gas-sensing performance to H2S [120]. The improved gas sensing response
of the hybrid material was attributed to the large surface area that facilitated rapid carrier
transport and the electron migration at the interface of the MoOs and the rGO.

1.10. Aim and objectives

The main aim of this study was to synthesize NizS>-reduced graphene oxide composites for the

application in room temperature chemoresistive gas sensing devices.
In order to achieve the main aim, the following objectives were implemented:

1. To synthesize Ni3S; nanostructures employing a microwave hydrothermal method and
to study the effect of different solvents on the chemical and physical properties of the
nanostructures.

2. To synthesize graphene oxide using the Improved Hummers’ method.

3. To reduce graphene oxide using different reduction techniques.

4. To make NisSz-reduced graphene oxide composites of different NizS; to reduced
graphene oxide ratios.

5. To characterise the as-synthesized materials using various techniques, such as: X-ray
diffraction (XRD), Raman spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM) and Branauer- Emmett- Teller (BET) surface area analysis.

6. To fabricate sensing devices using the as-synthesized materials and to evaluate their

room temperature gas sensing properties.
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1.11. Dissertation outline

Chapter 1: Introduction to study and literature review

Herein, the background and motivation for the study are briefly discussed. This chapter also
gives insight into materials used in gas sensing technologies, graphene and its related materials
as gas sensors and metals sulfides as possible gas sensing materials. Additionally, it highlights
the use of heterostructured materials as possible solutions to the problems faced with the

current gas sensing materials. Finally, the main aim and objectives of the study are also stated.
Chapter 2: Microwave synthesis of NizSz nanostructures

This chapter looks into the microwave synthesis and characterization of NizS, nanostructures.
Water, ethanol and ethylene glycol were applied as solvents during synthesis. The effect of

hydrogen gas annealing on the synthesized structures was also studied.
Chapter 3: Synthesis of reduced graphene oxide from graphite powder

In this chapter reduced graphene oxide was synthesized from graphite powder and
characterized. Graphene oxide was firstly produced from graphite and characterized.
Microwave and a conventional thermal reduction strategies were employed to synthesize

reduced graphene oxide.
Chapter 4: Synthesis of NisSz-reduced graphene oxide composites
This chapter shows the in situ and ex-situ synthesis and characterization of the composites.

Chapter 5: Application of nickel sulfide-reduced graphene oxide composites in sensing

devices

The fabrication of the sensing devices, testing of the devices as well as the results obtained are

discussed in this chapter.
Chapter 6: Conclusions and recommendations

The general concluding remarks on the work covered in the study and future recommendations

are made in this chapter.
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Chapter 2: Microwave synthesis of NisS2 nanostructures

2.1. Introduction

Transition metal sulfides are an important class of metal chalcogenides because of their
respective advantages in various applications including supercapacitors, dye-sensitized solar
cells, batteries, water splitting and catalysis [1-9]. From the metal sulfide family, nickel sulfides
have received considerable amount of attention because of their unique properties. Nickel
sulfide exists in different valence states, such as NiS, NiSz, NisS2, NisS4, Ni7Sg, etc. [5-7]. This
can make it difficult to obtain nickel sulfide nanomaterials with a pure phase, a uniform
morphology and size [6, 10]. Among these phases, NisS2 has become a subject of interest
because of its superior properties. It is known to be the most stable and to have better electrical
conductivity and electrochemical performance when compared with other nickel sulfides [5,
11]. Jiang et al. [5] synthesized NiS, NiS2 and NizS, under the same conditions for the
application in hydrogen evolution reaction (HER). Ni3S, proved to be a better electrocatalysts
with higher HER activity due to its larger electrochemical surface area, higher conductivity

and unique surface chemistry, which was beneficial for water dissociation.

The composition, structure, size, porosity and morphology of nanomaterials influence their
magnetic, optical, chemical and electrical properties [12]. Hence, a great deal of attention has
been spent on investigating parameters that allow for the control of the above-mentioned
features. Ni3S, with various morphologies has been synthesized employing different synthesis
techniques, such as chemical vapour deposition [13], atomic layer deposition [10],
electrodeposition [14], mechanical alloying [15], and hydrothermal and solvothermal methods
[8, 16-19]. The hydrothermal or solvothermal method using a Teflon-lined autoclave is one of
the most reported methods for NizS, synthesis thus the effect of different synthesis parameters
(for this method) on the morphology have been studied. For example, Duan et al. synthesized
different morphologies of NisS, for electrode material by changing the sulfur source [8].
Thioacetamide produced nanoflakes, thiourea nanosheets and sodium thiosulfate nanoparticles.
In another study, temperature was found to have an influence on the morphology where lower
temperatures produced silk-worm structures and higher temperatures nanosheets [16]. The size
of the pores of Ni3S; on Ni foam could also be controlled by tuning the reaction time [17]. Mi
and co-workers studied the effect of solution polarity on the shape, size and morphology of

their NisSz structures [18]. They noticed that when they changed the solution polarity of the
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solvent by increasing the amount of water added to ethanol, the small cubic nano-or
microstructures on the mesh template changed into bamboo shoot-like crystals with a
microstructure. They explained that the solubility of thiourea increased as the water content
increased which resulted in a more complete reaction. A similar study by Kim [19] showed
that using water, ethanol or a mixture of both can produce different morphologies with
thioacetamide employed as the sulfur source. In water, dendritic structures were produced,
ethanol produced nanoflakes and a 1:1 (v/v) ethanol/water solvent ratio produced cauliflower-
like structures. They attributed this to the fact that water is a smaller molecule compared to
ethanol thus it is liable to form fractal patterns that can bring flower-like or dendrites forth

through a diffusion-limited process.

Even though hydrothermal and solvothermal synthesis methods are the most frequently used
routes for nickel sulfide synthesis, the high temperatures and long reaction times are
unattractive. Microwave synthesis has been found to be an efficient method that provide
reaction times that are more appealing, lower energy consumption and higher product yields
[20]. Microwave technology has been used in synthesizing various metal sulfides including
PbS nanotubes [21], ZnS nanoparticles [22], NiS2 nanocubes [23], SnS2 nanoflowers [24] and
globular-like NisS2 nanoparticles [5]. The use of different power levels, reaction temperatures
and times, and precursors and precursor concentrations have been investigated in an attempt to
alter the morphology and performance of as-synthesized materials [25-29]. Solvent properties
also have significant effects on the structures formed under microwave heating [25, 27, 29].
Depending on the polarity, dielectric properties and other properties, different solvents will
interact differently with the microwaves [25, 27, 29-30]. Khoza et al. [27] studied the influence
of varying solvents on microwave synthesized ZnO nanoparticles. They explained that the
nucleation and growth of the nanoparticles was affected by the polarity of the solvent. Binary
solvent systems can also influence the shape and size of the products synthesized using the

microwave technique [31].

Annealing is often performed as a post-synthesis procedure to increase the crystallinity of the
as-synthesized materials or to confirm the stability of the crystal at a particular temperature
[32]. Annealing can also change the structural, morphological, optical and electrical properties
of as-obtained materials [32-35]. Microwave assisted hydrothermal synthesized ZnO
nanoflowers were annealed in air at 200, 400 and 600°C [33]. The well-defined flower-like

structure made up of multi-nanorods were transformed into randomly orientated worm-like
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structures after annealing. Furthermore, an increase in the annealing temperature caused a
decrease in the PL intensity as well as a decrease in the electron spin resonance signal. Nickel
sulfide annealing is known to produce phase changes as sulfur is released from the crystal
structures [36-38]. Baleyava et al. [36] studied the effect of thermal annealing on properties of
nickel sulfide nanostructures synthesized using a successive ionic layer adsorption and reaction
(SILAR) method. The authors reported a structural phase transition upon annealing. The as-
synthesized NisSs structures were annealed for 8 hrs at three different temperatures (100, 150
and 180°C) in air and in vacuum. Annealing in vacuum produced a mixture of NizSs and NigSs.
When annealing occurred in air, two additional nickel structures emerged (NiSO4.7H.O and
NiO-S04-H20). Annealing of NiS in both air and vacuum produced NiS and Ni7Se.

In this present work, the synthesis of NizS. nanostructures using a simple microwave-assisted
method is reported. The effect of employing water, ethanol, ethylene glycol or a binary solvent
system consisting of water and ethylene glycol or water and ethanol on the nanostructures was
studied. The influence of annealing on the composition and morphology of the nanostructures

synthesized using only water as a solvent was also explored.

2.2. Experimental procedure

Nickel (I1) chloride hexahydrate (NiCl..6H20, 98%), thiourea (CH4N2S, 99%), anhydrous
ethylene glycol (C2HeO2, 99.8%) and ethanol (CH3CH20OH, 99%) were all used without any
further purification, as received from Sigma Aldrich, South Africa.. A 15% H>0O> solution was
prepared by diluting a purchased H.O> (30%, Sigma Aldrich, South Africa) solution with

distilled water. Hydrogen (Hz, 99.98%) was obtained from Afrox and used for annealing.

2.2.1. Synthesis of NizS

The method employed to synthesize several NisSz nanostructures was similar to the one
reported in [38] with a few modifications. In a typical reaction, 1.189 g NiCl2.6H20 and 0.485
g of thiourea were dissolved in 22.5 mL of solvent. 2.5 mL of a 15 wt. % H»O. solution was
added to the mixture and stirred for 5 minutes in order to obtain a homogeneous solution. The
mixture was then transferred into the Teflon-lined microwave reaction vessels and placed in a
microwave reactor (Anton Paar Multiwave 3000) which was operated at 600 W for 6 minutes
followed by fan cooling to room temperature. The formed black precipitate was washed several
times with distilled water and ethanol and finally dried in an oven at 60°C for 12 hours. The

solvent was comprised of ethanol and/or water and ethylene glycol and/or water. The volume
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ratio between ethanol and water as well as between ethylene glycol and water was set to 1:0,
2:1,1:1, 1:2 or 0:1. The samples were labelled as NS-W for nickel sulfide synthesized in water,
NS-Et/W (ratio) and NS-EG/W (ratio) for the samples prepared in the different ethanol/water
and ethylene glycol/water solvent compositions.

2.2.2. Thermal annealing under hydrogen

About 120 mg of the as-synthesized product using water as solvent (NS-W) was weighed and
annealed under a hydrogen atmosphere in a horizontal quartz tube furnace. The annealing was
carried out at 300, 400 and 500°C for 30 minutes under a hydrogen flow (50 sccm) and a
ramping rate of 5 °C/min. The effect of annealing for a longer period at the same flow rate (60

min) and at a higher flow rate (100 sccm) at 300°C were also examined.

2.3. Characterization

Powdered X-ray diffraction (PXRD) patterns of the obtained black powders were collected on
a Bruker D2 phaser diffractometer with a Cu-Ka (A= 0.154 nm) radiation source. The scan

range was 5° < 26 <90° in a 0.02° measurement step.

Transmission electron microscopy (TEM) established the morphologies of the obtained
material using a Tecnai Spirit T12 instrument at 120 keV. A small amount (~2 mg) of the
powder was dispersed in about 5 mL of ethanol by ultra-sonicating the solution for 10-15
minutes to ensure homogeneity. A few drops of the solution were placed on a carbon coated

copper grid and then dried in ambient air before inserting it in the microscope.

High magnification TEM micrographs were obtained using a JEOL JEM-2100F transmission
electron microscope equipped with a LaB6 source with the instrument operated at an
acceleration voltage of 200 kV, fitted with a Gatan CCD camera. The specimens were prepared
in the same way as the TEM samples.

Brunauer-Emmet-Teller (BET) method was employed for specific surface area analysis. The
N2 adsorption and desorption isotherms of the nickel sulphide structures were taken using a
Micrometrics Tristar 3000 instrument at 77 K. All the samples were degassed before analysis
at 423-473 K in N2. By analysing the desorption branches of the N2 isotherms, the pore size

distribution was determined and calculated using the Barett-Joyner-Halenda (BHJ) method.
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Fourier transform infrared (FTIR) spectroscopy was carried out using a Bruker Vector 22 FT-
IR spectrometer to ascertain the surface functional groups on the nickel sulphide. The spectra

were collected from 500 to 3500 cm™.

Laser Raman spectroscopic analysis was performed to determine the vibrational modes of the
synthesized nickel sulfide. The measurement was done using a Horiba LabRAM Raman

spectrometer equipped with an Olympus BX41 microscope attachment.

The chemical composition of the nickel sulfide synthesized with water as a solvent was
determined by X-ray photoelectron spectroscopy (XPS). Measurements were recorded on a
Physical Electronics Quantum 2000 using a monochromatic Al Ka source operated at 1486.7
eV.

2.4. Results and discussion

2.4.1. Effect of solvent composition on nanostructures

2.4.1.1. Phase analysis

Powder X-ray diffraction (PXRD) was performed to investigate the crystal phase and structure
of the nickel sulfide structures synthesized using different solvent compositions. The
diffraction peaks positioned at 26 = 21.8°, 31.1°, 37.9°, 38.3°, 44.4°, 49.9°, 50.3°, 54.8°, 55.4°,
69.3°, 73.0°, 77.9°, 85.7° and 89.0° could be indexed to the (101), (110), (003), (021), (202),
(113), (211), (104), (122), (303), (214), (401), (321) and (116) crystal planes of the
rhombohedral NizS, (PDF 00-030-0863) phase, respectively with lattice constants a = 5.74650
Aand ¢ = 7.13490 A (Fig. 2.1a). The impurity peaks situated at 26 = 11.2°, 18.2° and 35.6°
could be assigned to a possible (001) plane of carbon [39], and (110) and (021) planes of
hexagonal millerite (NiS PDF 01-074-7239). Nickel sulfide formation could possibly be
explained by reactions that occur between NiCly, thiourea and hydrogen peroxide below (Eq.
2.1-2.6) [40-43]. Firstly, the thiourea reacted with hydrogen peroxide to form thiourea dioxide
(Eqg. 2.1) which decomposed into urea and sulfoxylate (Eq. 2.2). The sulfoxylate underwent a
few other reactions to produce sulfide ions (Eq. 2.3). The nickel salt was reduced to Ni (Eq.
2.4).The released S* ions (Eq. 2.3) reacted with Ni to produce NisS; (Eq. 2.5) or NiS (Eq.
2.6). According to thermodynamics, NizS; has a lower melting point than NiS as well as a
lower free energy of formation [44]. Consequently, under the same reaction conditions, NisS;

formation will be more likely to occur than NiS formation.

(NH2)2CS —25 (NH2)2CSO2 + Hz0 @.1)
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NH(NH)CSOz + H20 - (NH2)2CO + HSO» (2.2)

HSO2 =3 SOz + H.0 + S% (2.3)
Ni?* + 2¢" - Ni (2.4)
25% + Oz + H20 + 3Ni - NisS; + 40H- (2.5)
S% + Oz + H20 + Ni = NiS + 40H- (2.6)

The carbon side product that formed during the hydrolysis reaction of thiourea in the formation
of metal sulfides has previously been proposed as either NH=C=NH or H2N-C=N [45].

Furthermore, some of the thiourea or urea might also still be present in our final product [41].

The solvolysis reaction in ethanol did not seem to have reached completion due to the
insolubility of thiourea in ethanol (Fig. 2.1b). As the polarity of the solvent increased (addition
of water to ethanol), so did the number of peaks designated to NisS> as well as the crystallinity
of the as-synthesized material. This was due to the increased available amount of S?* ions.
However, the impurity peaks persisted in all the samples prepared in the Et/W solvent system.
Some of these impurity peaks could be indexed to hexagonal NiS and Ni;Se (PDF 00-014-
0364) suggesting that a mixture of nickel sulfide phases was obtained in the Et/W solvent
system with Et/W 1:2 producing most prominent peaks belonging to NisS2. When EG was used
as a solvent, all the characteristic NizS, were obtained with impurity peaks belonging to
hexagonal NiS and rhombohedral NiS (PDF 00-001-1286) (Fig. 2.1c). When a binary solvent
system consisting of water and ethylene glycol was employed a highly pure phase of NisS, was
obtained. We noticed that the crystallinity of NS increased with an increase in solution polarity
(Fig. 2.1d). Also, the diffraction peaks shifted 26 values with an introduction of EG to the

solvent system.

In all the samples, the most intense peak was the (110) plane indicating the preferential growth
of the crystals in this direction. Therefore, the average crystallite sizes of NS-W and NS-EG/W

samples were calculated based on the width of this plane using the Scherrer equation:

kA
- Lcosb

(2.6)

Where, D is the average crystal size, k is a constant usually applied as 0.9, A is the wavelength
of the X-ray used which is 0.154 nm for the CuKe, g is the full width at half maximum
(FWHM) and 6 is Bragg’s angle of reflection. The estimated crystallite sizes (Table 2.1)
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calculated using equation (2.6) suggest that the crystallite sizes of the synthesized material
decreased with a decreasing polarity of the nature of the solvent, which corresponded to the
increase in the FWHM of the XRD peaks. This may be explained by the high viscosity of EG
that could influence the mobility of the primary particles and in turn also influence the effective
collision rates [46]. The dominance of EG in the solvent system could imply that it was highly
adsorbed on the inorganic surfaces and was able to induce steric hindrance which may have

limited the growth process and caused crystal size reduction.
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Figure 2. 1. XRD patterns of the as-prepared nickel sulfides: (a) prepared in only water as
solvent, (b) prepared in EG/water solvent compositions, (c) prepared in EtOH/water solvent
compositions, and a zoomed in spectra of the (110) peak orientation of samples prepared using
water and/or EG as solvent showing a shift in peak position as a result of different solvent
compositions.

Table 2. 1. Crystallite sizes of NS samples prepared in water and/or ethylene glycol.

(110) Plane Crystallite size
Sample FWHM (°)
26 (%) (nm)
NS-W 31.14 0.5187 15.90
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NS-EG/W 1:2 31.47 0.5481 15.06

NS-EG/W 1:1 31.38 0.5425 15.21
NS-EG/W 2:1 31.64 0.7389 11.18
NS-EG/W 1:0 31.61 1.2348 6.69

2.4.1.2. IR absorption properties

FTIR spectroscopy was performed on the NS-W and NS-EG/W samples as illustrated in Fig.
2.2. The peak at around 633 cm™ was ascribed to the Ni-S stretching vibration [47-49]. The
C=S asymmetric stretching frequency at 741 cm™ confirmed the metal-sulfur coordination
bond [48, 49]. The out of plane NH, wagging of the amine group was located at 900 cm™ [41].
The latter was less pronounced in the samples prepared in the EG/W solvent system. The peak
at ~ 1079 cm* was assigned to the S=0 stretching mode of the air oxidized sulfur [38, 47, 49],
but it could also be due to the C-N stretching vibrations from the thiourea [48]. Another C-N
stretching vibration was noted at 1249 cm™ [50]. This band was more visible in the nickel
sulfide structures produced in using the EG/W solvent system. A NH2 bending mode was
observed at 1622 cm™ [48]. This peak could also be possibly due to bending vibrations of the
OH group from H»O [38, 46]. Lastly, a C-H stretching vibration from thiourea was observed
at ~ 2893 cm™ [48, 50]. The peaks at ~ 2300 cm™ could possibly be due to moisture and CO-

during analysis.
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Figure 2. 2. FTIR spectra of NS-W and NS-EG/W samples.

2.4.1.3. Morphology analysis

The effect of using different solvents on the morphology of the nickel sulfide nanostructures
was examined using TEM micrographs as shown in Fig. 2.3. The reaction occurring in water
produced interconnected quasi-spherical flower-like nanostructures made up of fibrous
nanosheets (Fig. 2.3a&b). An introduction of EG to water produced densely packed layered
based flower-like structures with no distinct shape (Fig. 2.3c-h). When an equal volume of EG
and water was employed, the nanostructures had a wrinkled few layer based morphology, that
appeared to be less dense. When only EG was used as solvent, smaller nanosheets seemed to

overlap before forming agglomerates.
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Figure 2. 3. TEM micrographs of: (a, b) NS-W, (c, d) NS-EG/W 1:2, (e, f) NS-EG/W 1:1, (g,
h) NS-EG/W 2:1, and (i, j) NS-EG/W 1.0.
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Scheme 2.1 is a proposed growth mechanism of the nickel sulfide nanoflowers.
Nanocrystalline nuclei formed during the hydrolysis or solvolysis process, which gradually
produced nanoparticles or crystals [51]. These crystals grew into nanosheets. These individual
nanosheets have a surface energy that was quite high with two main exposed planes. Hence,
they showed a tendency to aggregate perpendicularly to the surface planes so as to decrease
the surface energy by reducing the number of exposed areas. The nanosheets gradually self-
orientated and assembled into flower-like hierarchical structures under dipolar fields associated
with hydrogen bonds and van der Waals forces [51, 52]. The nanoparticles that formed during
nucleation in the hydrothermal reaction have higher collision rates than those formed in the
solvothermal reaction because water has a lower viscosity thus forming small nanosheets [46].
Secondly, EG has a lower saturated vapour pressure and a higher boiling point thus
amalgamation of the nuclei was less compared to that which took place with water since water
has a higher saturated vapour pressure and lower boiling point [25]. Moreover, ethylene glycol
has a bulkier structure than water [53]. Therefore, the flower-like structures that formed when
water was used as solvent were marigold-like whereas the ones formed during the solvolysis

reactions were rose-like (Scheme 2.1).

Nucleation & Growth Assembly Ostwald RiEening

— —

Scheme 2. 1. Proposed growth mechanism of NisS2 nanoflowers [55].

Since the synthesis was performed under microwave radiation, the dielectric properties of the
solvents should also be taken into consideration when attempting to explain the mechanism of
formation. Microwave heating occurs by converting microwave radiation into thermal energy
[30]. The value of the dielectric loss tangent (tan &) could be used to describe the heating
efficiency of the solvent via microwave radiation. The higher the tan § value the faster the
conversion of microwave irradiation into thermal energy. EG has a high dielectric loss tangent
(tan &) compared to water (Table 2.2) meaning it has an enhanced interaction with the
microwave radiation [25, 30] and the reaction would be expected to occur faster in EG

compared to in water. However, due to the higher viscosity and higher boiling point of EG the
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reaction would still be slower thus producing larger nanosheets. In a similar study,
Krishnapriya [25] also obtained marigold flower-like ZnO in water during microwave assisted
synthesis, but ZnO with a rotor-like morphology when EG was employed as solvent.

Table 2. 2. Boiling point, dielectric constant (¢) and the dielectric loss tangent (tan &) of the
solvent used in present work [30].

Boiling point
Solvent € tan &
(°C)
Water 100 80.0 0.123
Ethylene glycol 198 38.0 1.350

2.4.1.4. BET surface area analysis

The N2 adsorption-desorption isotherms of the obtained nickel sulfides are shown in Fig.
2.6a&Db. It can be seen from Fig. 2.6a that the isotherm of NS-W has a type 111 isotherm with
a H3 hysteresis loop at relative pressure (P/Po) of 0.4-1.0, characteristic of mesoporous
materials [24, 55-56]. Its corresponding pore size diameter distribution curve (inset) showed a
narrow pore size distribution between 4 and 16 nm, which was in the mesoporous region. The
N2 isotherms for the NS-EG/W samples also exhibited type 111 isotherms, but a bimodal pore
size distribution (Fig. 2.6b). The curves have a broad tailing peak located at > 4 nm and a sharp
peak centred at approximately 89, 68, 58 and 57 nm for NS-EG/W 1:0, 2:1, 1:2 and 1:1,
respectively. This could suggest the presence of pores in the mesopores region (2-50 nm) and
the macropore region (>50 nm). The nanopetals could possibly be responsible for the small
pores and the internanopetal spaces for the larger pores [24]. The width of the tailing peak
increased as the EG content in the solvent increased. The largest pores were also observed in
the sample synthesized with a solvent with the highest EG content. This could suggest that the
size distribution of the pores in the nanopetals became larger as EG became the more

dominating solvent as well as the voids between the nanopetals.
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Figure 2. 4. N2 adsorption-desorption isotherms and pore size distribution curves (inset) of

(a) NS-W and (b) NS-EG/W

The specific surface area for the samples was calculated using the BET method. The specific
BET surface area of NS-W was ~ 42.3 m?/g (Fig. 2.5). When ethylene glycol was introduced
to the water, the surface area decreased to almost a third of the NS-W surface area. Thereafter,
it gradually increased with an increase in the amount of ethylene glycol in the solvent. Similar

results were obtained when Wojnarowicz et al. [31] studied the effect of water content in

nanostructures.

ethylene glycol on ZnO nanoparticles synthesized via a microwave solvothermal method.
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Figure 2. 5. Values of the specific surface area of the structures synthesized at different
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According to the experimental results, the solvent composition does have an influence on the

final phase purity, structure and morphology of the nickel sulfide.

2.4.1.5. Laser Raman spectroscopic analysis
The Raman spectrum in Fig. 2.6 of NS-W also served as additional confirmation for the
formation of NisSz in water. NizS2 has a rhombohedral structure with the space group R32 (155)

[57-59]. Theoretically, the phonon modes at the T point for NisS; are:
I (NisSy) = 24% + 2AIR + 4ERIR (2.7

Where, six of the bands are Raman-active bands (two A: and four E) and six Infrared-active
(two Az and four E). The Raman spectrum exhibited peaks at approximately 196, 217, 301,
322, and 342 cm which could be assigned to the E(4), E(3), E(2), A1(1) and E(1) modes,
respectively [55-56].

E(1)

Intensity (a.u.)

150 200 250 300 350 400 450
Raman shift (cm™)

Figure 2. 6. Raman spectrum of Ni3S, nanostructures prepared in water as solvent.

2.4.1.6. Elemental analysis

X-ray photoelectron spectroscopy was performed to ascertain the surface electronic state and
chemical composition of NS-W. All observed peaks in the survey spectra as displayed in Fig.
2.7a could be assigned to the anticipated elements including Ni, S, O and C. C is usually
denoted as adventitious [6], but in this case it could also be due to the side product that formed

during synthesis as explained earlier and the O signal could be due to the partial oxidation of
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the nickel sulfide during sample preparation for XPS measurement. Fig. 2.7b shows the high-
resolution spectrum of Ni 2p exhibiting two major peaks at 857.2 eV and 875.1 eV, with a spin
energy of 17.9 eV, assigned to Ni 2pz2 and Ni 2p12, respectively [16]. The other peaks located
at 862.3 eV and 879.9 eV were accompanying satellite peaks of Ni 2ps2 and Ni 2p1/2 [16, 60].
The S 2p region in the binding area range of 160 -174 eV was demonstrated in Fig. 2.7c. The
peaks located at 163.9 eV and 165.6 eV were ascribed to the S 2ps;2 and S 2p1s, for the S-Ni
bonds [16, 60].
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2.4.2. Effect of annealing: phase, IR absorption and morphology studies

When Linganiso et al. [61] used NiS for hydrogen sensing at 300°C they noticed that the
structure changed to NisS; after sensing. Therefore, in attempt to obtain pure NisSz, we
annealed NS-W under pure H> gas. X-ray analysis of the material was performed to study the
crystal structure of NS-W after annealing (Fig. 2.8). When samples were annealed at 300°C, an
enhancement in the intensity of the diffraction peaks occurred. Additionally, only
rhombohedral NisS, (PDF 00-030-0863) was obtained at this temperature. The impurity peak
was removed and the NiS (PDF- 01-074-7239) peaks at 26 = 11.2°, 18.2° and 35.6° were all
absent after annealing. An increase in annealing temperature to 400°C produced diffraction
planes ascribed to NisSz, NiS and Ni7;Se (PDF 00-014-0364). The same mixture of nickel
sulfide polymorphs were obtained at 500°C.

The graph in Fig. 2.9 demonstrates the effect of annealing temperature on the (110) plane
position and the crystallite size. It was evident that the (110) plane position shifted to higher
20 values and the estimated crystallite size decreased with an increase in annealing
temperature. Nanostructures annealed at 300°C demonstrated the most improvement in the
crystal structure and grain growth occurred at this temperature. However, once the annealing
temperature was higher, the crystallinity of NisS, decreased due to a break in the crystal
structure as sulfur was released and other nickel sulfide phases emerged. The shift to higher 26
values may have been related to a decrease in the lattice parameters from the strain produced

by crystallization during the annealing process [62].

An extended annealing time and an increase in the gas flowrate greatly decreased the
crystallinity of the structures (Fig. 2.8b). This decrease in crystallinity was observed with the
increase in the FWHM of the diffraction planes (Table 2.3). The nickel sulfide XRD reflection
planes also shifted to higher 26 values upon an increase of annealing time as well as when the
flowrate was increased (Table 2.3). No new peaks were observed with a prolonged annealing

time, but new peaks assigned to NiS and Ni7Se appeared when the gas flowrate was doubled.
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Table 2. 3. Crystallite sizes of the NS samples annealed at 300°C.
(110) Plane FWHM Crystallite size

Sample
(26 () ©) (nm)
NS-W 31.14 0.5187 15.90
300 °C- 50 sccm (30 min) 31.45 0.3027 63.35
300 °C-50sccm (1 hr.) 31.67 0.6136 13.46
300 °C- 100 sccm (30 min) 31.67 0.4576 18.04

Other researches have also performed annealing studies of nickel sulfides [34, 37, 40, and 63].
Zhang and co-workers [40] improved the crystallinity of NisS2 nanorods synthesized on nickel
foam by annealing the structures for 4 hours at 300°C under argon gas. No additional nickel
sulfide phases were observed after annealing. Another group was able to prepare NizS2 by
exposing NiSO4-3NH4 and NiSO4-7H.0 to an Ar/H; environment at 400°C for 2 hours [63].
They were able to successfully convert SO+* to S;*. However, when NiSO4-3NH4 and
NiSO4 7H20 was exposed to only argon gas only NiSOjs structures were obtained suggesting
that H> was also important for the conversion. Mahmood [37] was able to produce NizS4

nanoparticles on N-doped graphene with another phase (NiS1.03) depending on the temperature
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of annealing under N2 gas. Additionally, the sensing tests performed by Linganiso were under
a nitrogen environment [61]. At this background, one could assumedly say that performing
annealing under an ultra-pure hydrogen environment could be the reason for a mixture of nickel

sulfide phases at temperatures of 400°C and 500°C.

FTIR spectroscopic analysis revealed a loss (Fig. 2.10) in the NH2 bending mode, which was
situated at 1622 cm™ in NS-W after annealing. The peaks located at 653 cm™, 1053 cm™ and
1164 cm™ indicated the presence of vibrational modes due to sulfide ions in the crystal [38, 47-
49]. The intensity of the peak related to S=O (1053 cm™) increased with an increase in
annealing temperature, time and flowrate. The Ni-S peak (653 cm™) shifted to a higher
wavenumber with an increase in annealing temperature, time and flowrate [47-49]. The out-of-
plane NH, wagging of an amine group was situated at ~ 874 cm™ [41]. The C-N stretching
vibration located at ~ 1233 cm™* [50] was present in all annealed samples. The C-H stretching
vibrations was also present around 2888 cm™ [48, 50]. The shift in some of the peaks as well
as a change in the intensity may possibly be related to a change in the lattice parameters of the
nickel sulfide [64]. The peaks around 2300 cm™ could be related to the moisture during

analysis.

100 sccm-30 min

Ol NWV\/\W‘ WW
J 400°C 5 50 scom-60 min
W

W

————

Transmittance (a.u.)
w
%
=
Transmittance (a.u.)

2893
1233
1164
1053

M M < ™ ¥ @
NI 5 8
HHHOO ©

© |2888

\ \ \ \ \ ) \ :
2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)

3500 300

Figure 2. 10. FTIR spectra of NS nanostructures annealed under H> gas with (a) a flow rate of
50 sccm at different temperatures and (b) for different times at a flow rate of 50 sccm, and at
100 sccm.

The TEM micrographs of the annealed NS samples were observed to vary with an increase in

temperature as illustrated in Fig. 2.11. When the NS was annealed at 300°C, nanorods with
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dense centres seemed to emerge from the nanosheets of the previously quasi-spherical
flowerlike structures forming rod-based flowerlike nanostructures (Fig. 2.11a&b). These
emerging rods on the surface of the quasi-spherical flowers also lead to the disconnection of
the fused structures. When the temperature was increased to 400°C, the morphology of the NS
changed to what seemed like clusters of various morphologies and sizes (Fig. 2.11c&d). A
further increase in the annealing temperature produced smaller structures with a mixture of

spherical and hexagonal morphologies (Fig. 2.11e&f).

An extension of time with another 30 minutes under 50 sccm Ha gas produced agglomerated
non-uniform particles (Fig. 2.12a&b) whereas an increase in the flowrate to 100 sccm at 300°C

lead to the formation of longer nanorods and some nanoparticles (Fig. 2.12c&d)

50

—
| —



3um

Figure 2. 11. TEM images of NS structures annealed under H> gas with a flow rate of 50 sccm
for 30 min at (a, b) 300°C, (c, d) 400 °C and (e, f) 500 °C.
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Figure 2. 12. TEM micrographs of NS structures annealed under Hz gas at 300 °C: (a, b) with
a flow rate of 50 sccm for 1 hour and (c, d) with a flow rate of 100 sccm for 30 min.

2.5. Conclusions

Nickel sulfide nanostructures have been synthesized by a microwave assisted hydrothermal
method using water, ethanol, ethylene glycol or a mixture of water/ethanol or water/ethylene
glycol as solvents. Water and ethylene glycol and a mixture of these two solvents produced
NizS. nanostructures with a high phase purity, whereas ethanol or a mixture of water and
ethanol produced structures consisting of three different nickel sulfide phases. Varying the
volume ratios between water and ethylene glycol, with no change in the other conditions,
prepared different types of flower-like nanostructures. Water produced quasi-spherical flower-
like structures while ethylene glycol or a mixture of water and ethylene glycol produced layer-
based rose-like structures. Nanostructures produced in water had the largest surface area.
However, the surface area decreased as ethylene glycol was introduced to the water and started

increasing once ethylene glycol was the domineering solvent. The effect of annealing under
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hydrogen on the structural and morphological flower-like structures synthesized in water was
also studied. Annealing at 300°C produced NisSz where an increase in the temperature produced
peaks belonging to other nickel sulphide phases (NiS and NizSe). An extension of the annealing
time decreased the crystallinity of the material. Lastly, when the flowrate was increased peaks

also belonging to NiS and Ni7Se appeared.
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Chapter 3: Synthesis of reduced graphene oxide from graphite

powder

3.1. Introduction

A paper published by Nobel Laureates, Konstantin Novoselov and Andre Geim, on how they
experimentally attained graphene from graphite has accelerated graphene research so much so
that is now called a 'wonder material’ and ‘celebrity’ in the field of material science [1-4]. The
many unique advantages presented by this one atom thick 2D material allows it to be applied
in a wide range of fields, from energy storage devices [5] to water purification [6] and catalysis
[7]. Graphene is a planar sheet of sp? hybridized carbon atoms that are tightly packed to form

a 2D honeycomb crystal structure [1-8].

Numerous methods for the synthesis of graphene from non-graphitic and graphitic sources have
been investigated [8]. Chemical vapour deposition growth on copper [5, 8-9] and epitaxial
growth on silicon carbide [10] use non-graphitic sources to produce graphene. These methods
can produce high quality graphene with high electrical conductivity. However, they are not
appropriate for large-scale synthesis needed in the industry. Micromechanical cleavage [1, 11]
and chemical oxidation followed by reduction [4, 12] of graphite are also well-documented
methods for obtaining good quality graphene. The most popular and probably the most cost
effective method for attaining graphene on a large scale is reduction of graphene oxide sheets

exfoliated from graphite oxide [4, 12-13].

Graphene oxide (GO) is a single or few layers of graphite with incorporated oxygen functional
groups: epoxy and alcohol groups on the basal planes and carboxyl and ketone groups at the
edges [14]. These oxygen functionalities can be removed or lessened by various reduction
processes [4, 12, 15-16]. The degree of reduction on GO significantly influences the thermal,
electrical and physical properties of the subsequent reduced graphene oxide (rGO) product.
This can be easily tuned by altering the reaction conditions of the particular reduction strategy
used [12, 16]. Techniques such as high temperature refluxing [17], hydrothermal [18], thermal
heating [4, 19], photochemical [20] and microwave methods [13, 21-30] have all been studied
for the reduction of GO.

A reducing agent is often used in wet chemical methods and it is well known that the electrical

properties and the carbon to oxygen ratios of rGO are dependent on the nature of the reducing
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agent. Hydrazine has proven to be the best reducing agent for graphene oxide producing
reduced graphene oxide with the lowest oxygen content and better electrical conductivity
compared to other reducing agents (NaBH4, hydrioc acid etc.) [16, 31-33]. Hydrazine is
however toxic to human beings and the environment [12]. Researchers have explored using
reduced amounts of hydrazine by employing a combination of methods [4] and using
environmentally friendlier reducing agents such as enzymes, bio-organisms, sugars and other
organic compounds [12, 34]. The application of ascorbic acid (vitamin C) as a reducing agent
of GO was firstly reported by Zhang and colleagues [34]. Their work initiated a huge interest
in using ascorbic acid for GO reduction since the rGO produced with this reducing agent
exhibited properties (electrical conductivity and C/O ratio) closest to the one synthesized using

hydrazine.

Other methods such as laser [35], ultra-violet [36], solar [37] and microwave radiation [13, 21-
30] have been considered in the quest of finding greener alternatives for the reduction of GO
to rGO. Microwave synthesis reactions are known to occur at higher reaction rates due to
selective heating [38]. The consideration of using microwave technology as a viable alternative
reduction strategy for GO has recently gained momentum because of the above-mentioned
advantages [39]. Additionally, the interaction of microwave irradiation with carbon materials
is different because heating is mainly caused by the -1t electrons [40]. This peculiar heating

mechanism is great for material processing and functioning.

The effects of microwave reaction time and power level on the structural and electrical
properties of rGO have been investigated [24, 27]. Agusu et al. observed an increase in the
interlayer spacing of the reduced graphene oxide sheets as the microwave power level was
increased from 240 to 550 W when the reduction reaction was ran for 20 minutes in a domestic
microwave oven using Zn as a reducing agent [27]. However, when the reaction time was
increased to 40 minutes, the interlayer spacing showed a decrease when the power was higher
than 400 W. Additionally, the stacking thickness decreased with an increase in power during
the 20 minute reactions. The electrical conductivity reached a maximum at an operating power
of 400 W. Microwave-assisted hydrazine reduction of GO to rGO has been reported by Elazab
[30] and Li [24]. Both reporters applied a relatively low power (250 and 300 W) for the
production of rGO in 10 minutes achieving an 8.1 and 5.28 C/O ratio, respectively.

This chapter reports on the synthesis of reduced graphene oxide from graphite powder. The

graphite powder was oxidized using a well-known method to obtain graphene oxide, thereafter

60

—
| —



the obtained graphene oxide reduced using a microwave-assisted method and a thermal heating
technique. Reduction via microwave technology investigated the effect of using different

reducing agents and thermal reduction was done in air environment only for comparison.
3.2. Experimental procedure

Graphite powder (<20 um), potassium permanganate (KMnOa, 99%), sulfuric acid (H2SOg,
98%), phosphoric acid (HsPOs4, 85%), hydrogen peroxide (H2O2, 30%), hydrazine hydrate
(NH2H4, 50-60%), L-ascorbic acid (CeHsOs, 99%) and barium chloride dihydrate
(BaCl2:2H20, 96%) were purchased from Sigma Aldrich, South Africa and used as received.
A 10% hydrochloric acid solution was prepared by diluting a purchased HCI (36%, Sigma
Aldrich, South Africa) solution with distilled water.

3.2.1. Preparation of graphene oxide

GO was prepared from graphite powder using the Improved Hummers’ method [41]. In a
typical synthesis, 3 g of graphite powder and 18 g of KMnO4 was slowly added to a cold (0°C)
400 mL acid mixture containing 360 mL of H.SO4 and 40 ml of HsPO4 while ensuring that the
temperature did not exceed 20°C. The mixture was then stirred at 50°C for 12 hours and the
oxidation terminated by adding 3 mL of H20. and 400 mL of ice-cold distilled water. The
brown gel was centrifuge washed at 15 000 rpm with 10% HCI until all sulphate ions were
removed (tested using BaCl>'2H20) followed with distilled water until a pH of ~7. The

suspension was ultra-sonicated for an hour and vacuum freeze-dried at ~ -80°C for a week.
3.2.2. Reduction of graphene oxide

A GO suspension was produced by dispersing 200 mg of GO in 200 mL of distilled water by
ultra-sonication. A certain amount of reducing agent (hydrazine hydrate (3 mL) and ascorbic
acid (1 g)) was added to the suspension which was then stirred for a few minutes to obtain
homogeneity. The mixture was transferred into the Teflon-lined microwave reaction vessels
and placed into a microwave reactor (Anton Paar Multiwave 3000) which was operated at 600
W for 10 minutes followed by fan cooling until room temperature was reached. The black
precipitates were washed with water and ethanol and later dried overnight at 100°C. A control
experiment was conducted where the GO suspension (without addition of any reducing agent)

was exposed to microwave irradiation under the same conditions.
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In an attempt to compare the degree of defects in microwave-reduced rGO with conventionally
prepared rGO, GO powders were exposed to thermal reduction in air for 30 minutes. In brief,
200 mg of GO was weighed in a quartz boat and placed in a horizontal tube furnace. The
furnace was heated to 300°C at a ramping rate of 5 °C/min, kept at 300°C for 30 minutes and

cooled to room temperature.

The products were labelled as mGH, mGA and mGC for the samples prepared by microwave
reduction using hydrazine, ascorbic acid, and the control, respectively. The thermally reduced

product was identified as tGA for reduction in air.
3.3. Characterization

The graphite and as-synthesized materials were characterized using the various techniques as
described in Chapter 2.3.

3.4. Results and discussion

The formation of reduced graphene oxide from graphite powder is schematically shown in
Scheme 3.1. The oxidation process leads to a population of different oxygen moieties on the
graphite sheets. The concentration of these moieties is greatly reduced after the reduction of

graphene oxide.

Graphite | Graphene Oxide | | Reduced Graphene Oxide |
@' —— O O _CcooH_OH OH ; QA
: %g“dmn W’COOH WCOOH

Scheme 3. 1. Formation mechanism of rGO from graphite powder [15].

3.4.1. Phase analysis

The transformations that occurred in the crystal structure of graphite during the oxidation-
reduction process were firstly confirmed using X-ray diffraction (XRD). Crystallographic
parameters for graphite, GO and all the rGO samples were determined using the XRD patterns
(Fig. 3.1). The interlayer spacing (doo2), crystal stack height (L¢), in-plane crystal sizes (L.) and
the number of graphene layers in the crystal (N¢) were all estimated using the equations below
[12]:

(3.1)

don, = ——
002 ™ 35in6,
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kA

¢ ™ FWHM cos 641 (32)

@ FWHM cos 8, (3:3)

N, = = (3.4)
d002

Where, A is the radiation wavelength, 61 the diffraction peak position for the (002) or (001)
diffraction plane, 8, the peak position for the (100) plane, ki1 a form factor usually applied as
0.9, k2 the Warren Form Factor constant applied as 1.84, and FWHM the width at half height
for the corresponding plane.

The XRD pattern in Fig. 3.1a confirmed the formation of GO from graphite powder. Graphite
(inset) exhibits peaks at 26 = 26.4°, 42.4°, 44.4° and 54.4° corresponding to the (002), (100),
(101) and (004) planes of carbon, respectively (PDF 00-008-0415). The intense crystalline
(002) plane of graphite was consistent with an interlayer spacing of 0.34 nm (Table 3.1). In
GO, the (002) peak disappeared and a new peak emerged at ~ 26 = 10.9° assigned to the (001)
plane of carbon that corresponded to an interlayer spacing of 0.81 nm. This increase in the
interlayer spacing indicated an expansion of graphite sheets due to the incorporation of oxygen
functional groups as well as water molecules in the interlayer galleries of hydrophilic GO [41].
This distinct and sharp peak suggest that ordered structure along the c-axis was preserved [42].
Reduction caused a disappearance of the latter and a re-emergence of the (002) plane assigned
to graphitic carbon at 26 = 24-25°in the rGO samples (Fig. 3.1b). Consequently, the interlayer
spacing decreased to 0.35-0.37 nm due to the removal of the oxygen functional groups and
water molecules, and a restacking coupled with overlapping of the rGO sheets. The wider (002)
peak in the reduced samples could be indicative of their poor ordering along the stacking
direction and that they were mostly comprised of freestanding graphene sheets [43].
Furthermore, the (100) plane in tGA was not as prominent as in the microwave reduced
samples. The observed decrease in the crystal domains (La and L) after oxidation and reduction
inferred an increased structural disorder in the GO and rGO samples [12]. The number of layers
in the crystal structure (N¢) of graphite decreased tremendously after oxidation because of the

separation caused by oxidation and exfoliation, and the amorphous nature of rGO.

When comparing the crystallographic parameters of the microwave reduce samples with each

other, the interlayer spacing between the rGO sheets (doo2) were all the same suggesting that
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the degree of oxygen functional group removal between the sheets was similar in all the

samples. Consequently, the stacking height (Lc) of these samples was also the same. The

number of crystal layers was the lowest in the control sample (mGC) and similar to the GO.

Lastly, the in-plane crystal size was the highest in mGH and comparable to the thermally

reduced sample (tGA).

O

{002),

—e(001)

(100)

tGA

= e .
;; g g . / \ INL mGA|
e - >
2 . . JLI g’?’ i ‘8’ X IGraplhite g
E 10 20 30 429 ) :5)0 60 70 80 % /\_ ~mGH
g £
= GO A mGd
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26 (°) 26 (°)
Figure 3. 1. XRD pattern for GO (inset: graphite) (a), and rGO (b).
Table 3. 1. Summary of XRD data for all the samples.
Sample .
Plane (2 8 (°)) (nm) (nm) (26 () (nm)
Graphite 26.4 18.6 0.34 55 42.4 30.8
GO 12.2 2.6 0.81 3 42.9 16.7
mGC 24.3 1.2 0.37 3 43.6 6.0
mGH 24.2 1.3 0.37 4 43.5 7.0
mGA 24.4 1.3 0.37 4 43.7 6.7
( ]
L %)



tGA 25.3 1.7 0.35 5 43.7 8.5

3.4.2. Morphology analysis

The morphological properties of the materials were evaluated using transmission electron
microscopy (TEM). Graphite has a crystalline platelet-like morphology with well-defined
sheets (Fig. 3.2a). The GO and rGO displayed sheets that were a few micrometres in size (Fig.
3.2b-f). The crumpled, wrinkled few layered sheets in GO indicated that exfoliation produced
2D sheets [37]. The wrinkles were attributed to the structural defects or functional groups that
changed the electronic structure of the carbon atoms from sp? to sp® [44]. The rGO sheets
appeared to be denser due to re-stacking caused by the weak van der Waals bonds between the
sheets [37]. The wrinkling and folding was still prominent in the rGO samples due to the
tension in the carbon-to-carbon bonds [15]. mGC (Fig.3.2c) seemed to have smaller sheets
with denser, more compact regions at the edges. The high magnification TEM micrographs of
mGH (Fig. 3.2g&h) further illustrated the crumpling and wrinkling present in the rGO sample.
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Figure 3. 2. TEM micrographs of graphite (a), GO (b), mGC (c), mGH (d), mGA (e), tGA (f),
and high magnification TEM image of mGH (g and h).
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3.4.3. Laser Raman spectroscopic analysis

The significant structural changes occurring during the oxidation-reduction process were
further reflected in the Raman spectra of graphite, GO and the rGO samples. The Raman
spectrum for graphite (Fig. 3.3a) consisted of the three characteristic carbon peaks, i.e. the D,
G and 2D band [45, 46]. The D band around 1352.2 cm " could be ascribed to the breathing
modes of the sp? and sp® carbon atoms in the rings and represents the imperfections or disorders
in the carbon structure. The extremely low area of this band suggest that graphite contains a
very small concentration of defects in its carbon structure [15]. The G band at 1579.1 cm™ was
due to the bond stretching of the sp? carbon atoms in both the chains and rings. The 2D band
situated at 2715.7 cm™ was due to the second-order two-phonon process. No D* band (usually
situated at ~ 1620 cm™) was observed in graphite and the synthesized GO and rGO materials
indicating the high quality of graphene films [46]. An increase in the area and intensity of the
D band occurred after oxidation due to the transformation of some in plane sp? carbons into
disordered sp® carbons when oxygen functionalities were introduced. The blue shift of the G
band could possibly also be explained by the reduction in sp? domains. The 2D band was
diminished in the GO because of the chemical defects induced by the functional groups
between the graphitic layers [47]. The shift in position of the G band continued after the
reduction process due to the strain associated with the removal of oxygen functional groups
during reduction of GO.

Intensity (a.u.)
?
o
>

Intensity (a.u.)

1
1
)
Graphite] 1 1
4\ ! ! mGC
1 1 1 1

500 1000 1500 2000 2500 3000 1000 1200 1400 1600, 1800
Wavenumber (cm™) Wavenumber (cm™)

Figure 3. 3. Raman spectra of GO and graphite (a), and rGO samples (b).
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The Ip/lc ratio (the area under each peak was applied instead of intensity) gives an estimation
of the number of structural defects and the size of the in-plane sp? domains present in the
material (Table 3.2) [43]. An increase in the Ip/lc ratio was observed after oxidation of
graphite, which was consistent with literature [4, 15, 18, 43]. This value increased further
during reduction where the edges of the sheets increased when the sp? domains were torn apart
by the removal of the oxygen groups [4, 37]. Some carbon atoms were also removed resulting
in pores and defects in the graphitic lattice [31, 37]. mGC has an Ip/lg ratio of 2.13, which was
0.1 less than that of mGH proposing that reduction by microwave irradiation without a reducing
agent was effective in inducing more defects in rGO. As anticipated, the concentration of
defects were found to be lower in mGA because of the lower reducing ability of ascorbic acid
which was even lower than mGC inferring that the ascorbic acid could hinder the defect
inducing ability of microwave irradiation. The thermally reduced sample had a higher defect
density. These defect densities of the microwave-reduced samples and tGA were comparable
considering the fact that microwave reduction occurred in a short period of time and lower

temperatures when compared to thermal reduction.

Table 3. 2. Summarized Raman data for graphite, GO and rGO samples.

2D Band
D Band G Band
Centre Io/lc

Centre FWHM Centre FWHM (cm™)

(cm™) (cm™) (cm™) (cm™?)
Graphite ~ 1352.2 30.3 1579.1 16.4 2715.7 0.17
GO 1358.6 143.1 1590.1 82.3 - 1.63
mGC 1351.8 138.6 1596.4 65.5 - 2.13
mGH 1349.5 126.5 1596.6 62.1 - 2.23
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MmGA 1349.7 125.7 1593.3 69.3 - 1.87

tGA 1364.1 221.8 1590.8 84.4 - 2.48

3.4.4. Functional group analysis

FTIR spectroscopic measurements performed on the materials was used to elucidate the
functional groups present in all the samples. The spectra for graphite and rGO samples were
similar (Fig. 3.4). GO showed a peak between 3450 and 3666 cm™ corresponding to an overlap
of the —OH stretching mode of the incorporated alcoholic hydroxyl and -COOH groups across
the GO sheet [18]. The strong hydrogen bonds between adsorbed water molecules and the
carboxylic acid groups could also be represented by this peak [48]. The —OH bending mode of
adsorbed water was also present at 1400 cm™ [12, 18]. These peaks were weakened after
reduction with tGA showing the weakest intensity. The C=0O stretching vibration of the
carboxyl and carbonyl conjugated groups (ester, aldehyde) was found at 1623-1734 cm™ [12,
18, 49]. After reduction, these peaks were still present, however at a very low intensity for
mMGA and almost completely diminished in mGH. The epoxy or peroxide groups, alkoxy and
epoxy groups were responsible for the C-O-C and C-O stretching at 980 cm™, 1054 cm™ and
1226 cm™, respectively [18, 50]. The skeletal alkene group (C=C) stretching modes were
present in the rGO samples at ~1000 cm™ (in plane bending of C=C) and ~1540 cm™* (aromatic
C=C stretching). The fore mentioned indicate a loss of a majority of oxygen functional groups
and the recreation of the sp? domains after reduction [49]. The symmetric and asymmetric
stretching vibrations of CH were present at 2892 cm™ and 2960 cm™ [51]. mGH and mGA
exhibited a decrease in the intensity of most oxygen groups when compared to mGC and tGA
especially the C=0 specie. CO, and moisture-related peaks were also observed around 2300

cm™,
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Figure 3. 4. FTIR spectroscopic results for graphite, GO and all rGO samples.

3.4.5. BET surface area analysis

The specific surface area of graphite, GO and mGH have been measured using BET adsorption
of N2 gas. The surface area of graphite increased from 6.9 m?/g to 80.4 m?/g upon oxidation
(Table 3.3). There was a further increase after reduction to 815.2 m?/g, which was lower than
the theoretical surface area of graphene (2600 m?/g) due to the agglomeration of the sheets that
resulted in overlapping and coalescing with many exposed surfaces [1, 31]. This obtained value
was however higher than rGO obtained using other methods [49] and comparable to rGO
obtained using microwave methods [52]. Initially, during the production of GO, chemical
oxidation followed by exfoliation via sonication caused an increase in surface area. mGH has
an almost 10 times higher surface area than GO. The latter could be ascribed to the ability that
microwaves have of producing large heat in the layers of the graphene oxide resulting in
exfoliation of the sheets [39]. The pore volume of mGH was much larger than that of both
graphite and GO because of the joint influence of sonication during the dispersion of GO and
microwave effects [39]. The pore volume of GO was lower than that of graphite possibly due
to the pressure applied during the freeze-drying process. The N adsorption-desorption
isotherms for all three material are illustrated in Fig 3.5. Graphite exhibit a type Il isotherm
with a H3 hysteresis loop whereas GO and rGO have a type IV isotherm according to IUPAC
classifications. Both have a H3 hysteris loop between relative pressures of 0.4-1.0 indicating

the presence of mesopores in which irreversible capillary condensation occurs. The pore
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diameter distribution for the three samples are illustrated as insets in their respective isotherms
(Fig. 3.5). A broad pore diameter distribution with a sharp peak centred at 137.5 nm was
observed for graphite, and narrow peaks at 3.4 nm and 3.5 nm for GO and rGO, respectively.
From the curves, we could conclude that graphite has micropores within the structure and that

the pore distribution between 90 and 160 nm is due to the spacing in between the bulk graphite.

Table 3. 3.Surface area of graphite, GO and mGH.

BET surface area Pore volume

Sample
(m?/g) (cm®/g)
Graphite 6.9 0.15
GO 80.4 0.02
mGH 815.6 0.61
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Figure 3. 5. N2 adsorption-desorption isotherms and their respective pore diameter distribution
curves (inset) for graphite (a), GO (b) and mGH (c).

3.4.6. Elemental analysis

X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface composition and the
carbon hybridization of GO and rGO. The XPS survey spectra of both GO and mGH is
illustrated in Fig. 3.6 and the elemental composition of both summarized in Table 3.4. The
carbon to oxygen content in GO is reported as 1.99 and 7.8 in mGH. The latter was similar to
a C/O to ratio obtained by microwave-assisted hydrazine reduction by Elazab [30].
Approximately 6.8% of nitrogen was present in rGO arising from the nitrogen in hydrazine
[31]. Very low percentages of impurities were present in both GO (S 2p and ClI 2p) and rGO
(F 1s and Mg 1s).
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Figure 3. 6. XPS survey spectra of GO and mGH.
Table 3. 4. Atomic compositions of GO and mGH

C 0 N S cl F Mg

(at %) (at %) (at %) (at %) (at %) (at %) (at %)
GO 66.1 33.2 - 0.4 0.2 - -
mGH 82.2 10.6 6.8 - - 0.3 0.2

The high-resolution XPS C 1s and O 1s core level spectra of the GO and mGH were de-
convoluted to study the oxygen speciation in both samples. The bonding states of the C 1s core-
level spectra for GO (Fig. 3.7a) and rGO (Fig. 3.7c) were both de-convoluted into four peaks.
The first major peak (~284 eV) in both spectra could be assigned to the sp?> C=C and sp® C-C
bonds [53]. This peak became narrower and sharper after reduction indicating that the mGH
structure was more regular than the GO structure. The C-O bond of the epoxy and hydroxyl
groups was located at 287.2 eV in GO and at 286.1 eV in mGH. This peak shifted and decreased
after reduction because of the elimination of hydroxyl groups at the basal planes by hydrazine
reduction. The carbonyl group was represented by the C=0 at a binding energy of 287.4 eV
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for GO. In mGH, the C-N group at 285.2 eV substituted the latter [53]. Finally, the last peak
corresponded to the O-C=0 (289.2 eV for GO and 287.7 eV for mGH) bond of the carboxylic
groups. This was almost completely weakened after reduction. The shift noted in the peak
positions after reduction could be ascribed to the introduction of nitrogen in the structure [53,
54].

The O 1s spectra of GO (Fig. 3.7b) consisted of two oxygen species. The oxygen from the
functional groups i.e. C=0 and C-O bonds were centred at approximately 531 and 533 eV [55].
The intensity of the O 1s peak (Fig. 3.7d) significantly decreased after reduction as would be
expected since most of the oxygen single-bonded to carbon groups were removed when

forming rGO.
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Figure 3. 7. XPS spectra of deconvoluted C 1s and O 1s peaks of GO (a & c¢) and mGH (b &
d).

The incorporation of a heteroatom, N, is common during hydrazine reduction of graphene oxide
[14, 31]. The N 1s core-level spectra in Fig. 3.8 demonstrate the presence of three types of
nitrogen species, pyridinic N (399.2 eV), pyrrolic N (400.6 eV) and graphitic N (401.5 eV)
[31]. The pyridinic N and pyrrolic N species are bonded to two C atoms with one and two p-
electrons in the m-conjucated system, respectively. The graphitic N species replaced some C

atoms in the six-chained ring [53, 54]. The mechanism for obtaining the nitrogen has been
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explained by Stankovich [31] and further explained using theoretical modelling by Gao [55].
However, the exact formation of the exact nitrogen species during the reduction reaction is not
yet fully understood [14].

10

25] N 1s

Intensity (a.u.)

[y
o
P

.4(l)8. . .4(l)4. . .4(l)0. . .3556. . .392
Binding Energy (eV)

Figure 3. 8. High-resolution XPS spectra for N 1s of mGH.

3.5. Conclusions

Microwave hydrothermal reduction of graphene oxide has been presented as an
environmentally friendly reduction strategy. XRD, Raman, FTIR and XPS confirmed the
effectiveness of this technique. XRD patterns established the increase and decrease in stacking
thickness of the graphite sheets after the oxidation and reduction processes. Raman
spectroscopic analysis demonstrated that microwave reduction without any reducing agent
could potentially be a competitor with hydrazine in inducing defects to the graphitic lattice.
FTIR results showed that the removal of oxygen functionalities in the microwave-reduced
samples could be comparable to the thermally reduced sample. Elemental composition results
showed that the C/O ratio of the GO sheets increased from 1.99 to 7.8 after the microwave

reduction with hydrazine reducing agent.
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Chapter 4: Synthesis of Niz3Sz-reduced graphene oxide composites

4.1. Introduction

The pursuit of attaining a material with impressive and desirable chemical, thermal and
electrical properties has encouraged the engineering of composites or heterostructured
material. Composites, which are made by combining metal oxides, transition metal
chalcogenides, polymers, and/or carbon materials, have been prepared and proposed for the
potential application in a variety of fields [1-3]. Composites can be defined as systems in which
the materials of different compositions meets at the interfaces [4]. Walker and colleagues
described the compositions or units as a backbone material and heterostructured material [5].
The backbone material contains the major conducting channels whereas the heterostructured
material is the secondary material decorated on the backbone. Novel or improved physical and

chemical properties usually emerge from the interfaces between the units [4-6].

Synthesis of nanocomposites usually follows three routes [7]: (a) sequential growth of the
different material, (b) direct growth of the different building units and (c) concurrent growth
of the different parts by regulating the building units. Various synthetic techniques have been
employed namely; wet chemical approaches, solid-solid reactions, chemical vapour deposition,
template-assisted synthesis and electrospinning [6, 7]. Graphene-nickel sulfide composites
have received enormous attention due to their exceptional electrochemical properties [8]. Until
now, researchers have employed many different methods to prepare these nanostructures [8-
17]. The most common route is the hydrothermal route because it is environmentally benign,

relatively inexpensive, is scalable and produces nanocomposites with high purity [8-10].

Xing and colleagues [9] prepared a nickel sulfide-graphene composite by hydrothermally
reacting graphene oxide, NiCl>-6H20 and L-cysteine in a Teflon-lined autoclave at 160°C for
6 hrs. Characterization by X-ray diffraction showed that two phases of nickel sulfide, NiS and
NiS2, were formed on the rGO sheets. Morphological studies revealed that the nickel sulfides
had a spherical structure in tens of nanometres in size. Another group was able to synthesize
only NiS blocked structures on graphene oxide using the same precursors, but at a longer
reaction time and a lower temperature [10]. A colloidal synthesis method has been employed
to prepare graphene wrapped-NisSs nanoprisms [12]. The nanoprisms were uniformly
dispersed on the graphene sheets prior to calcination, but agglomeration and wrapping of

nanoprisms with graphene sheets occurred once calcined under argon. A mixture of spherical
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nickel sulfides on rGO sheets were obtained by varying the ratio of precursors using spray
pyrolysis with the hot well reactor operated at 800°C for 8 s [13]. These composites were
synthesized in one pot and did not require any further heat treatment. A 3D porous graphene
network with NisS; nanoparticles were obtained by employing a quasi-chemical vapour
deposition method [14]. The authors used nickel foam as a catalytic skeleton and thiourea resin
as carbon and sulfur precursors with the reaction temperature adjusted between 600°C and
900°C for 30 minutes.

The high reaction temperatures and long reaction times of the above-mentioned methods are
often disadvantageous. Microwave synthesis technology has been reported as a possible
solution to these challenges, however few reports are available in literature on the microwave
synthesis of nickel sulfide-graphene composites, especially NisS>-rGO. Qin [15] synthesized
layered NizS2-rGO composites using a microwave hydrothermal technique. These composites
were obtained by mixing GO, NiCl>-6H20 and thiourea during a one-step procedure performed
for 10 minutes at 100 W without the addition of any surfactant or reducing agent followed by
annealing. Hu and co-workers [16] also obtained a layered composite by employing the same
method as Qin but they were able to completely reduce graphene oxide to graphene without
the additional annealing step. Recently, graphene-NiS/ NisS, composites were acquired using
a two-step microwave procedure where Ni particles were firstly decorated on the graphene
sheets followed by the sulfurization of those particles using thiourea as a sulfur source [17].
The NiCl,'6H20 and graphene oxide were simultaneously reduced to Ni and graphene using
hydrazine hydrate as a reducing agent under the microwave irradiation of 600 W for 4 minutes.
The sulfurization step proceeded at the same power in only 3 minute thus the combined reaction
time of the two steps for obtaining graphene decorated with quasi-spherical nickel sulfide

nanoparticles was less than 10 minutes.

In this study, NisS.-reduced graphene oxide composites were synthesized using an in-situ

microwave method and by physically mixing previously prepared NisS; and rGO.
4.2. Experimental procedure

Sodium hydroxide (NaOH, 99%) was purchased from Sigma Aldrich, South Africa and used
as is. The other materials used in the synthesis were used without any further purification

(unless stated otherwise) as mentioned in Chapter 2.2 and Chapter 3.2.
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4.2.1. Preparation of composites using an in-situ sulfurization microwave

technique

Nickel sulfide-reduced graphene oxide composites were synthesized using a sulfurization

method reported in [17] with a few modifications.
4.2.1.1. Synthesis of rGO-Ni composites

rGO-Ni composites were prepared by dispersing 200 mg of GO in ethylene glycol (1 mg/mL)
by ultra-sonication. 0.792 g of NiCl,'6H.O was added to the GO solution and sonicated to
produce a homogeneous solution. Furthermore, 6.8 mL of hydrazine hydrate and 1.4 g of
NaOH were added and stirred to ensure homogeneity of the reaction mixture. The latter was
transferred into Teflon-lined microwave vessels and placed in a microwave reactor (Anton Paar
Multiwave 3000) operated at 600 W for 4 minutes followed by fan cooling to room
temperature. The obtained powder was centrifuge washed with distilled water and ethanol a

few times and dried at 60°C overnight.
4.2.2.2. Synthesis of rGO-nickel sulfide composites

1.2 g of the rGO-Ni composite was dissolved in 80 mL of distilled water by ultra-sonication.
Thereafter, 0.2 g of thiourea was added to the composite solution and the reaction mixture was
stirred for homogeneity. This solution was placed in Teflon-lined microwave vessels and
placed in the microwave reactor that was operated at 600 W for 3 minutes and fan cooled to
room temperature. The as-obtained black product was centrifuge washed with water and
ethanol and dried overnight at 60°C.

A composite with a lower nickel sulfide loading was synthesized by using 0.396 g of
NiCl2:6H20 and 0.1 g of thiourea. The rGO-Ni composites were labelled as AGNi and BGNi
and the corresponding rGO-nickel sulfide composites as AGNS and BGNS.

4.2.2. Preparation of composites via an ex-situ technique

Composites made up of 5 and 10% NisS2 were synthesized by mixing 5 mg and 10 mg of
Ni3S2-W (prepared in Chapter 2) with 95 mg and 90 mg of rGO (mGH as prepared in Chapter
3), respectively. The rGO and NisS2 were both dispersed in ethanol (1 mg/mL) by ultra-
sonication for 1 hour. The two solutions were mixed together and further sonicated for 2 hours,

the solvent evaporated and the black powder dried at 100°C for 2 hours.
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4.2.3. Characterization

X-ray diffraction (XRD), Transmission electron microscopy (TEM), High magnification
transmission electron microscopy (HM-TEM), Laser Raman spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, Brunauer-Emmett-Teller (BET) surface area analysis and X-ray
spectroscopy (XPS) techniques were used to analyse the structural, morphological and

chemical properties of the as-synthesized materials.
4.3. Results and discussion

4.3.1. Phase analysis

X-ray diffraction analysis was performed on the materials to determine their phase structures.
The XRD patterns for the composites prepared via the in-situ method are represented in Fig.
4.1aand b. As seen in Fig. 4.1a, the rGO with Ni exhibited major peaks at 26 values of 44.7°,
52.1° and 76.8° attributed to the (111), (200) and (220) planes of Ni (PDF 01-071-4655). The
broad peak in the 12°-26° region could be attributed to the overlap of the (001) and (002) planes
of carbon suggesting that removal of the oxygen functional groups between the sheets of GO
during reduction was not complete [18]. After sulfurization, AGNS contained peaks that
corresponded to carbon (PDF 00-008-0415), NiS (PDF 00-003-0760) and NisS2 (PDF 00-030-
0863) whereas BGNS comprised of planes due to the presence of carbon, Ni(OH). (PDF 00-
057-0907) and NisSa.

As previously mentioned, thermodynamically the melting point of NizS; is lower than that of
NiS and the free energy formation of NisS; is much smaller than that of NiS [19]. Therefore,
the formation of NisS2 was expected to be much easier than the formation of NiS under the
same conditions. This could possibly explain why more intense NisS; planes were observed in
AGNS compared to NisS.

The formation mechanism of the nickel sulfide and nickel hydroxide products in BGNS is
suggested by Eq. 4.1-4.4. During the reaction of thiourea with water, H>S was released as a
decomposition product of thiourea with increasing temperature (4.1) and it was responsible for
the S% ions during the sulfurization process (4.2). The Ni was further oxidized by the small
amounts of dissolved O with the help of thiourea and reacted with the OH™ ions to form
Ni(OH)2 (4.3) [19]. Thiourea not only acted as a sulfur source, but it also has a tendency to
oxidize. The S? from the decomposition of thiourea combined with the Ni(OH),, forming
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Ni(OH)xSy (4.4). The continuous incorporation of S? and the replacement of OH" lead to the
transformation of Ni(OH)2 to Ni(OH)xSy and eventually NisS; (4.5).

NH2CSNH; + H,0 » H,S + 2NH; + CO- (4.1)
NH2CSNH; + 40H — 2NHs; + CO3* + S% + H,0 (4.2)
Ni + Oz + OH - Ni(OH)2 (4.3)
Ni(OH)2 + S* - Ni(OH)xSy (4.4)
Ni(OH)xSy + S - NisS; (4.5)

The decomposition of thiourea into S increase with an increase in temperature and time and
thus sometimes Ni(OH): is a resulting product during the reaction of nickel and thiourea [20].
Hence, the presence of mostly Ni(OH)2 peaks instead of NizS2 in BGNS could assumedly be
attributed to this.

In the diffractograms of the products synthesized by physically mixing NisS; and rGO, the
relative intensities of the reflection planes of NisSs (PDF 00-030-063) decreased with an
increase in the amount of rGO (PDF 00-008-0415) (Fig. 4.1c). In the 5% NisS2-rGO the nickel
sulfide peaks were almost completely diminished due to its low content in the composite.
Additionally, the refection planes of both nickel sulfide and rGO slightly shifted to higher 26

values upon the formation of the composite (Fig. 4.1d).
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Figure 4. 1. X-ray diffractograms of GNi (a), GNS (b), NS-rGO (c) and zoomed-in image of
NS-rGO spectra (d).

4.3.2. Microscopy analysis

The morphologies of the as-obtained material were investigated using TEM. Observed from
Fig. 4.2a (AGNI), the Ni particles on the rGO sheets have a quasi-spherical morphology and
appeared agglomerated covering most of the sheet. When a lower Ni concentration was loaded,
the quasi-spherical particles appeared to be less and leaving some areas of the rGO sheet
exposed (Fig. 4.2b). After sulfurization, there was not a noticeable difference between AGNi
and AGNS (Fig. 4.2c). However, BGNS (Fig. 4.2d-f) had additional blade-like structures to
the quasi-spherical structures in BGNi. The blade-like or rod-like structures could assumedly

be the Ni(OH). formed on the rGO sheets.
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The samples synthesized by mixing the NisS; and rGO prepared in the previous chapters are
shown in Fig. 4.3. It was noticed that the initial sonication of nickel sulfide combined with the
sonication during the mixing with rGO could have possibly broken down most of the initial
quasi-spherical flower-like NisS> structures (Fig. 4.3a) into layer-based flower-like structures
(Fig. 4.3c,d) that were incorporated onto the rGO sheets. The high magnification TEM image
showed the clear distinction between the NisS; and rGO (Fig. 4.3¢).

Ni hydroxide/ “Sulfide -
100 nm e

Figure 4. 2. TEM micrographs of AGNi (a), BGNi (b), AGNS (c), BGNS (d), and zoomed-in
images of BGNS (g,f).
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Figure 4. 3. TEM images of NizSs (a), rGO (b) and 5 % NizSs-rGO (c); high magnification
TEM image of 5 % Ni3Ss-rGO and TEM micrograph 10 % NizSs-rGO (f).

4.3.3. Functional group analysis

The FTIR spectra of the composites synthesized in situ and ex situ are represented in Fig. 4.4.
The functional groups in GO (Fig. 4.4a) were clearly visible, namely; OH (3602 cm™ and 1383
cm), C=0 (1623-1734 cm™) and C-O/ C-O-C (980 cm, 1054 cm™ and 1226 cm™) [21-24].
Upon incorporation of Ni with the addition of hydrazine, the —OH functional groups
disappeared in both AGNi and BGNi. A NH; bending mode (1564 cm™) was present in both
AGNi and BGNi possibly from the hydrazine [25, 26]. In BGNIi, the presence of a C-N
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stretching vibration at 1209 cm™ that could be ascribed to the incorporated nitrogen from
hydrazine was noticed [26,27]. Post sulfurization, AGNS as well as BGNS had a peak at
approximately 1062 cm, which indicated the presence of a sulfur containing group [28, 29].
The OH vibrational band reoccurred in BGNS at ~ 3639 cm™ indicating the presence of
Ni(OH): [30, 31].

The 5 and 10% Ni3S,-rGO samples displayed peaks at 2986 cm™, 1582 cm™, 1461 cm™ and
1073 cm™ corresponding to symmetric stretching vibrations of CHz, C=C stretching modes of
aromatic alkenes, the in-plane scissoring of the alkyl C-H vibrations and the C-O of alkoxy
groups of the rGO, respectively [23, 32]. The vibrations due to the NizS> were weakened

because of the low percentage loading.
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Figure 4. 4. FTIR spectra of samples prepared in-situ (a) and ex-situ (b).

4.3.4. Surface area and elemental composition analysis

The 5% NizS-rGO composite was further analysed using BET and XPS. N:
adsorption/desorption isotherm analysis was used to determine the specific surface area of 5%
NizS2-rGO. As displayed in Fig. 4.5a, a typical type 1V isotherm with a distinct hysteresis loop
between a relative pressure of 0.4 and 1 was observed, revealing the existence of mesopores in
the composite [33]. The BET surface area was determined as 772.7 m?/g, which was larger
than that of NisS, (42.3 m?/g) and lower than that of rGO (815.2 m?/g). The composite had a
pore volume of 0.61 cm®/g. The large surface area suggested that the material had a good
number of active sites desirable for gas adsorption [34]. The sizes of the pores were

approximately centred at 3.5 nm as demonstrated in the pore size distribution curve (Fig. 4.5b).
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Figure 4. 5. N2 adsorption/desorption isotherm (a) and pore size distribution curve (b) of 5%
NisS2-rGO.

X-ray spectroscopy (XPS) was utilized to determine the chemical composition and the results
are illustrated in Fig. 4.6. The survey spectra (Fig. 4.6a) has distinct peaks at 284.7 eV, 399.8
eV and 532.0 eV, which were attributed to C 1s, N 1s and O 1s of the rGO, respectively.
Nitrogen was present from the hydrazine hydrate that was used to reduce the graphene oxide.
The peaks associated with the nickel (~ 860 eV) and sulfur (~ 163 eV) were weakened due to
the low concentration of NizS; in the composite. The peaks in the C 1s spectra (Fig. 4.6b) could
be deconvoluted into three peaks at 284.4 eV, 285.0 eV and 286.6 eV associated with C-
C/C=C, C-O/ C-N, and C=0, respectively [35]. The O 1s spectra (Fig. 4.6c) of the composite
was deconvoluted into two peaks centred at 531.1 eV and 532.9 eV, which corresponded to the
0O-C=C and C-O-C oxygen species in the composite, respectively [35]. The nitrogen species
that were present in the composite were pyridinic N (398.6 eV), pyrrolic N (400.0 eV) and
graphitic N (401.6 eV) in N 1s spectra as illustrated in Fig. 4.6d [26]. The peaks at 856.6 eV
and 874.8 eV in the Ni 2p spectra (Fig. 4.6e) were in good agreement with the Ni 2ps;> and Ni
2p1/2 orbitals in NisSz [37]. The XPS core-level spectra of sulfur in Fig. 4.6f show a sulfur peak
at 169 eV, which was ascribed to S 2ps, orbital of S? [38]. We also noted a shift in the peak
positions in the different spectra when compared with the peaks in pristine NisS2 (Chapter 2)
and rGO (Chapter 3). These shifts in binding energy suggested a strong interaction between
the incorporated nickel sulfide and rGO leading to a redistribution of charge at the surface [39-

41]. These XPS results indicated that the NizS, was incorporated into rGO with success.
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4.4. Conclusions

A two-step microwave sulfurization method and an ex situ method have been used to prepare
nickel sulfide-reduced graphene oxide composites. The sulfurization method embedded quasi-
spherical nanoparticles consisting of a mixture of two nickel sulfide phases (NiS and NisS2)
onto the reduced graphene oxide sheets. When the concentration of the catalysts was reduced,
XRD revealed that the obtained rGO composite comprised of Ni(OH)2> and NizS;. The
morphological results of the latter displayed blade-like structures in addition to the
nanospheres. Physical mixing of previously prepared NizS; and rGO produced rGO composites
with 5 and 10% NisS2. XRD, TEM and XPS analysis showed that quasi-spherical flower-like
NisS2 nanostructures were broken down into nanosheets by ultra-sonication that were
successfully incorporated onto the rGO sheets. The high surface area of the 5% NizS,-rGO

composite suggest that it could be advantageous for application in catalysis and sensing.
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Chapter 5: Application of nickel sulfide-reduced graphene oxide

composites in sensing devices

5.1. Introduction

The quality of indoor-air has recently been threatened due to the increased presence of volatile
organic compounds (VOCSs), such as acetone, benzene, ethanol, methanol, toluene and xylene
[1-3].VOCs are defined by the United States Environmental Protection Agency as “chemical
compounds whose composition makes it possible for them to evaporate under normal indoor
atmospheric conditions of temperature and pressure” [2]. Generally, these organic compounds
are colourless, tasteless, have very low boiling points and often times are very difficult to detect

because they are mixed with other interfering gases [1-2].

Reports reveal that the concentrations of VOCs indoors are almost 10 times higher in
comparison to outdoor concentrations [2]. This is because nearly all products found in our
homes, workplaces, hospitals and schools are sources of VOCs including aerosol products,
food and beverages, paint, ink printers and medication. A prolonged exposure to some VOCs
can adversely affect the health of human beings possibly causing digestive tract cancer,
respiratory disease and sick house (or building) syndrome [2, 4].

Acetone is a highly volatile and combustible compound and when exceeding a concentration
of 173 ppm, can cause damage to the nose, eyes and the central nervous system [2, 5]. Ethanol,
an extensively used solvent, is also a highly flammable and colourless liquid [6]. Exposure to
ethanol is not life-threatening, however, it can cause drowsiness, headaches and difficulty in
breathing. Another extensively used solvent is methanol, which has an indoor concentration
limit of 200 ppm [2]. The inhalation, ingestion or absorption of methanol on the skin can cause
irreversible damage to the eyes and nervous system and even death if not immediately treated
because it metabolizes into toxic formaldehyde and formic acid [7]. Toluene is another acutely
toxic compound used in paint thinners, inks and fuel, pharmaceutical and chemical industries.
It has the ability of negatively affecting the central nervous system, skin, kidneys and liver.
The threshold limit for indoor exposure is 0.07 ppm [8]. In essence, it is important to develop

tools for the efficient detection and monitoring of these substances in our environments.

Various analytical tools are capable of detecting VOCs with high accuracy and precision, for

example high performance liquid chromatography, gas chromatography and mass spectrometry
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[2, 8]. However, these techniques are time consuming, requiring on-site sampling of the indoor
air before analysis [1-2, 8]. Additionally, these samples need to undergo pre-treatment prior to
analysis and the operation of the equipment is complicated needing highly skilled operators.
Employing these techniques are not advantageous as they are expensive and not possible for
real-time applications. Researchers have devoted much time on developing miniaturized
sensing devices using resistive principles as a less expensive, portable and simpler solution

with the advantage of obtaining real-time data without the need of complex instrumentation.

Different hybrid materials made up of carbon materials, such as graphene and its derivatives
[1, 9-10], carbon nanotubes [11, 12] and carbon spheres [5] with metals, metal oxides, metal
sulfides and polymers have previously been suggested as possible candidates for detecting
some VOCs. Kwon and colleagues [11] showed the selective detection of toluene gas in the
ppm ranges at 150 °C using Pt-decorated multi-walled carbon nanotubes (MWCNTS). The
authors observed that the incorporation of Pt nanoparticles onto the MWCNTSs improved the
sensor response by up to 311.4% and it also significantly decreased the response and recovery
times. When C0304 was assembled on the surface of hollow carbon spheres, the hollow spheres
enhanced the interaction between the acetone molecules and the Co3O4 [5]. In another study,
Fe304 nanocubes embedded on flake-like carbon exhibited excellent low temperature sensing
behaviour to 100 ppm ethyl acetate, acetic acid, ethanol and methanol vapours [1]. Liang
compared this composite with other FesO4 based materials and reported that it showed superior

sensing behaviour in terms of sensing temperature, detection limit and sensitivity.

Recently, Kim and colleagues used a NizS; sensor to detect non-enzymatic glucose [13]. This
electrochemical sensor exhibited high electro catalytic activity towards glucose oxidation, a
wide detection range, a low detection limit and great selectivity in the presence of other
electroactive species. NisS2 has also been used for humidity sensing [14]. The authors reported
that the sensor showed a response of up to 116 for 63% RH, which was higher than other

reported metal sulfide humidity sensors.

This study describes the potential application of nickel sulfide-reduced graphene oxide
composites in the room temperature detection of VOCs. The linearity, sensitivity and response-
recovery properties of the sensing material was investigated. Finally, a gas sensing mechanism

was also proposed.
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5.2. Experimental

The gas sensors were prepared using NisSz, rGO, (5%) NizS2-rGO, (10%) NizS,-rGO and in
situ prepared NS-rGO as reported in Chapter 2, 3 and 4. N, N-dimethylformamide
(HCON(CH3)2, 99.8%), anhydrous ethylene glycol (C2HsO2, 99.8%), acetone (CH3COCHj,
99.5%), ethanol (CH3CH20H, 99%), methanol (CHsOH, 99.9%) and toluene (CsHsCHs,
99.5%) were used without any further purification, as obtained from Sigma Aldrich, South
Africa.

5.2.1. Sensing device fabrication

An N, N-dimethylformamide/ethylene glycol (1:1) dispersed solution (1 mg/mL) of the sensing
material (NisSz, rGO, (5%) Ni3S2-rGO, (10%) NizS2-rGO or NS-rGO) was prepared by ultra-
sonication for an hour followed by stirring for another hour. The dispersion was deposited on
interdigitated gold electrodes by drop casting. Thereafter, the sensing material was allowed to
dry in a fume hood at room temperature for a week and then placed under vacuum in a
dessicator to remove any of the organic solvent from the sensing material. The five sensors
were labelled as Sensor 1, 2, 3, 4 and 5 for sensors fabricated using NizSz, rGO, (5%) NisS»-
rGO, (10%) NizS2-rGO and in situ prepared NS-rGO, respectively.

Sensing
material DMF/EG

] Stirrer
Ultra-sonicator ) \

Electrode

Scheme 5. 1. Preparation of sensing electrodes.

5.2.2. Gas sensing measurement setup and testing

The gas sensing properties of the fabricated sensing devices were studied by exposing the
devices to the analytes (acetone, ethanol, toluene and methanol) and analysing the change in
the electrical resistance. An ISOTECH LCR 821 LCR meter with an AC input signal was
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employed for the electrical resistance measurements by applying a voltage of 0.5 V and a
frequency of 25 kHz. Fig. 5.1 gives a schematic representation of the sensing system used,
where the sensing electrode was hosted inside a 20 L round bottom flask. The gas vapour of
the different analytes was injected into the round bottom flask using a micro-syringe in volumes
of1,2,3,4and 5 uL atatime. The sensor was exposed to the analyte for 10 min after injection,
thereafter the analyte was removed by vacuum suction at atmospheric pressure for 2 min and

finally the sensor was allowed to recover for 3 min before the following volume injection.

The concentration of the analytes in ppm was calculated according to Eq. 5.1 [13]:

c 224 pTVs
(pprm) = “273m,v

x 103 (5.1)

Where C is the concentration of the analyte gas in parts per million (ppm), p the density of the
analyte in g-mL™, T the testing temperature in Kelvin (which was room temperature in this
study), V; the injected volume of the analyte in uL, M, the molar mass of the analyte gas in

g-mol?, and V the volume of the round bottom flask of 20 L.

In order to show the resistance change numerically, the sensor responses are reported as the

resistance change between the response signal and the baseline (AR = Rresponse - Rbaseline)-

Connected to
vacuum pump

Micro-syringe

20 L Round
Bottom Flask

c @ - @&

LCR Meter Computer

Figure 5. 1. Schematic of the gas sensing measurement setup.
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5.3. Results and discussion

5.3.1. Gas sensing response

The fabricated sensors were all exposed to acetone, ethanol, methanol and toluene vapours at
room temperature (25°C, RH 40%). Unfortunately, sensor 1 did not produce any noticeable
change in response when exposed to any of the analytes giving only a signal with a large signal-
to-noise ratio (Supplementary information, Fig. S5.1). Fig. 5.2 shows the dynamic response
curves of sensors 2-5 in ethanol gas. Sensor 3 produced dynamic response curves with the
lowest signal-to-noise ratio for ethanol (Fig. 5.2b) and for all the other analytes. For all the
sensors, as ethanol gas was injected into the round bottom flask an increase in AR was observed
illustrating p-type sensing behaviour [16]. Sensor 2 (pure rGO) showed the highest change in
resistance at 21 ppm ethanol exposure when compared to other sensors. However, the sensor
did not show an increase in the AR signal with an increase in concentration but seemed to have
reached saturation after the first injection of ethanol gas (Fig. 5.2a). Sensors 3-5 (composite
materials where NisS; is incorporated onto rGO) showed an increase in AR with an increase in
ethanol concentration (Fig. 5.2b-d). Figure 5.2b shows that the (5%) NizS2>-rGO composite
(sensor 3) had the clearest increase in the AR with an increase in ethanol concentration when

compared to the other composite materials.
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Figure 5. 2. Dynamic response curves in ethanol vapour for sensor 2 (a), sensor 3 (b), sensor
4 (c) and sensor 5 (d).

The sensor responses of the composites (sensors 3-5) for the first volume injections (Fig. 5.3)
were lower than that of bare rGO (sensor 2) for most analytes (dynamic response curves for
sensors in acetone, methanol and toluene (sensor 4&S5) are found in supplementary
information) implying that nickel sulfide hindered the rGO gas sensing reactions by reducing
the contact probability of the analytes on the rGO. However, sensor 3 illustrated a higher
response to toluene with the first two volume injections (Fig. 5.4b). The response of sensor 2
to toluene gas was only higher than sensor 3 after the third injection (Fig. 5.4a). This might be
due to the dissociation energy of the analytes since the dissociation energy for toluene (376
kJ-mol™?) is less than that of acetone (393 kJ-mol™?), ethanol (436 kJ-mol™) and methanol (439
kJ-mol™?). Sensor 3 showed a significant response to the first volume injection of toluene
because during the adsorption process it released more electrons than the other analyte gases
[17]. The decrease in the signal response with an increase in the concentration in toluene gas
for sensor 3 could be attributed to the desorption ability of the gas on the surface of the sensor
material. The presence of the NisS; catalyst on the surface of rGO could possibly slow down

the desorption process because of a stronger interaction with the toluene molecules.
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Figure 5. 3. Comparison of obtained responses of sensor 2-5 after injection of 1 uL of the
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Figure 5. 4. Dynamic response curves of sensor 2 (a) and sensor 3 (b) to toluene gas.

5.3.2. Linearity and sensitivity

The high response of sensor 2 alone is not enough to conclude that it showed the best
performance. A linear performance of a sensor with an increase in gas concentration also makes
a sensor more reliable [16]. Sensor 2 did not show a consistent increase in the sensor response
with an increase in the concentration of ethanol (Fig. 5.2a & 5.5a) and thus resulted in a very

low correlation coefficient, R?. Scattered points were also observed for acetone (Fig. 5.5b).
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When exposed to toluene or methanol, the response decreased with an increase in concentration
(Fig. 5.5¢-d). This could be due to a strong adsorption of the analyte (toluene or methanol)
molecules. The analyte molecules were not removed from the active sites when the gas was
removed by vacuum possibly, implying poor recoverability. Even though methanol had a
decreasing slope (Fig. 5.5d), it showed the best linear fit (the highest R?).

Sensor 3 showed the most consistent (most linear) sensing performance with an increase in the
analyte concentration for all the gases (Fig. 5.6a-d). However, just like sensor 2 for methanol
and toluene, the AR for sensor 3 in acetone, methanol and toluene (Fig. 5.6b-d) decreased with

an increase in gas concentration.
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Figure 5. 5. AR vs concentration curves of sensor 2 in ethanol (a), acetone (b), toluene (c), and

methanol (d) gas.
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Figure 5. 6. AR vs concentration curves of sensor 3 in ethanol (a), acetone (b), toluene (c), and

methanol (d) gas.

Another important characteristic property of sensors is sensitivity. Sensitivity can be defined
as the lowest amount of gas that can be detected by the sensor [15]. The sensitivity of all the
sensors towards ethanol gas was determined and is summarized in Fig. 5.7. According to the
bar graph in Fig. 5.7, sensor 3 exhibited the highest sensitivity with a sensitivity of 0.00042
Q -ppm* followed by sensor 5 with a sensitivity of 0.00032 Q -ppm™. Sensor 4 was the least

sensitive to ethanol.
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Figure 5. 7. Sensitivity of sensors to ethanol gas.

5.3.3. Response-recovery property

Also of importance, especially for practical applications, is the response and recovery times.
The response time is usually defined as the period of time the sensors takes to reach 90% of
the saturation response immediately after exposure to the gas, and the recovery time as the
period required to recover to 90% of its initial response [15]. The response and recovery time
for sensor 3 to a concentration of 105 ppm ethanol vapour was determined as 314 s and 129 s,
respectively (Fig. 5.8). The response time was higher than the recovery time because

desorption of ethanol molecules on the sensing material occurred much faster than adsorption.

Metal sulfides are rarely studied for the detection of VOCs while rGO has been used for sensing
of VOCs in small percentages when combined with other materials (especially MOSs). There
is thus few literature sources available to compare with this work. Table 5.1 compares the work
to recent studies by Huang [18] and Zolghadar [19] where they respectively employed
NiS@In203 (7:3) and a-Fe203- rGO (3%) for ethanol sensing. The (5%) NisS2-rGO sensor
showed longer response and recovery times than the ones reported in literature. However, the
operating temperature was over 11 times lower than the operating temperatures of those

reported Sensors.
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Figure 5. 8. Response and recovery time of sensor 3 to 105 ppm of ethanol gas.
Table 5. 1. Response-recovery properties of published ethanol sensors.

Conc. Operating Temp. Resp. Rec.

Materials Ref.
(Ppm) (°C) (s) (s)
NiS@In203 (7:3) 100 300 8 20 [18]
a-Fe>;0s3- rGO (3%) 100 280 9 12 [19]
_ [This
(5%) NizS,-rGO 105 25 314 129
work]

5.3.4. Gas sensing mechanism

A material’s characteristic surface properties determine the gas sensing mechanism. The
surface modification of graphene and its derivatives with catalysts has shown to be a good
approach in improving its sensing performance [20, 21]. Peng [20] decorated the surface of
rGO with Pt and Pd nanoparticles for H2 sensor fabrication. This sensor exhibited enhanced
performance in terms of response, operating temperature and response and recovery times
relative to pristine rGO. This was attributed to the catalytic activity of the two catalysts, which

have a high reactivity and helped facilitate adsorption and desorption of the gas. In this study,
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small percentages of the NizS, catalysts were introduced to the surface of rGO to assist the
surface reactions during sensing. However, to our knowledge there has not been any report in

literature on its sensing mechanism.

Since rGO was the dominant material in sensor 3 ((5%) NizS2-rGO), the main conduction
pathway can be due to the presence of the rGO sheets. rGO has been described as a p-type
semiconductor [6, 19] meaning it has positive holes as majority charge carries. The exposure
of a p-type semiconductor to atmospheric air below 300°C allows the adsorbed molecular
oxygen to be ionized to O, 0% and Oy species (Eq. 5.2-5.3) [17]. When ethanol, a reducing
gas, was adsorbed on the surface of the material, the ethanol molecules reacted with the
adsorbed oxygen species to form CO: and H20 (Eq. 5.4-5.5) [15]. The interaction of the
ethanol molecules with the oxygen species adsorbed on the surface released electrons to the
material, which became coupled to the holes (Eqg. 5.6). A resultant decrease in the hole

concentration consequently increased the sensor resistance.

O2(es) = O2(ads) (5.2)
O2(adsy + 26 = 20 (@as) + 2h* (5.3)
CH3CH20H (g © CH3CH20H (ags) (5.4)
CH3CH20H (ags) + 60" (ags) = 2CO2 + 3H20 + 6e (5.5)
h* + e = null (5.6)

5.4. Conclusions

Sensors fabricated with NisSz, rGO, (5%) Ni3S2-rGO, (10%) NisS2-rGO and in situ prepared
NS-rGO as active sensor materials were exposed to VOCs vapours. Pure nickel sulfide (sensor
1) did not produce a response when exposed to any of the tested VOCs. However, all the other
materials were able to detect the gas vapours. Even though sensor 2 (rGO) showed the highest
response to most analytes including ethanol, sensor 3 ((5 %) Ni3S2-rGO) produced the most
linear dynamic response curves. Moreover, sensor 3 was the most sensitive to ethanol gas with
a sensitivity of 0.00042 Q -ppm™. The response and recovery time of sensor 3 in 105 ppm
ethanol were found to be 314 s and 129 s, respectively. These results indicate that (5%) NizS2-

rGO has the potential for sensing ethanol vapours at low operating temperature.
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Chapter 6: Concluding remarks and recommendations

6.1. Conclusions

Nickel sulfide-reduced graphene oxide composites have been previously studied for their
potential application in energy storage devices, but rarely in sensing applications. The main
aim of this study was to produce NizS,—reduced graphene oxide composites for their potential
application in chemiresistive gas sensing devices. The following conclusions were drawn from

this study:

Rhombohedral NisS> nanostructures were synthesized using a facile microwave-assisted
technique. The influence of different solvent compositions of water, ethanol and ethylene
glycol on the chemical and physical properties were evaluated. Nanostructures synthesized in
ethanol or mixture of ethanol and water did not have a pure phase purity, however when only
water and/or ethylene glycol was used, flowerlike NisS2 nanostructures with a high phase purity
were obtained. The effect of post-thermal annealing on the phase purity, crystalline size and
morphology has also been reported. Annealing in a hydrogen atmosphere at 300°C produced
highly crystalline NisS; structures with rod-like flowers. An increase in the annealing

temperature caused a phase transition and produced quasi-spherical nanostructures.

The use of a microwave reduction technique for GO reduction was investigated. GO reduced
only under MW irradiation produced rGO with a comparable defect density with the GO
sample reduced with hydrazine hydrate. Ascorbic acid had a lower defect density. All the MW
reduced samples had an interlayer spacing of 0.37 nm and the in-plane crystal sizes ranged
from 6 to 7 nm. The rGO sheets in the control sample were smaller in diameter and appeared
to be more agglomerated. XPS results revealed that the hydrazine reduced sample had a C/O

ratio of 7.8:1 and that nitrogen species were incorporated into the structure.

Different nickel-sulfide reduced graphene oxide composites were synthesized in situ and ex
situ. The in situ prepared sample consisted of quasi-spherical nickel sulfide (NiS and NisS2)
embedded on rGO sheets, whereas the composites synthesized by physically mixing NisS; and
rGO had a 2D morphology. XPS, XRD and FTIR results further confirmed the formation of

the composites.

Furthermore, the study of NizSz, rGO and nickel sulfide-reduced graphene oxide composites

as volatile organic compounds sensing material was reported. The (5 %) Ni3S2-rGO composite
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showed superior sensing behaviour towards the tested analytes (acetone, ethanol, toluene and
methanol). However, it exhibited a linear response with good recoverability only in ethanol
gas. The composite also had the best sensitivity towards ethanol gas when compared to the
other sensors with a response/recovery speed of 314 s/129 s.

6.2. Recommendations

The application of NisS, and NS-rGO composites in chemiresistive gas sensing devices still
need pursuing and to ensure that they are exploited to maximum capacity, the following can be

investigated:

e Temperature studies could help establish the sensing performance of NisS..
Additionally, testing the NisS> nanostructures synthesized using different solvents
could show the influence of the solvents on the sensing performance of NisSa.

e Testing the ethanol response of the (5%) NisS2-rGO sensor in dry air and at higher RH
could help in determining the effect of humidity on its sensing performance. Moreover,
the development of filters or mathematical processing methods could be investigated to
compensate for the influence of humidity.

e Researchers have investigated different strategies for the improvement of room
temperature sensing devices. Light illuminations is one of the techniques that have
shown promising results in improving the recoverability of sensing material by
promoting desorption of gas molecules from the surface of the material. It could be
interesting to study the influence of photoluminescence on the recovery of the (5%)
NizS-rGO sensor after sensing acetone, toluene and methanol.

e To check the stability and practicality of the (5%) NizS2-rGO sensor, comparing the
response of a freshly prepared sensor and a sensor that has been exposed to different
concentrations of ethanol gas in ambient air for one year could be useful.

e Finally, the ethanol gas sensing mechanism could be verified by analysing the sensing
material with XRD, Raman, FTIR and XPS techniques after ethanol adsorption. The
effect of ethanol adsorption and desorption on the morphology of the sensing material

could also be interesting.
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Figure S5. 1. Dynamic response curve for sensor 1 in ethanol gas.
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Figure S5. 2. Dynamic response curve for sensor 2 (a), sensor 3 (b), sensor 4 (c), and sensor
(d) in acetone gas.
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